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Some vowel normalization schemes attempt to account for
successful vowel classification by listeners despite the
interspeaker overlap between acoustic vowel categories in the

F1 x F2 space, by assuming perceptual exploitation of FO and
F3 information.

This study tested an implicit prediction made by these
vowel normalization schemes: availability of FO and F3
information should improve listeners'’ classification of
naturally produced vowels with typical interspeaker formant
variability presented in a mixed-speaker condition, relative

to their ability to classify the same stimuli in a blocked-

speaker condition.
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Eight subjects classified phonated and whispered vowels
from the set /i I € @ @ 2 AU u/ produced by speakers varying
in age and sex. Stimuli were presented with and without F3
and upper formants filtered out, in blocked-speaker and
mixed-speaker conditions.

Vowels were classified with greater accuracy for
blccked-speaker than for mixed-speaker condition, for
phenated vowels than for whispered vowels and for unfiltered
than for filtered vowels.

The interaction between presentation condition and
phonatory type was just short of significance at the 0.05
level [p. = 0.068]. Phonated vowels wexe classified with
similar accuracy in blocked-speaker and mixed speaker
conditions. Whispered vowels were classified with
significantly lower accuracy in mixed-speaker condition than
in blocked-speaker condition. This finding indicates that FO
is likely to be perceptually useful in vowel normalization.

The interaction between phonatory type and presentation
condition was of low magnitude, and was not significant at
the 5% level [p. = 0.189]. Thus, the results did not provide
perceptual support for including F3 as a parameter in vowel

normalization.
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The interaction between phonatory type and availability
of upper formants was extremely robust (p=0.001]. The
implication of this unexpected finding is that third formant
information is relatively inconsequential for phonated vowel
perception, but of considerable importance for whispered

vowel perception.
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CHAPTER I

INTRODUCTION

RECOGNITION OF INADEQUACY OF A SIMPLE FORMANT MODEL

Over the course of more than a century of vowel
experimentation, it was established that vowels are produced
by a complex harmonic sourxce (vocal fold vibration) with some
of the harmonics reinforced as a consequence of falling
within highly resonant frequency bands relating to the shape
of the vocal tract. It was also established that typically
more than one such peak of energy could exist for a given
vowel. Tt was assumed that these peaks of acoustic energy
(known as formants) were the primary cues toO vowel identity.
(For an historical review, see appendix A.)

Subsequently it was seen that similar formant patterns
produced by different speakers could result in different
vowel percepts (Peterson & Barney, 1952) . Ultimately this
led to the realization that a simple acoustic target model of
vowel perception, with the first two formants as the sole
cues to vowel perception, was inadeguate tO explain vowel

perception (Jenkins, 1987).
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FIXED PITCH OR VARIABLE PITCHES?

Before scientists could begin to deal with the problems
caused by inter-speaker formant frequency variability within
vowels, it was necessary to establish that such variability
existed. The history of this endeavor is confusing because
the issue has often been discussed under the rubric of
whether vowels as linguistic entities are acoustically
characterized by “fixed or variable pitches,” a term which
meant different things to different researchers.

McKendrick (1898) discusses the fixed vs. variable
pitch issue as it relates to the harmonic and inharmonic
theories. He interpreted the fixed pitch theory as being
inconsistent with the idea that vowels are composed of
harmonics. This is because the frequency of the harmonic of
the greatest amplitude must vary with the fundamental
frequency, and so this harmonic cannot have a fixed pitch for
vowels produced with different fundamental frequencies.
Because it is now understood that voiced vowels are composed
of harmonics, McKendrick'’'s (1898) discussion is of limited
interest; clearly, the frequency of the most intense harmonic
does vary with the fundamental frequency.

Scripture (1904) treats the fixed wvs. variable pitch

issue in terms of whether or not cavity tones (or formants)
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tend to rise as the fundamental frequency rises within the
same vowel produced by the same speaker. Similarly, the
issue was somerimes treated in terms of whether the loudest
harmonic in a given vowel is a particular multiple of the
fundamental or one of a particular frequency range (Rayleigh,
1896) . Donders (1864) (cited by Scripture, 1904) and
Helmholtz (1877/1954) are among those who assume that a very
narrow resonance peak is characteristic of each vowel.

Although no data have ever shown that a specific
harmonic of the fundamental is characteristic of each vowel,
Lloyd is cited by McKendrick (1898) as believing that “as we
ascend a scale in singing a vowel, the pitch of the oral
cavity slightly changes.” Joos (1948), on the other hand,
suggests cthat speakers adjust formants to “habitual or
average pitch, NOT to the pitch used at the moment:
spectrographic evidence is emphatically clear on this point.”
Joos’' position is assumed to be correct today, and textbooks
teach that speakers do not deliberately alter the shape of
their vocal tracts in order to produce a peak of resonance
more suited to the fundamental frequency which they happen to
be using. There has, however, been limited research in this
area.

The related but more serious issue implied by the terms

fixed and variable pitches is whether there is variability in
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the frequencies of the formants for a given vowel between
speakers. The existence of this variability is the source of
the most serious problem relating to vowel perception, but

was not immediately recognized by those who studied vowel

acoustics.
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HISTORIC METHODOLOGY FOR DETERMINATION OF INTERSPEAKER
VARIABILITY FOR VOWEL FORMANT FREQUENCIES

Historically, the determination of whether or not
formant frequencies were fixed or variable for a given vowel
was primarily studied in two ways. The first was by
estimating or measuring formant frequencies for wvarious
speakers and comparing them. The second method was more
theoretically based and involved changes in playback speed of
recorded vowels. These two methods will be reviewed
sequentially.

Helmholtz researched the issue by estimating vowel
resonances for various speakers (Helmholtz, 1877/1954). He
certainly knew enough about resonance to Know that children
and adult males would be expected to have very different
peaks of resonance for similarly-shaped vocal tracts. He was
most likely attempting to avoid the difficulties involved in
explaining perceptual constancy that is the natural outcome
of this variability when he made the following error and took
the position that vowels of all speakers can be characterized
by a fixed pitch: “I have 1in general found the same
resonances in men women and children. The want of space in
the oral cavity of women and children can be easily replaced

by a great closure of its opening, which will make the
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resonance as deep as in the larger oral cavities of men.”
Clearly, this theory could not have been based on personal
observation.

As late as 1937, Miller (1937) argues that “...all the
different vowels have distinctly different characteristic
regions of resonance which remain the same for all voices.”
An examination of Miller’s (1937) hand drawn “energy curves”
reveals a large degree of arbitrariness. He often draws
curves around individual harmonics in a manner that supports,
rather than undermines, his argument.

With the improvement of research techniques through the
development of ever-improving recording technology and
culminating in the development of the sound spectrograph
(Potter, Kopp and Green, 1947), the debate became more and
more one-sided and gradually faded into history.

Lloyd (1890, 1898), for 1instance, recognizes the
existence of formant freguency variability for different
speakers for the same vowels both from a theoretical basis as
well as phonographic evidence.

Paget (1930) cites a study by Crandall and Sacia using
a condenser transmitter finding that “female voices show a
tendency toward higher resonances than for male voices.”

Chiba and Kajiyama (1941), Joos (1948), Potter and Steinberg
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(1950) Peterson and Barney (1952) and others all report
finding systematic variability of formant frequencies within
individual vowels across speakers. Female speakers had
formants of higher frequency than male speakers and
children's formants were higher still. In the face of such
overwhelming evidence, the issue was no longer whether or not
formant frequencies were variable across speakers, but rather
why human vowel perception is seemingly undisturbed by this
variability.

An additional method of evaluating whether vowels are
characterized by fixed or relative pitches, or, more
appropriately, fixed or relative formants, has been the
alteration of playback speed. This method was also used to
test the perceptual validity of the formant ratio-theory.

Chiba and Kajiyama (1941) explain the rationale of the
playback speed alteration experiments as follows: “If the
vowel has two formants, their pitch relation is maintained on
account of their simultaneous rising or falling. From this
it would appear that the relative formant theory would hold
if a vowel remained the same in spite of the change in the
velocity of rotation, and otherwise the fixed formant theory
would be legitimate.” They list several researchers who have

used this method.
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McKendrick (1898) cites Hermann as pointing out that
“the quality of a vowel-tone varies considerably, according
o the rate at which the cylinder was rotated. This should
obviously be not the case were the relative pitch correct.”
However, in a telling remark he adds: “It is curious that,
even with competent observers, there should be such
difficulty in deciding this apparently simple gquestion of
fact, some asserting that there is no difference in quality,
and others as positively stating that there is a difference
when the cylinder is caused to move slowly.” This 1is an
excellent recommendation for the use of unbiased subjects in
perceptual experimentation, yet more than forty years later,
Chiba and Kajiyama (1%41) were still wusing their own
perception as the basls to determine the perceptual effects
of similar alterations in playback speed.

McKendrick (1898) himself maintains that in his own
analysis, changes in playback speed do “undoubtedly” alter
vowel quality, but that “the sound of the vowel never
passes...into the sound of another vowel.”

Scripture (1904) cites both Hermann’'s experiments and
Rousselot’'s experiments of the same kind, as well as his own,
and argues that alterations in vowel quality can always be

demonstrated by changing playback speed to a sufficient
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degree. He writes that “these phonograph experiments show not
only that an important essential of the vowel character does
not lie in the relation of the cavity tone to the cord tone,

but also that it does lie in the presence of a tone of

limited range of pitch.”

LIMITATIONS OF PLAYBACK SPEED ALTERATION EXPERIMENTS

Faced with a large body of observations (however
uriocbjective) that playback speed does alter vowel quality, an
explanation must be provided for the empirical fact that
variable formants for different speakers are the rule for the
same vowels (Chiba and Kajiyama, 1941; Joos ,1948; Potter and
Steinberg, 1950; Peterson and Barney, 1952). There must be a
flaw in the assumptions made by many of the researchers who
used this method. As cited above, Chiba and Kajiyama (1941)
explain this rationale by explaining “that it would appear
that the relative formant theory would hold if a vowel
remained the same in spite of the change in the velocity of
rotation, and otherwise the fixed formant theory would be
legitimate.”

There are in fact numerous flaws in the assumption that
a finding of perceptual changes in vowel identity as a result

of changes in playback speed proves that formants must have
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fixed values. One of these is the resolution implied by
Chiba and Kajiyama (1941). They argue that while fixed
frequencies are not required for the maintenance of vowel
identity, a limited range of frequencies is required. . If
their argument 1is accepted, 1t 1s only if variations 1in
playback speed move formant frequencies out of their normal
range that changes in vowel identity should be expected to
resulct.

A second flaw in the use of changes in playback speed
for perceptual experimentation 1is that such experimentation
fails to take into account a truly auditory frequency scale.
When a recording is speeded up or slowed down, each frequency
is altered by a constant multiple. Althocugh on the surface
-his would indicate that the method results 1in all elements
peing identically treated, this is not the case. Several
auditory freguency scales have been developed that reflect
frequency as it is perceived, rather than as a function of
physical values. These include the Koenig scale (Koenig,
1949), the mel scale (Stevens and Volkman, 1940) and the Bark
scale (Zwicker, 1961). With an understanding of the concepts
underlying these auditory frequency scales, it becomes clear
that while a physically-based frequency ratio may Dbe

maintained when multiplying the frequencies of each component
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of a sound by a constant, an auditory-based pitch ratio will
noc.

A third flaw in this methodology relates to a concept
that will be important in this dissertation: Other elements
of the acoustic waveform that may normally contribute to the
perception of formants are altered by changes in playback
speed. Primarily, the use of fundamental frequency in a
perceptual normalizaticn process becomes less possible when
the relationship between the fundamental frequency and
formant frequencies 1is unnaturally altered by changes 1in
playback speed.

Finally, as in so much of vowel perception research,
duration was not controlled for in the typical playback speed
methodology. Although this problem is avoidable using modern
instrumentation, simply slowing and speeding playback speed
increases and reduces duration. Vowel duration has been
shown to affect categorization of vowels (Tiffany, 1952;
Strange et al., 1983).

For these reasons, this very common, old experimental
method, is not seen as being as crucial as it was once
viewed. Formant frequencies are indeed variable among

speakers; this fact is not inconsistent with the finding that
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vowel quality may be altered by changes in playback speed of
recorded vowels of a single speaker.

In light of the recognition of the existence of formant
frequency variability, an important research issue became to
explain how listeners can perceive variable cues as
equivalent. This issue became more critical once 1t was
recognized that vowels produced with similar F1 and F2
frequencies produced by different speakers could result in
different vowel percepts (Peterson & Barney, 13952; Potter and

Steinberg, 1950).

LLOYD’S SOLUTION

Llcyd’s (1890, 1858) proposed solution to the
perceptual problems that arise from the variance found 1in
interspeaker vowel formant frequencies was to suggest that it
is the relationship among frequencies of the formants, rather
than  absolute frequencies of the formants that is
characteristic of vowels. He writes (Lloyd, 1898): "“Note how
much less variable is the ratio between the resonances than
are the resonances themselves,” and goes on to state that his
conclusion “has derived further support from every set of

Fourierian analyses yet published.”
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Lloyd’s recognition of the problem of acoustic
variability and the necessity of developing a theory to
explain perception in the face of this variability, was not
lost on his contemporaries. Rayleigh (1896) describes
Lloyd's view and comments that "“In this way he explains the
difficulty arising from the fact that the articulation for a
given vowel appears to be the same for an infant and a grown
man, although on account of the great difference in the size
of the resonant cavities, the absolute pitch must vary.”
McKendrick (1898) writes that Lloyd’s approach accounts for
the fact “that the articulation of a vowel seems to be the
same for a child as for an adult.”

Chiba and Kajiyama (1941) describe their own theory as
an extension of Lloyd’s (1890) theory. Their theory, called
the “space pattern theory,” states that: “A vowel 1is
characterized by its relative formants, providing the centres
of the formants are situated within certain frequency regions
fixed for a given vowel.” This region is limited by “the
ratio of the frequency of the upper limit to that of the
lower limit being about 1.7.”

They describe playback speed variation experiments that
confirm their view. They report that with an adult speaker,

seven a considerable increase in speed does not affect the
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vowels, which however undergo some change in the event of
the speed being reduced even slightly. But exactly the
cpposite phencomenon is observed with the voice of a child,
increase in speed brings about a gquicker change in the vowels
than does a diminution.”

In fact, Chiba and Kajiyama’s (1941) theory differs
substantially from Lloyd’s (1890, 1898) theory. Lloyd, as we
have seen, was insistent that all vowels had at least two
characteristic resonances, and it was the ratio of these
resonances that was seen to be invariant. Chiba and Kajiyama
(1941) applied their theory to cases of "“so-called single
formant vowels.” Rather than attaching a numerical ratio to
vowels, they simply argue that by limiting the variability to
a specific range, the vowel acoustics can all be shown to
have recognizably different patterns. In a sense, their
theory bears a relationship to the whole spectrum approaches
of Bladon, Hendon, and Pickering (1984) and Suomi, (1984) .

It seems unlikely, however, that their theory could
adequately explain successful vowel perception in some of the
richer vowel systems found in other languages such as English
or Dutch. Different vowels in American English can have F1
and F2 frequencies that are similar or identical when

different speakers are taken into account (Peterson and
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Barney, 1952). Arguably, Chiba and Kajiyama’s (1941) system
seems more defensible when it is applied (as they mostly do)
to the relatively limited Japanese vowel system. In any
event, their theory is difficult to evaluate on its own
terms. They provide no specific algorithm to allow for the
placement of vowels into appropriate categories.

Miller (1989) lists several articles other than Chiba
and Kajiyama’'s (1941) article that present some form of a
formant ratio theory. These articles, 1like Chiba and
Kajiyama's article, generally do not evaluate whether the
suggested approach could successfully eliminate overlapping
cues for individual vowels across speakers, while maintaining
differences between different vowels. Such evaluations, for
more specifically designed vowel classification models have
peen done more recently (Disner 1980; Gerstman, 1968;
Hillenbrand and Gayvert, 1993; Lobanov, 1971; Miller, 1°89;

Syrdal and Gopal, 1984 and others).

MODERN APPROACHES TO FORMANT VARIABILITY

The following will provide a brief review of the status
in the 1950s of the “simple target model,” (Strange, 1989)
described by Jenkins (1987) as the “received theory” of vowel

perception. The development of technology that could
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accurately locate the first two peaks of acoustic energy or
formants, referred to as formants one and two (Fl and F2),
revealed that different speakers produce formants with very
different frequencies within the same vowel category. In
particular, formants for adult males tend to be lower than
formants for adult females, which in turn are lower than
formants for children.

Conversely, and perhaps more importantly for
understanding vowel perception, 1t was seen that similar
formant patterns produced by different speakers could result
in different vowel percepts (Peterson & Barney, 1952). Thus
it became evident that a simple acoustic target model with
-he first two formants as the sole cues for vowel perception,
was inadeguate to explain vowel perception (Jenkins, 1987).

As a result of these findings, theories of vowel
perception moved in two general directions. One type of

theory that developed is referred to by Strange (1989) as

vdynamic specification models,” and a second is referred to
as “elaborated target models.” Dynamic specification models
propose that dynamic acoustic information, such as

transitional information partly conditioned by neighboring
consonants, and not the steady-state frequencies of the first

two formants, is the primary cue to vowel perception.
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Elaborated target models use additional acoustic information
contained in steady-state vowels as parameters additional to
F1 and F2 frequencies to disambiguate vowels that have

similar frequency values for the first and second formants.

REVIEW OF DYNAMIC SPECIFICATION MODELS

Although this dissertation focuses on issues relating
to “elaborated target models,” I will briefly describe the
approach of those advocating a “dynamic specification model.”

The approach of the dynamic specification models is to
suggest that formant frequency overlap for different vowels
does not pose a true perceptual problem because steady-state
formants are not the primary cue for vowel perception at all.
A key claim is that vowels *“that overlap in the F1/F2
acoustic space...may nevertheless De distinguished with
respect to intrinsic duration and trajectory shape” (Strange,
1989) .

Another key element of this approach is the argument
that in light of formant frequency variability, the
complexities involved in explaining formant -based perception
are “too high a price to pay for the simple structure of the

vowel target theory” (Jenkins, 1987).
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There are two types of research findings that are used
to support the <claims of those who support dynamic
specification models. One is the finding that vowels are
petter identified in a consonantal environment than in an
isolated environment. The other is research that shows that
transitional elements of vowels with the vocalic nuclei
removed are better identified than are the vocalic nuclei
themselves.

With regard to the issue of the perception of vowels in
isolated and consonantal context, an early study by Strange
Verbrugge, Shankweiler, & Edman, (1976) found that error

rates in mixed speaker condition vowel identification were

(=

7% for vowels in a (CVC) environment but were as high as
42.6% for isolated vowels. Strange et al. (1976) viewed the
results as support for the idea that steady-state formants
are insufficient for accurate vowel identification, and that
the acoustic consequences of ccnsonantal environments provide
the primary cues for vowel identification.

Subsequent research has shown that some of the
conclusions of the Strange et al. (1976) study were
premature. That is to say, that although transitional cues
can contribute to vowel perception, highly accurate vowel

perception 1is possible without these transitional cues.
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Assman, Nearey, & Hogan, (1982) found that difficulties in
relating vowel stimuli to written responses were more Severe
for isolated vowels than for vowels in a consonantal context:
Spoken responses transcribed by phonetically-trained
experimenters resulted in error rates as low as 5.4%. They
suggest that a failure to control for task-related issues,
having little to do with actual perception, could explain
earlier findings of a consonantal context advantage for vowel
perception.

Several other studies have found that for vowel stimuli
elicited under carefully designed elicitation procedures,
1isteners have error rates between 2% and 8% (Kahn, 1978;
Macchi, 1980). Importantly, neither the Macchi (1980), nor
the Assman et al. (1982) study was able to find significant
advantages for vowel identification in consonantal versus
isolated context.

At a minimum, the fact that listeners have been shown
to perceive isolated quasi-steady state vowels with high
levels of accuracy demands some explanation. Even if dynamic
cues are involved in normal vowel perception (and the
evidence as reviewed above would suggest that they are),
listeners seem to have the ability to perceive vowels very

accurately without the benefit of such cues. Apparently
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there exists some perceptual mechanism to deal with the
interspeaker formant frequency variability that does not rely
on dynamic cues.

In addition, Papgun (1980) performed a correlational
study comparing e€rrors made in consonantal and isolated
contexts. The consonantal context and isolated context
stimuli which were perceived as other than the intended vowel
showed fairly high correlations. Papgun argues that his data
show “evidence for an essentially wunitary process” of
perception of these two types of stimuli. He argues that
chis would indicate that “the parameters derived from steady-
state vowels are good candidates for input parameters to the
study of the dynamic aspects of speech.”

There are, however, some interesting data suggesting
that transitional elements are more crucial to perception
than the centers of vowels themselves (Jenkins, Strange and
Edman, 1983; Strange, Jenkins and Johnson, 1983) .
Nonetheless, it is likely that these transitional elements
may provide information about formants frequencies which are
never reached. Certainly a very similar concept is the basis
for the standard theory of recognition of place of
articulation in voiceless stops. In that case it is believed

that transitional information can point to certain acoustic
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loci that are the characteristic for each place of
articulation, but which are not actually present in the
signal (Delattre, Liberman and Cooper, 1955).

In addition, more recent articles from the dynamic
specification viewpoint (Strange, 1989) recognize a role for
steady-state formants, as well as formant transitions into
and out of these steady-state formants. Clearly, such
transitions cannot be viewed as being completely unrelated to
the target formant frequencies. Other factors, such as
duration, can be incorporated into a formant -based model of
vowel perception, without accepting some of the more radical
implications of the dynamic specification models. In fact,
both Jenkins (1987) and Strange (1989) have called for a more
comprehensive view which recognizes the importance of both

dynamic and “steady state” information.

REVIEW OF ELABORATED TARGET MODELS

The second type of theory, referred to by Strange
(1989) as “elaborated target models,” can also be described
as “vowel normalization models.” This term suggests that
seemingly variable formant frequency values can be normalized
through the use of additional acoustic information. Vowel

normalization approaches suggest that the resultant
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normalized formant frequency values are invariant for each
vowel across subjects.

Several articles have reported on normalization
schemes, designed to reduce the problems of vowel overlap in
the Fl x F2 space (Fant, 1975; Gerstman, 1968; Lobanov, 1971;
Miller, 1989; Syrdal, 1985; Wakita, 1977). These can be
divided into two broad categories: extrinsic and intrinsic
normalizacion. In extrinsic normalization schemes,
information about the entire vowel system (or point vowels,
which provide information about extreme Fl1 and F2 values) is
used to provide the basis for calibrating the perceptual
system and disambiguating vowels with overlapping formants.
In intrinsic normalization schemes, acoustic information
available within a given vowel is used to disambiguate the

vowel.

EXTRINSIC NORMALIZATION

The originator of the extrinsic normalization theory is
Joos (1948). He suggested that “upon first meeting a person,
the listener hears a few vowel phones, and on the basis of
this small but apparently sufficient evidence he swiftly

constructs a fairly complete vowel pattern to serve as
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background (coordinate system) upon which he correctly
locates new phones as fast as he hears them.”

Joos proceeds to hypothesize that the first few vowels
heard are used to fix the end-points of the extremes of the
F1 x F2 parameters, which reflect the extremes of the
speaker’s articulation. Vowels are then perceived in
reference to these pcints. His approach is essentially one

that depends on calibration.

Other, more sophisticated models of extrinsic
normalization include Fant (1975), Gerstman (1968) and
Lobanov (1971). One of these models (Gerstman, 1968 was not

intended as a perceptual strategy, but rather as an algorithm
that might be useful for machine recognition of vowels. This
distinction has been ignored at times by critics of this
approach.

Extrinsic normalization schemes greatly reduce the
problems of vowel overlap (Disner, 1980; Fant, 1975;
Gerstman, 1968; Lobanov, 1971), and as extrinsic
normalization models would predict, varying the F1 and F2
values of precursor vocwels was shown to have perceptual
effects on test vowel perception (Ladefoged and Broadbent,
1957; Ainsworth, 1975; Nearey, 1989; but see Strange et al.,

1976 and Verbrugge et al. 1976). In addition, vowels
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presented in a blocked-speaker condition were found to be

better identified than the same vowels presented in a mixed-

speaker condition (Strange et al., 1976; Verbrugge et al.
1976) . Thus, it is understandable that "“it became the
dominant theory in the field” (Jenkins, 1987). Nevertheless,

extrinsic normalization is not taken as seriously as the key
perceptual strategy for the disambiguation of vowels as it
cnce was. This is in large part due to the finding that
listeners perceive vowels fairly well without the benefit of
precursor vowels (Nearey, 1989) . In fact, vowel perception

experiments using a mixed-speaker condition sometimes show

very low erxor rates (Assman et. al., 1982; Kahn, 1978;
Macchi, 1980). Clearly, prior experience with a speaker 1is
not as crucial for vowel perception as extrinsic

normalization models would suggest.

INTRINSIC NORMALIZATION

Models within the second broad category of elaborated
target models are called intrinsic normalization models.
Intrinsic normalization schemes exploit additional within-
vowel acoustic information. One type uses the fourth
formant, possibly in conjunction with other formants and

bandwidth information, as the basis for the estimation of
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vocal tract length, which in turn is used to derive a scale
factor for Fl and F2 (Wakita, 1977). Another type uses FO
and F3 as additional cues (Miller, 1989; Syrdal, 1985; Syrdal
and Gopal, 1986).

Wakita’'s (1977) proposal was to scale formants by the
same scale factor found for the relationship of the speaker's
vocal tract to a reference vocal tract length. He suggested
several methods for estimating vocal tract length from
acoustic information within the vowel, and applied his
formula to a set of vowels produced by male, female and child
speakers. The normalized values showed less variability for
male, female and child speakers than did the unnormalized
values, and reduced the problems of vowel overlap in the Fl x
F2 space.

To test his model, Wakita (1977) used a second data set
based on another set of vowels produced by other speakers.
After computing his normalized formant frequencies for this
second data set, a formula was applied to determine
identification of the input sounds. Thus, Wakita’s (1977)
study tests the viability of his proposal data-analytically,
rather than perceptually. Although he reported between 5.5%
and 17.3% improvement in correct vowel classification rates,

depending “on the particular definition of what constitutes
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an error,” there are serious weaknesses 1in his approach. In
particular, in all of his suggested methods for vocal tract
estimation, there is some reliance on F4. In reality,
however, vowels can be identified quite well without F4
information (Lehiste and Peterson, 1959; Peterson, 1954). In
fact, there has been no published research seen by this
author that would suggest that the presence or absence of F4
has any effect on vowel perception.

Although Miller’'s (1989) article deals with speech
perception in a much more comprehensive way than Syrdal’s
(1585) article does, their approaches are very similar in
terms of the normalization issue per se. Both use values
cbtained by calculating differences between F3 and F2, F2 and
F1, and Fl and FO as their variables.

Syrdal calculates these differences on a Bark scale
which is based on critical band research and tends to be
linear in low frequencies and logarithmic in the middle and
high frequencies. Using the Bark scale has the effect of
equating small shifts in lower frequencies and larger shifts
in higher frequencies. According to the linear discriminant
classifier that Syrdal uses, error rates are about 14% for

this Bark difference method when applied to the Peterson and

Barney (1952) data.
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Miller (1989) retains the use of a log frequency scale,
but uses a “sensory reference” instead of FO. The sensory
reference is derived from a standard formula applied to the
mean of the speaker’s fundamental frequency calculated on a
log frequency scale. The use of the sensory reference
instead of FO0, has the effect of reducing the magnitude of
inter-speaker FO0 differences to 1/3 of their actual
magnitudes (Nearey, 1983). The use of the sensory reference
seems to reflect the fact that on a log frequency scale, FO
inter-speaker differences are typically greater than formant
frequency differences. Miller draws “vowel slabs” within the
three dimensional space derived from the differences between
F3, F2, F1 and the “sensory reference” for each vowel.
Miller (1989) reports that 403 of 413 vowel formant values
found in cthe literature would fall within these hand drawn
vowel slabs, and thus be correctly identified.

It is interesting to note that an analysis by
Hillenbrand and Gayvert (1993) reported on the benefit of
various parameter sets for vowel categorization using a
quadratic discriminant analysis. They found that the
addition of FO values to Fl and F2 provides nearly identical
benefit for vowel categorization as the addition of both FO

and F3. Despite this finding, no normalization scheme that
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uses just FO in addition to F1 and F2 has received the

attention of the previously mentioned schemes that use both

FO and F3.
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THE PERCEPTUAL FORMANT

Although not directly related to the experiment that
will be described in this dissertation, there are two
important perceptual issues, key to vowel normalization,
rhat have not been consistently addressed in the literature.
They are (1) what the perceptual definition of a formant
should be, and (2) what scale 1is appropriate for the
necessary transformation of frequency values for the purposes
of normalization.

Vowel formant frequencies are denerally identified
pased on acoustic measurement of the external waveform. They
are therefore estimates of the resonance peaks based on the
harmonics of the greatest amplitude. As discussed earlier,
it was originally assumed that it was single harmconics or
tones that were perceptually crucial for vowel 1identity.
With the recognition of the fact that more than one harmonic
could fall within the bandwidth of the peaks of resonance in
the vocal tract, it became clear that more than one harmonic
might also be involved in the perception of vowels.

Helmholtz (1877/1955) was among the first to recognize
this fact. He writes that the centers of resonance of
formants are “situated within sufficiently narrow intervals

from the upper partials of the speaking tone to create
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sensible resonance of one or more of these partials and thus
characterize the vowel.”

Scientists toward the end of the last century began
theoretical discussion of the correct approach to
mathematical derivation of the formant from the amplitudes of
individual harmonics. Lloyd (1898) discusses three proposed
“centre-of-gravity calculations” using as many “heavy” (high
amplitude) harmonics &as are seen. Essentially, Hermann'’s
method [cited by Lloyd (1898)] wuses a linear scale to
determine the weighted ‘“mean partial;” Pipping’s method
[cited by Lloyd (1898)] is identical, but used a logarithmic
scale. Lloyd’s (1898) own method multiplies amplitude by
frequency instead of using amplitude alone before calculating
the center of gravity on a logarithmic scale. Aside from
defending his method on theoretical grounds, Lloyd (1898)
considered his method to be a “correction” for the fact that,
in terms of amplitude, a neutral voice is composed of a
“rapidly declining series” of harmonics.

The question of how several harmonics are used to
derive a perceptual formant is an issue that needs to be
empirically, rather than theoretically, defined. There has
been some experimentation attempting to answer this question.

Two important issues are how many harmonics are involved in
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rhe estimation, and how much weight should be given to each
harmonic.

Carlson, Fant and Grandstrom (1975) conducted an
experiment designed to use perceptual data to decide between
four hypotheses for calculating the perceptual formant. The
best fit to the data was one that used the two most prominent
harmonics in the loudness (sone) space.

Javkin, Hermansky and wWakita (1987) used both
perceptual experiments and a re-analysis of difference-limen
experiments to study the issue. They show that harmonics
close to formant centers tend to attract judgments of formant
location. Their research indicates that although the two
most prominent harmonics are key to the derivation of a
perceptual formant it 1s necessary to use a scale that
effectively expands the differences in amplitude between
these two harmonics.

Additional research by Assman and Nearey (1987) shows
that “upper-edge harmonics” are more critical than lower-edge
narmonics in formant perception. This presumably relates to
the tendency for amplitudes of successive harmonics to be
progressively lower. In other words, since amplitudes of
lower frequency harmonics generally tend to be greater for

voiced vowels produced by any vocal tract configuration,
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harmonics with amplitudes that go against this trend are more
indicative of vocal tract resonances than are harmonics that
fcllow this trend.

It is worth noting that the Assman and Nearey (1987)
study also found that LPC analysis fared as well as Carlson,
Fant and Grandstrom’s (1975) formant estimation based on the
two most prominent harmonics. This finding is particularly
important today, as computer estimation of formant frequency

using LPC analysis has become commonplace in vowel research.

PERCEPTUAL FREQUENCY SCALES

An additional important issue for vowel normalization
is the frequency scale appropriate for performing
mathematical transformations of formant and fundamental
frequency values. Since frequency is perceived as pitch,
when we, for example, raise a 500 Hz tone, to 1000 Hz and
we wish to treat a 2000 Hz tone in the same way, it is
arguably inappropriate to do so by raising the tone to 4000
Hz. Doubling frequency values may not be equivalent to
doubling perceived pitch.

The importance of the choice of frequency scale in
vowel perception was recognized by researchers before the

turn of the twentieth century. Lloyd (1898), as cited above,
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agrees with Pipping’s argument that a logarithmic scale is
more suited to vowel perceptual theories than is a linear
scale.

In this century, it has been recognized that although
the logarithmic scale has perceptual importance, 1t is not
linearly related to a true perceptual scale of pitch. As
ment ioned above, several auditory frequency scales have been
developed that relate to pitch, both directly (Stevens and
Volkman, 1940), and indirectly (Koenig, 1949; Zwicker, 1961).
These scales would seem to be, a priori, more likely
reflective of the perceptual processes that underlie theories
of vowel normalization. Some studies have directly addressed
this 1issue.

Fant (1975) justified his use of the mel scale over the
logarithmic frequency scale on the basis of improved visual
separability of vowels in the Fl x F2 space. The mel scale
has particular appeal because it has been directly
weconstructed on the basis of subjective pitch evaluations”
(Fant, 1975). Conversely, wunlike the Bark scale, the
research supporting the mel scale relates to simple, rather
than complex sounds.

Bladon, Hendon, and Pickering (1984) use an “auditory

transformation” whose first step is conversion of frequency
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into “the more perceptually motivated ‘tonality’ (= perceived
pitch) scale of Bark units...This conversion reflects the
finding that the transformation of incoming frequencies into
places of stimulation on the basilar membrane of the cochlea
takes place in terms of auditory ‘critical bands.'”

Syrdal and Gopal (1986) justify their use of critical
pand or Bark scale on similar grounds. They describe the
Bark scale as “probably most appropriate for the
representation of the complex speech spectrum.” They cite a
“wide variety of psychophysical experiments,” and the
critical band’'s “physiological correlates.”

A few articles have attempted to justify their choice
of frequency scale based on specific studies relating
directly to vowel normalization. Miller (1989) is one of
rhese. Miller’s article first shows that the mel, Koenig and
Bark scales are very similar, and, in fact “over most of the
range of values of the center frequencies of Fl, F2 and F3,”
these scales are also nearly equivalent to a linear freguency
scale in Hertz.

More importantly, Miller (1989) has a complex analysis
of the effectiveness of clustering the same vowels for
different speakers using differences, ratios and log ratios

of the first three formants calculated in scales based on
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Hertz, mels, Koenigs and Barks. Miller found that “when the
vowels are specified by the logs of the ratios of formant
center frequencies measured in Hertz or mels, the best
clustering is observed.” Miller (1989) uses this finding as
justification for using the log frequency scale for his
perceptual model.

Hillenbrand and Gayvert (1993) reported on the benefit
of parameter sets including FO and the first three formants
for vowel categorization using a quadratic discriminant
analysis. They performed the analysis for linear frequency,
log frequency, Bark, mel and Koenig scales. Their results
were similar to Miller’s (1989) results, but they found very
similar results for all but the linear frequency scale, which
fared substantially worse for vowel classification than the
other frequency scales.

Analysis of this kind may be considered to be a
reasonable basis for selection of a frequency scale for a
vowel normalization procedure that hypothesizes perceptual
processes. This is because the decision of which frequency
scale to use for vowel perception can logically be made based
on which scale can best separate the data. In fact, Miller
(1989) uses his analysis as one of his bases for selecting

the log frequency scale.
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However, Miller is on much less secure ground when he
tries to justify the use of the log frequency scale on
general auditory grounds. In particular, there is a large
body of literature showing that non-logarithmic frequency
scales are not inconsistent with the importance of the log
frequency scale in musical scales, which 1is clearly a
perceptual scale. (A full discussion is beyond the scope of
this review, but for a particularly elegant solution, see
Shepard, 1982.)

One limitation of these data-analytic approaches to the
selection of an appropriate frequency scale is that *“these
methods can suggest logically possible perceptual strategies,
but other information 1is required to determine whether
listeners actually adopt a proposed strategy” (Hillenbrand
and Gayvert, 1993). This qualification is true for all
aspects of theoretical attempts to explain vowel perception,

and is often ignored.
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PERCEPTUAL REALITY OF INTRINSIC VOWEL NORMALIZATION

It has been demonstrated that the inclusion of FO and
F3 frequency data can disambiguate vowels which overlap in
plots of formant frequency in the F1 x F2 space (Disner,
1980; Hillenbrand and Gayvert, 1993; Miller, 1989; Syrdal,
1985) . The issue of whether these variables can be shown to
perform such a role in actual perception has not been well-
explored. This study employs a method for clarifying this
point.

A key issue in evaluating the potential strength of
intrinsic vowel normalization proposals is to determine what
the perceptual effects of varying FO and/or F3 are on vowel
and formant perception. This question has been studied for
close to 30 years. Some of the studies that examined this
issue varied FO and/or F3 for given Fl and F2 values in
synthetic vowels and examined the effect of these changes on
perception.

A well-known study of this type was done by Fujisaki
and Kawashima (1968). This study measured the effect on
perceptual boundaries of varying FO and F3 along continua
petween /o/ and /a/ and between /e/ and /u/. The study

found that there were perceptual boundary shifts caused by
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such variation, and that the greatest boundary shifts were
found when FO and F3 were both varied. A similar experiment
by Hirahara and Kato (1992) also found boundary shifts caused
by variation in FO.

Studies by Ainsworth (1975) and Nearey (1989) examined
the perceptual effects of changes in FO and/or F3 by
calculating the shifts in the means of Fl and F2 for specific
vowels as a result of the FO or F3 changes. Ainsworth (1975)
examined increases in perceived Fl and F2 values by observing
the vowel labels given by twenty subjects to synthetic
stimuli with varied F1 and F2 frequencies. They found that,
in conjunction with raising the Fl1 and F2 frequencies of
precursor vowels, doubling FO resulted in 8% increases 1in
perceived Fl1 and F2 wvalues. An elaborate post hoc
explanation estimated the true shift of perceived F1 and F2
values at approximately 16%. Doubling FO without covarying
the F1 and F2 frequencies resulted in increases in perceived
F1 and F2 values of lower magnitudes.

Nearey (1989) found that doubling FO resulted in an 8%

shift and that F3 changes had a smaller effect. However,
Traunmuller (1990) argues that Nearey’'s experiment was
improperly designed. He suggests that a more sophisticated
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interpretation of Nearey’'s results would be consistent with
shifts that are double those reported by Nearey.

Two additional studies, Slawson (1968) and Traunmuller
(1981) examined the issue of the effects of FO and/or F3
shifts from different perspectives. Slawson (1968) examined
within-categery judgments of vowel quality. Subjects were
asked to compare the vowel quality of synthetic vowel
standards with test vowels that had a doubled FO and/or
raised upper formants concurrent with incremental shifts in
the values of the first two formants. For the doubled
fundamental condition, test vowels were judged most similar
to standard vowels when F1 and F2 were raised by a factor of
1.10. For the raised upper formant condition, test vowels
were judged most similar to standard vowels when there was no
shift of Fl1 and F2. For the raised fundamental and upper
formants condition, test vowels were judged most similar to
standard vowels when F1 and F2 were raised by a factor of
1.15.

Traunmiller (1981) examined the issue of whether the
perceptual dimension of “openness” in vowels is determined by
absolute values of Fl1 or by the distance between Fl1 and FO.
He studied perception of synthetic vowels of a Central

Bavarian dialect which has five degrees of openness.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

Subjects were asked to identify one-formant synthetic sounds
with various FO and Fl values. Results showed that distance
petween F1 and FO, and not the absolute value of F1, was
related to perception of openness Or vowel height for FO
values below 350 Hz. Alternatively, the results can be
viewed as evidence that changes in FO are required in order
to maintain vowel quality as F1 is shifted. However, two
subsequent studies by Hoemeke and Diehl (1994) and by Fahey,
Diehl and Traunmiller (1996) suggest a much less simple
relationship among Fl and FO and vowel height.

Although the research cited above does demonstrate that
vowel perception is affected by FO or F3 values, there has
peen little research demonstrating that they are actually
used to resolve the difficulties which vowel normalization
schemes were designed to resolve. Specifically, it 1is
necessary to investigate whether the presence of appropriate
FO or F3 information enhances perceptual classification of
vowel stimuli with the formant variability typically found
across speakers.

Nusbaum and Morin (1992) explored this issue using
synthetic vowels. They synthesized simulated “phonated” and
vwhispered” vowels with and without the energy above F2

filtered out. In a blocked-speaker condition (in which
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vowels were presented in blocks simulating one “speaker”,
followed by a block of vowels simulating a second “speaker”
etc.), approximately 95% of the stimuli of all types were
correctly identified. In a mixed-speaker condition (in which
successive vowels were produced by different speakers) ,
unfiltered phonated vowels were identified best, followed
closely by phonated filtered vowels, followed more distantly
by whispered unfiltered vowels and whispered filtered vowels.

The implication of this research is that in a mixed-
speaker condition, in which listeners must contend with vowel
overlap problems (without the benefit of speaker context), FO
performs a primary role in disambiguating vowels, while the
upper formants seem to perform a secondary role. Nusbaum and
Morin’s (1592) study is important because it provides
perceptual evidence for the roles of FO and upper formants
for improving vowel identification, which were, until their
study, likely but theoretical constructs.

There should, however, be serious concerns about
generalizing from these results to actual vowel perception.
First, it is possible that the large advantage of phonated
vowels over whispered vowels found by Nusbaum and Morin
(1992) was related to the fact that the formant frequencies

for the synthesized whispered vowels were matched to the
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formant frequencies of the phonated vowel. In naturally
produced vowels, formant frequencies for whispered vowels
would be expected to be higher than for phonated vowels
(Peterson, 1961; Kallail and Emanuel, 1984; Eklund and
Traunmuller, 1997). Perhaps the phonated vowels would not
have shown greater compensation for mixed-speaker condition
than did the whispered vowels, 1if more appropriate formant
frequencies had been used in the synthesis.

Another difficulty with Nusbaum and Morin’s (1992)
study is the composition of their mixed-speaker condition.
Only two synthesized “male” and two synthesized “female”
voices were used. It is possible that this condition was too
constrained to create the potential for the ambiguity in
formant values that normalization schemes are designed to
address.

The present study was designed to avoid these

objections. The study is similar to Nusbaum and Morin’s
(1992) study, but uses naturally spoken rather than
synthesized vowels. Stimuli were again whispered and

phonated vowels with and without low-pass filtering. The use
of naturally spoken stimuli may demonstrate the importance of
FO and/or F3 to vowel perception, rather than demonstrate an

effect that is an artifact of decisions concerning the
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selection of synthesis parameters. Fifteen speakers varying
in age and sex were used to create the potential for real
ambiguity of vowel identity based solely on Fl1 and F2
frequencies.

An intrinsic difficulty in the present study 1S the
fact that formant values and other acoustic parameters can
vary significantly between phonated and whispered vowels
produced by the same speaker (Peterson, 1961; Kallail and
Emanuel, 1984; Eklund and Traunmuller, 1997). In fact, as
will be reported, a clear pattern of higher whispered formant
frequencies for the first three formants was noted in the
vowel stimuli used in this study.

There are, however, two reasons to expect the results
to be meaningful, despite the fact that formant frequencies
are not identical for the two types of stimuli. Firstly, the
Nusbaum and Morin (1992) study has already found results in
the predicted direction with synthetic vowels whose formants
were identical in the phonated and whispered vowels.
Secondly, it can be assumed that the best possible formant
pattern for perception is found in whispered as well as
phonated vowels. Since formant frequencies can be modified
by changes in tract shape, speakers can make alterations that

can enhance the likelihood that the intended vowel will be
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correctly identified by the listeners. In addition, the
perceptual system for whispered vowels presumably has the
capability of compensating for the differences in formant
values inherent in phonated and whispered vowels. Therefore,
both phonated and whispered vowels can be considered to have
the formant frequencies optimal £for vowel perception for
their particular phonatory type, while only the phonated
vowels contain information about fundamental frequency.

The purpose of the study was to investigate to what
extent, if any, perceptual classification of vowel stimuli
rroduced by multiple speakers is enhanced by the presence of
appropriate FO or F3 information. This question is crucial

in evaluating leading vowel normalization theories.
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HYPOTHESIS

As described above, the perceptual exploitation of FO
and F3, specifically for the purposes of vowel
classification, is assumed by several researchers (Syrdal,
1985; Miller, 1989). They assume that F0 and F3 frequency
values influence classification of vowels of given Fl and F2
frequency values, by providing information that enhances the
likelihood of classifying vowels “correctly” (as intended by
the speaker). Although these researchers have supported this
theoretical orientation by conducting data-analytic, rather
than perceptual experimentation, there is a good deal of
perceptual research that suggests that F0 and F3 frequency
information might be used in the manner that Syrdal (1985)
and Miller (1989) suggest.

As previously mentioned, research by Fujisaki and
Kawashima (1968), Nearey (1989) and Slawson (1968) has shown

that vowel perception is influenced by FO and F3 frequency

changes for given F1 and F2 frequency values. Additional
research by Ainsworth (1975), Fahey, Diehl and Traunmiller
(1996), Hirahara and Kato (1992), Hoemeke and Diehl (1994)

and Traunmuller (1981) have all shown that vowel perception
is influenced in similar ways by FO changes for given Fl and

F2 frequency values.
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This influence has been found to be unidirectional.
Vowel "“centers of gravity” or category boundaries move toward
higher F1 and F2 values when FO or F3 frequencies are raised.
Their findings represent clear perceptual effects indicating
that vowel perception is sensitive to FO frequency values
and, to a lesser degree, to F3 frequency values.

This sensitivity is potentially useful in the
perceptual <classification of vowels produced by many
different speakers. Specifically, 1listeners may classify
vowels of given F1 and F2 frequencies differently based on
the FO or F3 frequencies. This would make them more likely
to correctly classify vowels produced by multiple speakers
who tend to have F1 and F2 frequency values that have
correlations to their FO and F3 frequencies for given vowels.

It was therefore hypothesized, based on the above
research, that the assumptions made by Syrdal (1985) and
Miller (1989) would be demonstrable in a perceptual
experiment, in which vowels from multiple speakers would be
presented with and without FO and F3 frequency information.
Namely, it was predicted that the availability of F0O and F3
frequency values would increase listeners’ ability to
classify vowels as intended by the speaker when vowels are

presented in a mixed-speaker condition relative to their
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ability to classify the same stimuli in a blocked-speaker
condition.

The only published research that specifically examines
whether FO and F3 information can be shown tO perceptually
influence vowel classification is the previously mentioned
Nusbaum and Morin (1992) study. Although they report results
that suggest that the presence of FO, and, to a lesser
degree, F3, do improve correct vowel classification rates in
a mixed-speaker condition, their study has limitations that
make additional research necessary. As discussed above
these limitations include the use of synthetic rather than
naturally produced vowels, inappropriately selected formant
frequencies for the synthesized whispered vowels, inadequate
numbers and types of “speakers” to simulate a truly mixed-
speaker condition and sparse reportage of statistical
findings. The present study attempted ¢to avoid these

limitations.
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CHAPTER II
METHODOLOGY

STIMULI:
Speakers:

Speakers were five adult males, 19 to 29 years of age,
five adult females, 18 to 49 years of age, and five children,
7 to 14 years of age. All of the speakers were native New
Yorkers, whose first language is English. An attempt was

made to select speakers with matched dialect.

Vowels:

The speakers were recorded producing each of nine
phonated and nine whispered vowels in a /hvV/ syllable. The
unfamiliarity of final position short vowels was mitigated

through the use of an elicitation technique described below.

The vowels in the set were /i I €& ad>AU u/.

Elicitation technique:

Each vowel was spoken by the experimenter to the
speaker, who then said twice “I just heard the /hv/ again.”
The speakers were provided with a printed English word,
corresponding to /hvd/ (e.g. “head”) and were told to leave

off the /d/. Thus, speakers attempted to pronounce all

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49

vowels, including the lax vowels not found in word-final
position in English, as they are pronounced when produced in
a word ending in a /d/. The /hV/ context follows Kahn (1978)
and allows the use of vowels in a familiar context (i.e. the
/nvd/ *“words”), without the coarticulation cues found 1in
other consonantal environments. Additionally, speakers

paused before the wcrd “again” in order to minimize the
coarticulatory effects of the following /a/ on the test

vowel. The experimenter repeated the process for all vowels
that were judged by the speaker or by the experimenter to be
mispronounced. Recordings were made with an Electrovoice
omnidirectional microphone, model 635A, and a Marantz tape

recorder, model PMD420.

Measurement and filtering of stimuli:

The vowels and their carrier phrases were digitized at
a 16 bit, 20 kHz sampling rate on a Gateway 2000 computer.
The target vowels were excised from the carrier phrase. The
rest of the operations described in this paragraph were done
using programs written by Professor Mark Weiss at the CUNY
Graduate Center. The average amplitude levels measured over
the entire vowel segments were made equal for all stimuli

using the WAVEXAM program. Wide-band spectrograms and
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averaged amplitude spectra for all of the vowel segments were
made using the SPECTC program. F2 and F3 frequencies were
measured for each vowel using judgments made by eye from
wide-band spectrcgrams and from the averaged amplitude
spectra for the entire phonated segment.

Formant frequencies of a sample of 10 vowels were
estimated using the same procedure by an independent
observer, whose reported frequencies for F2 never differed
from the experimenter’s measured frequencies by more than 40
Hertz (Since the second formant frequency was used to
determine the cutoff frequency for the low-pass filtered
vowels, this measurement was critical).

Two copies of each of the excised vowels were made.
One copy of each vowel was low-pass filtered using a bank of
rwo Stamford Research Model SR 650 Programmable Filters. The
two filters were used to create an extremely steep cut-off,
of approximately 120 dB per octave. The cut-off frequencies
were set to 100 Hz above the center frequency of F2. This
effectively removed F3 and higher formant information.
However, the bandwidths were sufficiently narrow so that the
second formant energy was always clearly present after

filtering. The vowel stimuli were then converted back to
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analog signals and recorded on a digital tape using a Sony
portable DAT, model TCD-D7.

Four stimulus types were generated: phonated-filtered,
whispered-filtered, phonated-unfiltered, and whispered-
unfiltered. The total number of stimuli generated was 540 (9

vowels x 15 speakers x 4 types).
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METHOD:
Subjects:

Listeners were four males and four females, 18 toO 21
years of age. All were native New Yorkers whose first
language is English. They were drawn from the same community
as the speakers, and the experimenter judged them to have a
dialect that is the same as that of the speakers. None of
the subjects had previously participated in perceptual
research, but all received training in the required task (see
the procedure section, below). Subjects received $20 or $25
for their participation, depending on the length of time

required to complete the training and testing.

Procedure:

Stimuli were presented over Telephcnics TDH50
headphones with an impedance of 60 Ohms, using a Sony
portable DAT, model TCD-D7 with an output impedance of 27
Ohms. The headphone response was tested and found to be

essentially flat up to 8000 Hertz.

Training:

All listeners went through a training period

immediately before testing. This training was provided for
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two reasons which were unrelated to the perceptual issues
being investigated. One reason was to provide practice with
the task. The second reason was the possibility that the
subject might have initially associated a printed keyword
with a vowel other than the one that it was intended to
exemplify.

The training was done as follows: After listening to
each of the key words read by the experimenter, the subject
was asked to read the words without further cueing from the
experimenter. When the subject read all of the keywords with
what the experimenter judged to be the desired pronunciation,
training for the listening task was initiated.

A training tape was constructed with each vowel
prepared in the manner described above for the preparation of
the actual listening tape. The training tape had two blocks
of stimuli. One block consisted of phonated-filtered vowels
and the other of whispered-unfiltered vowels. Each block
contained two sets of nine vowels in a mixed-speaker
condition. Nine vowels were spoken by an adult female
speaker, and nine vowels were spoken by a child speaker. The
speakers were different from those used for the actual
listening task, but they were selected using the criteria

described above. Both sets were randomized together as a
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group. Although this training task was more limited in its
conditions than the actual listening task, it was
sufficiently representative of the actual task, while having
the advantage of being relatively brief (2 speakers X 2
stimulus types x 9 vowels = 36 stimuli).

The subjects listened to each stimulus and circled a
keyword on a response sheet. Feedback was provided
immediately following each response, and “misperceived”
vowels were replayed. All subjects met an 80% correct
criterion, before proceeding to the actual testing. This
criterion is similar to levels found by Tartter (1991) for
whispered vowels and higher than Kallail and Emanuel’s (1584)
levels [but see Eklund and Traunmiiller ( 1997)]. In fact,
even for phonated vowels, researchers have rarely found
identification rates for mixed isolated vowels at rates above
90% without special conditions [i.e. the use by Assman,
Nearey, & Hogan, (1982) of spoken responses transcribed by

phonetically-trained experimenters] .

Testing:

The stimuli were presented in blocks of 45, at 4.5-

second intervals, with an interblock interval of 30 seconds.
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Each of the four stimulus types (phonated-filtered,
whispered-filtered, phonated-unfiltered, and whispered-
unfiltered) was presented separately in a blocked-speaker
condition and in a mixed-speaker condition. In the blocked-
speaker condition, a different randomization was used for
each speaker’s set of nine vowels. In the mixed-speaker
condition, all fifteen speakers’ vowels were randomized as a
group.

The randomization was done for the phonated and
whispered vowels separately in the following manner: Each

set of each subject’s nine vowels was divided into three
subsets composed /I & A/, /I a U/ and /e > u/. Each subset

of each speaker’s vowels was combined into one of three
blocks so that five of each of the three subsets appeared in
each block. Each block was then randomized. Although no
attempt was made to prevent the same speaker’'s vowels from
being presented consecutively, this occurred infrequently,
since each speaker had only three vowels per block. No
attempt was made to prevent the same vowel £from being
presented consecutively by different speakers.

All subjects were presented with all eight groups of
stimuli (4 types x 2 conditions), for a total of 1080 stimuli

(4 types x 2 conditions x 15 speakers x 9 vowels). The order
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of presentation of these groups was counterbalanced across
subjects.

Following Assman et al. (1982), subjects were provided
with answer sheets containing lines of the following
keywords: “heed, hid, head, had, hod, hawed, hud, hood,
who’d.” Each answer sheet contained 45 lines of the key
words, so that each stimulus type required three separate
answer sheets. The 45 lines on the answer sheets were
divided into blocks of 9 lines to enable subjects to match
each speaker‘s set of 9 vowels 1in the blocked-speaker
condition ro a block of 9 lines on the response sheet.
Subjects were asked to listen to each stimulus and to circle
the word on the response sheet that contained the same vowel .
Subjects were told that in both the mixed-speaker and
blocked-speaker conditions they might hear the same vowel
twice within the same block, and that they might not hear

every vowel even once within a given block.

ANALYSIS:

After the data were collected, it became clear that,
even in the blocked, unfiltered condition, there were certain
vowels that had been consistently identified as other than

the vowel intended by the speaker. In a subsidiary
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examination, the experimenter and an experienced listener
agreed that three phonated and 15 whispered vowels had been
“mispronounced” and these were omitted from the data pool and
thus from the analysis of results. (See Appendix B for a
detailed description of how vowels were selected for
elimination, and see the discussion section for some
implications of the necessity of eliminating these vowels.)
Mean percent correct scores were calculated for each
subject for each stimulus type in each condition. No
subjects scored 100% for any of the stimulus types in either
condition, and a visual analysis of the data indicated what
appeared to be close to standard distributions for the
phonated and whispered vowels examined separately. In
addition an examination of the standard deviations for the
various conditions indicated that there was homogeneity of
variance. Therefore, analysis of variance was used to
analyze the data. Confusion matrices were prepared for the
speakers as a group for each condition in order to analyze

the nature of the identification errors.
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SPECIFIC PREDICTIONS

Most published research that has examined vowel
classification for mixed-speaker vs. blocked-speaker
conditions has shown higher vowel classification error rates
for mixed-speaker condition than for blocked-speaker
conditions (see Nearey, 1989 for a review). However, some
studies have found very low error rates for both conditions
(Assman et. al., 1982; Kahn, 1978; Macchi, 1580).

pilot work by this author indicated that stimuli
presented in mixed-speaker condition were 1likely to be
identified with less accuracy than the same stimuli presented
in blocked-speaker condition for some conditions. This
relationship was imperative for this research, since the
usefulness of FO0 and F3 as parameters 1in perceptual vowel
normalization was judged based on the degree to which these
parameters improved classification rates in the mixed-speaker
condition to the 1levels found 1in the blocked-speaker
condition.

In addition, published research by Eklund and
Traunmuller (1997), Kallail and Emanuel (1984) and Tartter
(1991) has shown that whispered vowels are significantly less

well identified than phonated vowels. Pilot work by this
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author indicated that a similar finding was the likely
outcome of this research.

The effect of the removal through filtering of
information carried in frequencies above the F2 fréquency was
not considered to be highly predictable prior to this study.
Lehiste and Peterson (1959) and Peterson (1954) reported high
levels of identification for low-pass vowels of this nature.
However, it was considered unlikely that filtered vowels,
lacking upper formant information, would be identified more

accurately than unfiltered vowels.

POSSIBLE OUTCOMES AND THEIR IMPLICATIONS

This study depends on a trend (in at least some of the
stimulus types) for lower correct vowel classification rates
in mixed-speaker condition than in blocked-speaker condition.
A mixed-speaker condition is one that creates the greatest
potential for the perceptual ambiguity based solely on F1 and
F2 frequency values. Therefore, it is likely that a mixed-
speaker condition would result in lower classification rates
than a blocked-speaker condition. If this effect is less
strongly seen when FO0 information is available, such as for
the phonated vowels, or when F3 information is available,

such as for the unfiltered vowel, the results would indicate
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that FO0O or F3 is 1likely to be wused 1in perceptual
normalization. This finding is implicitly predicted by both
Syrdal (1985) and Miller (1989), for both FO and F3.

For example, it was possible that blocked-speaker
condition stimuli would be classified with ten percentage
points greater accuracy than mixed-condition stimuli for
whispered (no FO information) vowels, but equally well for
phonated vowels. Similarly, it was possible that blocked-
speaker condition stimuli would be <classified with ten
percentage points greater accuracy than mixed-condition
scimuli for filtered (no F3 or higher formant information)
vowels, but equally well for unfiltered vowels.
Respectively, these findings would strongly indicate that FO
information or F3 information is critically useful 1in
perceptual normalization of vowels, as implied by Syrdal
(1985) and Miller (1989). To the extent that either of these
interactions is less strongly seen, the evidence for a
perceptual normalization of steady-state vowels relying on

these parameters would be decreased.
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CHAPTER III

RESULTS

GROUP MEANS AND STANDARD DEVIATIONS

Each subject’s data were scored for percent correct
identification of the target vowels. The percent correct
identification scores for each of the eight subjects for each
of the eight conditions are reported in appendix C.

The group means and standard deviations were calculated
for each of the eight conditions and are presented in Table

III.1.
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Table lil.i. Percent correct identification of phonated and whispered
vowels with and without filtering to remove F3 and upper formants,
under two presentation conditions. The data displayed are group
means and standard deviations for eight listeners.

BLOCKED-SPEAKER MIXED-SPEAKER

Phonated Unfiltered 86.8 (7.9) 87.4 (5.1)
Phonated Filtered 87.2(7.2) 85.2(7.7)
Whispered Unfiitered 79.7 (7.7) 74.5 (5.4)
Whispered Filtered 74.1 (5.8) 66.1 (7.9)
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The fact that the standard deviations for the
conditions with the highest mean correct classification
scores are in the same range as the standard deviations for
the conditions with lower means suggests that there 1is
homogeneity of variance. In addition, very few individual
scores were above 95%. These means and standard deviations

are displayed visually in figure 3.1.
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Figure 3.1. Percent correct identification of phonated and
whispered vowels, with and without filtering to remove F3
and upper formants, under two experimental conditions.

The data displayed are group means and standard deviations

for eight listeners.
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ANALYSIS OF VARIANCE

A three-way ANOVA was carried out on the mean
identification data. The factors in the design were speaker
variability (blocked or mixed speakers), phonatory type
[fundamental frequency availability] (phonated or whispered)
and upper formant availability (unfiltered or filtered). The
error terms are provided by interlistener differences. The

results of the ANOVA are reported in Table III.ii.
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Table liL.ii. Three-way ANOVA for presentation condition x
phonatory type x availability of upper formants. All effects.

Condition = Blocked-Speaker/Mixed-speaker
Phonation = Phonated/Whispered
Filtering = Unfiltered/Filtered

Source Estimated Degrees Estimated Degrees
of Mean of Error Mean of F p
Variance Square Freedom Term Square Freedom Ratio level
Condition 214 .51 1 CxSubject 20.83 7 10.30 0.015 "
Phonation 272549 1 PxS 16.60 7 164.16 0.000004 *
Filtering 245.12 1 FxS 20.68 7 11.85 0.011 *
CxP 139.45 1 CxPxS 29.82 7 4.68 0.067
CxF 28.88 1 CxFxS 13.67 7 2.1 0.189
PxF 145.41 1 PxFxS 493 7 2948 0.001 "
CxPxF 0.07 1 CxPxFxS 17.20 7 0.00 0.952
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MAIN EFFECTS

All three main effects were significant. These will be
reported sequentially.

1. First, percent correct identification was higher 1in
the blocked than in the mixed conditions. On average 82.0%
of the vowels were correctly identified in the blocked
condition, compared with 78.3% in the mixed condition. The
difference of approximately 3.6 percentage points was
significant (p = 0.015). Thus, stimuli presented in the
mixed-speaker condition were more difficult to identify as
the intended vowel than stimuli presented in the blocked-

speaker condition.

5. gSecond, an extremely robust effect was found for
phonatcry type. Percent correct identification was higher
for the phonated than for whispered stimulus. On average
86.7% of the phonated vowels were correctly identified,
compared with 73.6% of the whispered vowels. The difference
of approximately 9 percentage points was significant (p <
0.001). Thus, the whispered vowels were more difficult to

identify than the phonated vowels.
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3. Third, percent correct identification was higher for
the unfiltered than for the filtered condition. On average
82.1% of the unfiltered vowels were correctly identified,
compared with 78.2% of the filtered vowels. The difference
of nearly 4 percentage points was significant (p = 0.011).
Thus, the vowels with F3 and upper formants filtered out were

more difficult to identify than the unfiltered vowels.
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INTERACTIONS

The comparisons most important for the crucial
questions posed by this dissertation relate to interactions
between speaker variability and phonatory type (i.e.
fundamental frequency availability), and between speaker
variability and upper formant availability. The existence of
such interactions would suggest the perceptual importance of
FC and of upper formants in vowel normalization.

Figure 3.2 is a graph of the differences 1in percent
correct identification between the blocked-speaker and mixed-
speaker conditions for the phonated and whispered vowels.
For phonated vowels, percent correct scores are less than one
percentage point lower in the mixed-speaker condition (86.3%)
than in the blocked-speaker condition (87.0%). For whispered
vowels, percent correct scores were approximately 6.5
percentage points lower in the mixed-speaker condition
(70.3%) than in the blocked-speaker condition (76.9%). This

effect approached the 0.05% level of significance.
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The interaction between speaker variability and upper
formant availability is of «critical importance for the
perceptual reality of vowel normalization schemes that use F3
as an additional cue for vowel perception. Figure 3.3 shows
a graph of the differences in percent correct identification
between the blocked-speaker and the mixed-speaker conditions
for the unfiltered and filtered vowels. For unfiltered
vowels, percent correct scores Wwere approximately 2.3
percentage points lower in the mixed-speaker condition
(80.9%) than in the blocked-speaker condition (83.3%). For
filtered vowels, percent correct scores were approximately
five percentage points lower in the mixed-speaker condition
(75.7%) than in the blocked-speaker condition (80.6%). The
magnitude of this interaction 1is small (a difference between
loss in percentage correct scores when switching from
blocked-speaker to mixed-speaker conditions for unfiltered
and filtered vowels of approximately 2.6%). In addition, this

effect failed to reach significance (p. = 0.189).
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Possibly the most important finding of this study was
one that was not expected: The interaction between phonatory
type and availability of upper formants was extremely robust.
This significant interaction suggests that the third formant
is more important for whispered vowel perception than for
phonated vowel perception.

Figure 3.4 is a graph of the differences in percent
correct identification associated with unfiltered versus
filtered conditions for the voiced and whispered vowels. For
phonated vowels, percent correct sScores were less than one
percentage point lower in the filtered (86.2%) condition than
in the unfiltered condition (87.1%). For whispered vowels,
percent correct scores were approximately seven percentage
points lower for the filtered stimuli (70.1%) than for the
unfiltered stimuli (77.1%). This effect was significant (p =

0.001).
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SPEAKER TYPE EFFECTS

It was hypothesized that the effects of the wvarious
conditions on classification rates and their interactions
might be different for the male, female and child speakers.
A four-way ANOVA was carried out on the mean classification
data to investigate the effects of speaker type.

A main effect was found for speaker type. Vowels
produced by female and child speakers were classified with
approximately 82.6% and 81.5% accuracy respectively. Vowels
produced by male speakers were classified with approximately
76.1% accuracy. This effect was significant at the 0.001%
level. No interactions between speaker type and any other

condition were found to be significant.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

CONFUSION MATRICES

Confusion matrices were prepared for each speaker for
each of the eight conditions. The eight grand confusion
matrices for all of the speakers as a group for each of the

eight conditions are presented in table III.iii.
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Table IlLiii. Confusion matrices for the eight conditions (presentation
condition x phonatory type x upper formant availability). All speakers

and listeners collapsed.

Confusion matrix for blocked-speaker, phonated, unfiltered vowels.

Response
Vowel i n el @/ /al I3/ A IUf
i 117 0 3 0 0 0 0 0
Y 0 120 0 0 0 0 e 0
/el 0 10 102 7 1 0 0 0
/®/ 0 0 28 80 4 0 0 0
/a/ 0 0 0 1 95 14 10 0
1/ 0 0 0 0 0o 111 0 1
Al 0 0 0 0] 20 1 82 9
U/ 0 0 0 0 3 1 18 98
u/ 0 0 0 0 0 1 0 7
Total Response 117 130 133 88 123 128 110 115
Confusion matrix for mixed-speaker, phonated, unfiltered vowels.
Response
Vowel fif n el [=/ lal /3 /AN U/
1l 120 0 0 0 0 0 0 0
7 0 118 1 0 0 0 0 1
e/ 0 12 99 7 1 0 1 0
/®/ 0 0 26 83 2 0 0 1
/af 0 0 0 4 88 9 18 1
3/ 0 0 0 0 0 112 0 0
A\ 0 0 0 0 13 5 82 12
U/ 0 0 1 1 2 1 14 101
ful 0 0 0 0] 0 0 0 0
Total Response 120 130 127 95 106 127 115 116
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Table liLiii. (continued). Confusion matrices for the eight conditions
(presentation condition x phonatory type x upper formant availability).
All speakers and listeners collapsed.

Confusion matrix for blocked-speaker, phonated, filtered vowels.

Response
Vowel fil Y el 2/ /al />/ i ey /u/ Total Stimuli
1l 120 0 0 0 0 0 0 0 0 120
3 0 120 0 0 0 0 0 0 0 120
/€l 0 10 100 9 0 0 0 1 0 120
I&d) 0 0 21 89 2 0 0 0 0 112
/a/ 0 0 0 0 95 11 14 0 0 120
13/ 0 0 0 0 1 111 0 0 0 112
A 0 0 0 0 14 4 82 12 0 112
U/ 0 1 0 0 0 1 18 100 0 120
lu/ 0 0 0 0 0 0 0 16 104 120
Total Response 120 131 121 98 112 127 114 129 104 1056
Confusion matrix for mixed-speaker, phonated, filtered vowels.
Response
Vowel hl 1 el el lal 13/ AV u/ ful Total Stimuli
hil 120 0] 0 0 0 0 0 0 0 120
N/ 0 120 0 0 0 0 0 0 0 120
e/ 0 12 94 13 0 0 0 1 0 120
/&/ 0 0 24 88 0 0 0 0 0 112
/a/ 0 0 0 7 83 12 15 3 0 120
13/ 0 0 0 0 2 108 0 2 0 112
A 0 0 0 2 17 8 73 12 0 112
/U 0 1 0 0 2 1 18 98 0 120
o/ 0 0 0 0 0 0 0 4 116 120
Total Response 120 133 118 110 104 129 106 120 116 1056
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Table llLiii. (continued). Confusion matrices for the eight conditions
(presentation condition x phonatory type x upper formant availability).

All speakers and listeners collapsed.

Confusion matrix for blocked-speaker, whispered, unfiitered vowels.

Response
Vowel 1l e e/ /&/ lal 1>/ \ 1/
1l 112 7 0 0 1 0 0 0
e 0 93 11 0 0 0 0 0
€l 0] 15 89 8 0 0 0 0
Ik 0] 3 28 72 0 0 0 1
/a/ 0 0 1 4 62 11 14 4
13/ 0 0 0 0 5 107 4 4
‘A 0 0 0 0 15 4 59 18
10} 0 0 0 0 1 3 25 56
ul 0 0 0 0 0 0 0 5
Total Response 112 118 129 84 84 125 102 88

Confusion matrix for mixed-speaker, whispered, unfiltered vowels.

Response
Vowel 1l 1/ e/ [®/ fal I3/ A u/
I 113 6 0 0 0 1 0 0
1 1 84 18 0 0 0 1 0
/el 0 22 84 6 0 0 0 0
I 0 1 38 62 1 1 0 1
fa/ 0 1 0 0 54 13 23 5
13/ 0 0 0 0 16 95 5 4
RV 0 0 1 0 24 5 53 13
1u/ 0 0 0 0 0 1 26 57
ul 0 0 0 0 0 1 0 6
Total Response 114 114 141 68 g5 117 108 86
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ful Total Stimuli
120
104
112
104

96
120

96

88
115 120
118 960
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/u/ Total Stimuli
0 120
0 104
0 112
0 104
0 96
0 120
0 96
4 88
113 120
117 360



Table liLiii. (continued). Confusion matrices for the eight conditions
(presentation condition x phonatory type x upper formant availability).

All speakers and listeners collapsed.

Confusion matrix for blocked-speaker, whispered, filtered vowels.

Response
Vowel nf iy el [®/ o VAN bY) PN 161
fil 114 5 1 0] 0 0 0 0
Y 2 94 8 0 0 0 0 0
/€/ 0 16 78 18 0 0 0 0
/®/ 1 0 42 61 0 0 0 0
/al 0 0 0 3 61 18 10 4
13/ 0 0 0 12 87 9 9
A 0 0 0 0 25 6 45 20
J/ 0 0 0 0 4 3 23 55
u/ 0 0 0 0 0 0 0 4
Total Response: 117 115 129 83 102 114 87 92

Confusion matrix for mixed-speaker, whispered, filtered vowels.

Response
Vowel i/ B 1€/ [/ lal I3/ AV, ey
il 105 15 0 0 0 0 0 0
iy 8 68 26 2 0 0 0 0
€/ 0 21 82 8 0 0 0 0
[/ 0 2 45 57 0 0 0 0
/a/ 0 0 0 3 55 21 14 3
/o/ 0] 0 0 3 14 79 11 11
A 0 0 0 2 36 6 40 12
U/ 0 0 0 1 4 8 27 46
fu/ 0 0 0 0] 0 0 0 17
Total Response: 113 106 153 76 109 114 92 89
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fu/ Total Stimuli
120
104
112
104
96
120
96
88
120
121 960
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/u/ Total Stimuli

0 120
0 104
1 112
0 104
0 96
2 120
0 96
2 88
103 120
108 960
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As can be seen, in general, the patterns of confusions
were similar for the various conditions, although there were
more errors for some conditions than others. One noteworthy

difference in patterns of confusion is that found for /i/,

/1/ and /J/. In all conditions containing phonated vowels,

/i/, /I/ and /3/ were almost perfectly classified. This was

not the case for the whispered vowels, in which /i/ was
classified as /I/ approximately 5% of the time. The

difference between phonated and whispered conditions for /I/

classification was even more striking, with approximately 10%

to 35% errors for the whispered /I/ vowels (primarily /€/

confusions) depending on the condition. Whispered /J/vowels

were also classified with approximately 10% to 35% errors
(confused primarily with other back vowels) depending on the
condition.

One additional difference in the patterns of errors for
the different conditions is that there tended to be more
front -back confusions for mixed-speaker conditions than in
the corresponding blocked speaker conditions.

Although it was hypothesized that differences for
patterns of errors between the phonated and whispered vowels,

other than those mentioned above, would Dbe found, 1little
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evidence of such differences can be seen in the confusion

matrices.
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ACOUSTIC DATA

The focus of this dissertation is on perception, not
production oOr acoustics. However, a sample of the values
obtained for the first three formants for each of the
phonated and whispered vowels is presented in appendix D.
These reported data include an adult male, an adult female
and child speaker. In addition, the relevant data from the
peterson and Barney (1952) study are included for comparison.
The formant values found in this study are reasonably similar
to the mean data reported by Peterson and Barney. The lack
of perfect correspondence may stem from a variety of sources.
These include: dialectical variation, individual differences,
differences in the phonological context and differences in

measurement techniques.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER IV
DISCUSSION

INTRODUCTION

The critical issues for this dissertation relate to
findings regarding the interactions between phonatory Ctype
and presentation condition and Dbetween filtering and
presentation condition. For organizational reasons, however,
the main effects will be discussed first, followed by a
discussion relating to the interactions, followed by a
discussion of general issues relating to this study and to

vowel perception research in general.

MAIN EFFECTS
Presentation condition

stimuli presented in the mixed-speaker condition were
more difficult to identify as the intended vowel than stimuli
presented in the blocked-speaker condition. Two points,
however, must be noted. The first point is that although the
interaction between phonatory type and presentation condition
failed to reach significance [F(1,7)=4.68, with an MS error
of 29.82 p. = 0.068], the main effect found for presentation
condition was largely a result of the whispered vowels. In

fact, phonated unfiltered vowels were identified slightly
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better in the mixed-speaker condition (87.4%) than phonated
unfiltered stimuli presented in the blocked-speaker condition
(86.8%). This finding is not consistent with the reports of
Strange, Verbrugge, Shankweiler and Edman (1976). Although
Assman, Nearey and Hogan (1982) reported significantly worse
identification of isolated vowels presented 1in a mixed-
speaker than 1in a blocked-speaker condition, the actual
percent errors for the two conditions in their study were
4.09% and 5.43% respectively. The importance of this 1.34%
difference 1is unclear. (The low error rates for Assman et
al. (1982) may be attributable to the use of phonetically
trained listeners.) The second point that must be made is
that even for the whispered vowels in this study, the
magnitude of this difference was less than seven percentage

points.

Phonatory type

The second significant main effect that was found was
for phonatory type. The whispered vowels were significantly
more difficult to identify than the voiced vowels. This
finding is consistent with those reported by Kallail and
Emanuel (1984), Tartter (1990) and Eklund and Traunmuller

(1997) .
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As few studies have been performed comparing perception
of voiced and whispered vowels, a comparison of some of the
results for this part of the study with earlier studies is
presented. Table IV.i shows the percent correct scores for
the mixed unfiltered conditions for both voiced and whispered
vowels in this study and for the comparable conditions in
Kallail and Emanuel (1984), Tartter (1991) and Eklund and
Traunmuller (1997) . These studies used different
methodologies and vowel sets from the present study;
Tartter's (1991) study is more similar to the present study
than are Kallail and Emanuel’s (1984) and Eklund and
Traunmiller’s (1997) studies. The results are shown for
Tartter’'s second experiment, in which she used subjects who
received training, as did the subjects in the present study.
Eklund and Traunmuller (1997) reported male and female
listeners’ correct classification rates for male and female
speakers separately; these have been collapsed for purposes

of comparison.
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Table IV.i. Mean percent correct classification for the vowels
in four studies.

STUDY Phonated Whispered Difference
Halberstam (1998) 87.4% 74.5% 12.9%
Kallail & Emanuel (1984) 80.0% 65.0% 15.0%
Tartter (1991) 92.0% 81.6% 10.4%
Ekiund & Traunmuller (1997) 95.3% 88.0% 7.3%
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We see that both the mean correct classification scores
and the magnitude of the difference between correct
classification scores for whispered vs. voiced vowels for the
present study fell between the values reported in the Kallail
and Emanuel (1984) and the Tartter (1991) studies. Unlike the

present study, Tartter’s (1991) vowel set included /a3 /,

which was very well recognized. Other than this vowel, the
vowel sets used by Tartter (1991) and the present study were
identical, although Tartter’'s vowels were produced and
presented in a [hVvd] context. Table 1IV.ii presents the
percent correct scores for the mixed-speaker unfiltered
conditions for both phonated and whispered vowels 1in the
present study and for the comparable conditions in Tartter

(1991), with the percent correct scores for /& / removed.

For the same vowel set, the present study’s results are very

similar to Tartter’s (1991) results.
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Table IV.ii. Percent correct classification in this study and in a
revised data set adapted from Tartter (1991).

STUDY Phonated Whispered Difference
Halberstam (1998) 87.40% 74.50% 12.90%
Tartter (1991) (7 removed) 91.30% 79.60% 11.70%
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Eklund and Traunmuller’s (1997) findings are
problematical, particularly because the formant frequencies
of their stimuli are not steady-state. Although neither
Tartter (1991), Kallail and Emanuel (1984) nor the present
study provide specific evaluations of the degree to which
their stimuli are steady-state, all of these studies
attempted to elicit quasi-steady-state vowels. This starkly
contrasts with the Eklund and Traunmiller (1997) study.
Although Eklund and Traunmiller describe their stimuli as
wthe names of the nine letters which are used in Swedish
orthography to represent the vowels,” claiming that “with the
exception of 1, the names of these vowels are pronounced as
the long vowels usually represented by the letter in
question,” they provide an acoustic analysis that makes it
clear that most of their stimuli are characterized by a good
deal of diphthongization. Their claim that their study is
comparable with Kallail and Emanuel (1984) and Tartter (1991)
is thus open to guestion.

Assuming that Eklund and Traunmuller (1997) are
basically familiar with the English language, they compound
this problem when, in attributing their high recognition

rates to the use of “genuine words,” they “predict that
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similar high recognition rates can be obtained 1in an
experiment using the English names of the letters a, e, i, O,
r and u.” It is 1likely that they are correct in their
prediction, but for a different reason. The letter names
rhat they mention are highly identifiable sounds and/or
diphthongs ([eI], [Ii], [a1]l, [oU], (], and [jul).

In addition, Eklund and Traunmuller (1997) do not
consider a large body of research (see Nearey, 1983 for a
review) when they suggest that “the presence of consonants in
rhese stimuli [Tarcter (1991)] did not improve, but rather
:mpaired the recognition of the vowels.” Some studies have
shown advantages for consonantal context (Strange Verbrugge,
Srankweiler, & Edman, 1976; Kahn, 1978), and some studies
(Assman, Nearey, & Hogan, 1982; Macchi, 1980), have shown no
advantage for consonantal context, but no study has suggested
rhat consonantal context places listeners at a disadvantage
for vowel perception.

The rationale for Tartter’'s (1991) study included some
reasonable criticisms of Kallail and Emanuel’s (1984) design,

and the argument that “the results reported by Kallail and

Emanuel were a poor estimate of whispered vowel
identification” (Tartter, 1991). Of the three studies cited,
Tartter’'s seems to be designed best. Therefore, the
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similarity between the results for the whispered vowels in
the present study with Tartter’'s results is viewed as
strengthening the validity of both studies.

Returning to the present study, there are at least two
possible interpretations of the finding that whispered vowels
are not perceived as well as phonated vowels. One
possibility 1is that fundamental frequency information is
important in vowel perception. Another possibility is that
the difficulties in perceiving whispered vowels relate to the
shifted formant values for whispered vowels when compared to
the formant values for phonated vowels. Although no
statistical analyses were performed on the formant
frequencies measured in this study, a clear pattern of higher
formant frequencies for the first three formants was noted
(see appendix D for a sample of the formant data from some of
the speakers from this dissertation demonstrating this
pattern) . This tendency has also been reported by several
researchers (Peterson, 1961; Kallail and Emanuel, 1984;
Eklund and Traunmuller, 1997).

There is some evidence that the difficulties in
perceiving whispered vowels relate to the shifted formant
values for whispered vowels when compared to the formant

values for phonated vowels, rather than to a lack of FO
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information. Nusbaum and Morin (1992) performed a study
similar to this study, but they used synthetic vowels. While
Nusbaum and Morin found significant differences in the
classification rates for phonated and whispered vowels in a
mixed-speaker condition, they found no significant
differences in the classification rates for phonated and
whispered vowels in a blocked-speaker condition. A possible
interpretation of the different findings of the Nusbaum and
Morin (1992) study and the present study relates to the
formant frequencies of the stimuli. The present study used
phonated and whispered vowels with naturally produced
formants which, as discussed earlier, tend to be higher for
the whispered vowels. Nusbaum and Morin'’s (1992) study used
phonated and whispered synthetic stimuli with identical
formant frequencies. It may be that the difference between
the findings indicates that the poorer classification for
whispered vowels found in this study is caused by the
differences between the formant freguencies of the whispered
and phonated vowels.

The two possibilities mentioned above to explain the
petter classification rates for the phonated versus whispered
vowels can be more thoroughly explored, at least initially,

through the wuse, within the same study, of synthetic
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“whispered” vowels using formant frequency values derived
from both phonated and whispered production values. Improved
perception for whispered vowels based on phonated formant
frequency values would be a strong indication that it is the
altered formant frequencies that «cause whispered vowel
perception to be poorer than phonated vowel perception. (A
negative finding would be less easily interpreted.)

It is interesting to note that the general patterns of
errors in whispered and phonated vowel classification in the
present study were similar (see the confusion matrices in the
results section). This finding may suggest that the cause of
poorer classification for the whispered vowels may be related
to a lack of FO information, rather than altered formant
values. If the altered formant values were involved, the
pattern of errors would be expected to be different for the
two phonatory types. This is because the alterations in
formant frequencies found in the whispered vowels would move
whispered vowels into the range of other phonated vowels

within the F1 x F2 space.

Upper formant availability

The third significant main effect was for upper formant

availability. The filtered vowels were significantly more
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difficult to identify than the unfiltered vowels. It 1is
important to note, however, that this effect was largely a
result of the whispered vowels. As previously reported, a
significant interaction was found for phonatory type and
availability of upper formants. In fact, percent correct
identification collapsed across blocked-speaker and mixed-
speaker conditions for phonated unfiltered vowels (87.1%) and
phonated filtered vowels (86.2%) differed by less than one
percentage point. This issue will be addressed in more
detail in the discussion about the interaction between
phonatory type and upper formant availability.

It was hypothesized that the effects of filtering might
pe different for front and back vowels. Back vowels
typically have F3 of lower amplitudes than front vowels. In
addition, F3 is typically more distant from F2 than 3.5 Bark.
A three to 3.5 Bark range has been shown to be the limit for
perceptual integration of two formants (Chistovich and
Lubinskaja, 1979; Chistovich, 1985). As a result of the
above, it was logical to expect that back vowels would be
less affected by filtering. Table IV.iii shows the effect of
filtering on percent correct classification rates for each
vowel for the phonated and whispered vowels separately and as

a group.
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Table IV.iii. Difference in percent correct classification in percentage points

by vowel as a result of filtering. Data are from group means.

PHONATORY TYPE /il
Phonated 1.3
Whispered -25
Phonated and Whispered -0.6

/1/
0.8
-7.2
-2.9

ref
-2.9
-5.8
43

[2/
6.3
7.7
-0.5

/a/
-2.1
0.0
-1.2

1>/

-1.8
-15.0

-8.6

‘A
-4.0
-14.1
-8.7
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/a/
-04
-6.8
-3.1

fu/
-5.0
-3.8
44
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As can be seen from table IV.iii, there was some
tendency in the opposite direction from the predicted
tendency. Back vowels generally had a greater loss 1in
correct classification rates as a result of filtering than
did front vowels. This was a general trend, with some
exceptions. No obvious explanation for this trend was

recognized.
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INTERACTIONS

As mentioned earlier, the most critical issues for this
dissertation relate to findings regarding the interactions
between phonatory type and presentation condition, and
between availability of upper formants and presentation
condition. This is because both F0 information (available in
the phonated and not 1in the whispered vowels) and F3
frequency information (available in the unfiltered and not in
the filtered vowels) have been used as parameters in vowel
normalization schemes. If these schemes reflect actual
perceptual processes, then presenting vowels in a mixed-
speaker condition rather than a blocked speaker condition
would be expected to result in different losses in
classification rates for different stimuli types.
Specifically, correct classification rates would show greater
differences between blocked-speaker and mixed-speaker
conditions for stimuli lacking FO or F3 frequency information

than for stimuli containing such information.

Presentation condition x phonatory type
There was a greater difference in mean correct
classification scores between blocked-speaker and mixed-

speaker condition for the whispered vowels than for the
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phonated vowels. For phonated vowels, percent correct scores
were less than one percentage pcint lower 1in the mixed-
speaker condition (86.3%) than in the blocked-speaker
condition (87.0%). For whispered vowels, percent correct
scores were more than six and a half percentage points lower
in the mixed-speaker condition (70.3%) than in the blocked-
speaker condition (76.9%).

As previously reported, the interaction between
phonatory type and presentation condition narrowly missed
significance at the 5% level (p. = 0.068) . Note, however,
that there was a large error term for this effect (MS error
of 29.82), indicating considerable inter-subject variability
for this interaction. In other words, some of the subjects
may have been more susceptible tc the combined effects of
phonatory type and presentation condition than others. Even
so, the chance that there is no interaction in the means of
the populations represented by this sample is less than seven
in 100.

To have achieved a significant effect at the 0.05
significance level for presentation condition, a difference
of 4.3 percentage points between blocked-speaker and mixed-
speaker condition would have to have been obtained. The

differences mentioned just above show that for phonated

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

vowels the difference in percentage points between blocked-
speaker and mixed-speaker condition was well below 4.3, while
for whispered vowels, the difference was well above 4.3.

Both post hoc LSD and Newman Keuls revealed that mixed-
speaker condition vowels were perceived significantly less
well for the whispered vowels at the 0.01 significance level,
put not for the phonated vowels.

The results suggest that fundamental frequency may be
used as a third cue in (addition to Fl and F2) to enhance
vowel identification in a perceptually difficult context,
such as the mixed-speaker condition of this study. One of
the central claims of several vowel normalization schemes
(Miller, 1989; Syrdal 1985), that FO contributes to accurate
vowel classification, is supported by the perceptual findings

of this study.

Presentation condition and upper formant availability

The interaction between presentation condition and
upper formant availability is of critical importance for the
perceptual reality of vowel normalization schemes that use F3
as an additional cue for vowel perception. As previously

reported, the interaction between phonatory type and
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presentation condition was not found to be significant in
this study at the 5% level (p. = 0.189).

For unfiltered vowels, percent correct scores were
approximately 2.5 percentage points lower in the mixed-
speaker condition (80.9%) than in the blocked-speaker
condition (83.3%). For filtered vowels, percent correct
scores were apprcximately five percentage points lower in the
mixed-speaker conditicn (75.7%) than in the blocked-speaker
condition (80.6%) . It is seen that the magnitude of this
interaction is small (a difference between loss in percentage
correct scores when switching from blocked-speaker to mixed-
speaker conditions for unfiltered and filtered vowels of
approximately 2.6 percentage points) .

Thus, the perceptual results do not provide strong
support for the use of wupper formants, including F3, as
elements in a vowel normalization scheme. Upper formants are
particularly useful as a third cue (in addition to Fl and F2)
for vowel perception in an perceptually challenging context,
such as the mixed-speaker condition of this study. Even if
the argument is put forth that the lack of significance found
in this study related to insufficient sensitivity in the
design, as mentioned, the magnitude of the effect found in

this study was quite small.
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The finding that upper formants are unlikely to be very
important as a normalization parameter must be considered a
negative one for the leading intrinsic normalization schemes
in which the use of third formant frequency information is
viewed as crucial (Miller, 1989; Syrdal and Gopal, 1986) .
The finding must also be considered a negative one for
Wakita’s (1977) proposal which uses F4 as a parameter in
vowel normalization.

The comments made above should not be construed as
suggesting that F3 information has no effect on vowel
perception (as opposed to vowel normalization). As we have
seen, several studies have found other kinds of effects on
vowel perception that relate to F3 frequency (Ainsworth
(1575), Fujisaki and Kawashima (1968), Nearey (1989), Slawson
(1968) and others. However, none of these effects have been
directly related to vowel classification rates.

The fact that F3 information has been shown to affect
vowel perception, but has not been shown by this study to
have an effect relating to vowel normalization, 1s not
paradoxical. The effects of F3 may actually relate directly
to F2 formant perception, rather than influencing vowel
perception in the manner suggested by vowel normalization

theories. Chistovich has published a number of articles
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comparing the perception of two formant and four formant
stimuli that imply that a single formant percept is the
outcome when more than one acoustic formant falls within a
center of gravity of less than 3.5 Bark (Chistovich and
Lubinskaja, 1979; Chistovich, 198¢%) . Bladon et al. (1984,)
has made more explicit claims suggesting that the acoustic
energy contained in formants that are close together on a
Bark scale are perceptually incorporated into a unitary peak
as a result of the operations of a version of a “model of
peripheral auditory representation” based on work by
Schroeder. According to this model, F2 and F3 contribute to
a sole auditory peak when they are close together on a Bark
scale. It is therefore possible that changes in F3 can cause
changes in vowel identity as a result of changes in a
perceived unitary peak that typically relates to both F2 and
F3 information. An effect of this kind would not necessarily

have any implications for vowel normalization.

Phonatory type and upper formant availability

As previously stated, what might be considered to be
the most interesting finding of this study was one that was
not expected: The interaction between phonatory type and

availability of upper formants was extremely robust. Upper
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formant information was more important for whispered vowel
perception than for phonated vowel perception. For phonated
vowels, percent corrxect scores were less than one percentage
point lower in the filtered (86.2%) condition than in the
unfiltered condition (87.1%). For whispered vowels, percent
correct scores were nearly seven percentage points lower in
the filtered stimuli (70.1%) than in the unfiltered stimuli
(77.1%). The implication of this finding is that a loss of
third formant information is relatively inconsequential for
the perception of phonated vowels, but of considerable
importance for the perception of whispered vowels. This
finding is partially consistent with Nusbaum and Morin (1992)
whe reported that “filtering F3 affected recognition accuracy
only when FO was missing.” However, Nusbaum and Morin (1992)
reported that filtering influenced classification rates only
in a mixed-speaker condition; synthetic whispered vowels
presented in a blocked-speaker condition in their study were
perceived with no significant effect of filtering. In the
present study, filtering had a similar effect on whispered
vowel classification in both blocked-speaker and mixed-
speaker conditions.

This finding may contain clues about vowel perceptual

processes that have not been understood in the past. Namely,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



105

it would appear that the perception of phonated vowels relies
on Fl, F2 and fundamental frequency, while F3 does not seem
to be important in the perception of phonated vowels.
Perception of whispered vowels, however, seems to rely much
more heavily on F3 and/or higher formants.

An attempt to further interpret this finding 1is
warranted. One way to explain the reliance on F3 1in
whispered and not 1in phonated vowels is that there are two

perceptual process for vowels, one for and one for whispered

vowels, which rely on different parameters. This 1is
unparsimonious.
A second, more plausible way to interpret the

perceptual reliance on F3 in whispered and not 1in voiced
vowels is that perception of isolated steady-state vowels
reaches its maximum effectiveness when listeners have access
to Fl, F2 and fundamental frequency. For this reason, access
to F3 frequency information is of little or no additional
importance in perception of voiced vowels.

Whispered vowels, however, can be considered to be

acoustically deficient for purposes of perception. This
deficiency may be the result of two factors. The first
factor is that, as previously mentioned, the formant

structure of whispered vowels differs considerably from that
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of phonated vowels (Peterson, 1961; Kallail and Emanuel,
1984; Eklund and Traunmiller, 1997). The second factor that
may contribute to the perceptual deficiency of whispered
vowels is that the absence of phonation leaves F1 and F2
frequency information without the perceptual anchor provided
by fundamental frequency information. This assumes that FO
information is used as a parameter in vowel classification, a
hypothesis supported by this study, as well as others
(Ainsworth (1975); Fahey, Diehl and Traunmuller (1996);
Fujisaki and Kawashima (1968); Hirahara and Kato (1992);
Hoemeke and Diehl (1994); Nearey (1989); Slawson (1968), and
Traunmiller (1981).

As a result of the deficient nature of whispered
vowels, the acoustic information provided by F3 (and possibly
higher formants) is effectively used for vowel perception.
The result of the ANOVA for the interaction between speaker
variability and upper formant availability indicates that the
benefit of upper formant information to the perception of
whispered vowels may be limited to increasing the
availability of useful perceptual cues for individual vowels.
The additional information was not shown to be significantly
useful for disambiguating vowels in a mixed-speaker condition

when compared to a blocked-speaker condition. Thus, although
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F3 seems to be used for whispered vowel perception, it does

not appear to be useful for perceptual vowel normalization.

Only FO appears to perform that role.
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“GOOD” VOWELS AS STIMULI

An additional issue concerning stimuli used in vowel
perception research has emerged from this dissertation. This
issue will be treated in this section.

Studies examining perception of naturally produced
vowels, as well as different conditions within the same
studies, have found inconsistent classification rates. It is
very common for researchers to explain that these differences
in classification rates are caused by differences 1in
elicitation techniques (Tartter, 1991; Macchi, 1980; Kahn,
1978; Strange and Gottfried, 1980). A brief consideration of
such concerns brings to light a fundamental problem in using
naturally spoken vowels for perceptual research. If one is
to label a response other than that of the intended vowel as
an “error” and analyze it as such, it is imperative tO know
rhat the vowel in question is a good exemplar of such
stimuli.

To illustrate: If a speaker is asked to produce an /I/
for the purposes of stimulus creation for a perceptual study
and the experimenter perceives the produced vowel to be an
/u/, it scarcely needs to be said that the experimenter would
consider the produced vowel to be unsuitable for an /I/

stimulus. It would be unreasonable to consider an /u/
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response on the part of a subject presented with this
stimulus to be an error. Wakita (1977) makes a similar point
when he suggests that errors in classification by his formula
should logically be considered to be errors only when the
vowel stimulus is not “an apparent mispronunciation”
[referred to by Wakita (1977) as a Type I error] .

Similarly, it is common for published studies to
comment on the attempt to match dialect of speakers and
listeners (Macchi, 1980; Mullennix, Pisoni and Martin, 1988) .
The implication is that the authors recognize that labeling a
response as an error when speaker and listener have been
poorly matched for dialect is inappropriate. A more
reasonable interpretation is that the “incorrect” response is
a result of the fact that the intended vowel is not a good
exemplar of the intended vowel in the listener’'s vowel
system. Again, Wakita (1977) makes a similar point when he
suggests that errors in classification by his formula might
arguably be considered to be errors only when the vowel
stimulus is not “an allophonic variation which deviated
considerably from the defined target vowel” ([referred to by
Wakita (1977) as a Type II error].

Carrying this reasoning an additional step, it becomes

clear that the ideal stimuli for research investigating the
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cues adequate for vowel normalization and/or perception are
vperfectly” produced vowels located at the “center-of-
gravity” for each vowel in a particular dialect. It is
obvious that naturally produced conversational speech
typically will not provide jisteners with idealized vowels of
this nature. However, perceptual compensation for
coarticulation, and the intrinsic redundancy of speech
including the contributions of dynamic cues (see page 15 for
a review) might explain the fact that listeners have high
levels of correct vowel perception despite the fact that
naturally produced vowels may never reach these idealized
targets. In addition, vowel perception can benefit from the
possibility of calibration available in typical single
speaker situations, as theorized by extrinsic vowel
normalization models. Finally, vowels 1in conversational
speech, that might otherwise be perceived as other than the
vowel intended by the speaker, may benefit from a top-down
process of enhancement based on linguistic knowledge.

One example of the importance of the use of “good”
productions of vowels comes from this dissertation. A
reexamination of the stimuli that were perceived by a
majority of the subjects as vowels other than the intended

vowel revealed that some were poor exemplars of the intended
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vowel. In fact, there were three (of 135) voiced and eleven
(of 135) whispered vowels that were identified by a trained
listener as vowels other than the intended vowel in a forced
choice multiple presentation task. It is most 1logical to
assume that vowels such as these cannot be considered to be
appropriate stimuli for the intended vowel; they are more
logically considered to be misarticulated. The most
extreme case known to the author of this dissertation of data
of this nature being removed from consideration in vowel
perception experimentation is 1in a recent article by Eklund
and Traunmiller (1997). They write that “in some cases, the
vowels were not identified correctly by a majority of
listeners. However, in such cases the listeners typically
agreed in their identifications. All these tokens should
therefore be considered as wrongly produced rather than
wrongly perceived, and so they have not been included into
the acoustic analysis.”

It should be understood that although the present
author believes that Eklund and Traunmuller’s (1997)
statement represents a step in the right direction, their
criterion of majority “errors” for considering a vowel to be
incorrectly produced is unnecessarily arbitrary. Consider

that the purpose of their listening experiment was to learn
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something about the difficulties of perceiving voiced and
whispered vowels in a mixed-speaker condition. Majority
verrors” may merely indicate the difficulty of perceiving the
stimulus within the experimental conditions. The use of a
trained listener, familiar with the nature of the stimuli and
given the opportunity for multiple presentations may well be
a more rigorous procedure.

A reasonable argument can be made that the removal of
vowels considered to be mispronounced by a trained listener
under the conditions mentioned above 1is inappropriate.
Arguably, such removal may be viewed as removing correctly
arciculated vowels that are difficult to perceive (even with
an “easy” experimental condition) because of the inherent
difficulties in perceiving vowels, specifically steady-state
vowels. However, because other tokens of these same vowels,
that can be correctly identified, can be elicited from the
same speaker, this author believes that the procedure used
here to eliminate “incorrectly produced” vowels is justified,
and that similar procedures should be adopted in future vowel
perceptual research.

Ultimately, the issue may depend to some degree on a
priori assumptions. If it is believed that “steady-state”

vowels contain cues sufficient for good identification, then
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it is logical to insure that stimuli used in “steady-state”
vowel experimentation are good exemplars. Researchers with
the perspective of Strange, Jenkins and others present
arguments such as the following: “Since we are interested in
vowel perception under these ‘normal’ conditions of minor
dialectic and idiolectic variation, we have chosen to
incorporate such variation into the stimulus materials used
in our studies” (Strange and Gottfried, 1980) .

The present author accepts the above as a basis for
vowel research that investigates vowel perception in
coarticulated or conversational speech. But, having
wincorporated such variation,” it 1is not surprising that
Strange and colleagues have 1in the past come to the
conclusion “consonantal environment specifies vowel identity”
(Strange, Jenkins and Edman, 1978). Recognition of the
experimental findings of others (Kahn, 1977; Macchi, 1980)
who carefully avoided such variation has also led Strange to
somewhat different conclusions: “Studies...have shown that
under certain conditions of...selection of productions,
vowels produced as isolated, sustained tokens (or in neutral
/h/-vowel syllables) can be identified with high accuracy”

(Strange and Gottfried, 1980).
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We may then argue that studies investigating the
perceptual mechanisms underlying the highly  accurate
perception of “steady-state” vowels must attempt to control
goodness of production of naturally-produced stimuli. Some of
the types of vowel research that logically require this
monitoring of goodness of vowel productions are: formant
frequency production studies, data analytic vowel
normalization studies and steady-state vowel perception

studies.
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CONCLUSIONS
Perceptual verification of intrinsic normalization

Of the numerous intrinsic vowel normalization schemes
that have been proposed, none has been critically examined
from the perspective of perception. Considering the purported
perceptual processes that these schemes are designed to
model, this fact is quite surprising.

Typically, as mentioned earlier, the methods of
experimentally testing the validity of normalization
techniques has been limited to an analysis of how well
published vowel fundamental and formant frequency data can be
classified using a proposed normalization schemes (Disner,
1980; Gerstman, 1968; Hillenbrand and Gayvert, 1993; Lobanov,
1971; Miller, 1989; Syrdal and Gopal, 1984 and others). In
this sense, these analyses are data-analytic rather than
perceptual in nature. The drawback of this approach is that
acoustic information that may provide an algorithm with
values that enhance vowel classification may have little to
do with perception.

Syrdal (1985) and Miller (1989) have proposed elaborate
perceptual models using vowel normalization techniques,
utilizing FO and F3 as parameters in addition to F1 and F2.

Syrdal (1985) analyzes the validity of her vowel
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normalization using a linear discriminant classifier for
classification of the Peterson and Barney (1952) data.
Miller analyzes the validity of his vowel normalization by
the number of vowels from a corpus composed of various vowel
data bases that fall within his hand-drawn “vowel slabs”
derived from the differences between F3, F2, Fl and the
wsensory reference” (based on FO0) for each vowel. However,
Neither Syrdal nor Miller have published research showing
that the variables (F0, Fl, F2 and F3) used as input
variables in their vowel normalization schemes are actually
important for the perceptual processes that these schemes
model . Indeed, as mentioned earlier, another data-analytic
evaluation of vowel classification based on various parameter
sets found that the addition of F0 values to Fl and F2
provides nearly identical benefit for vowel categorization as
the addition of both F0 and F3 (Hillenbrand and Gayvert,
1993) . This highlights another troubling characteristic of
data-analytic evaluations of vowel normalization schemes: The
chosen method of analyzing the data can result in different
correct classification rates from one study to another.

The fact that FO and/or F3 can have an effect on vowel
and formant perception has been demonstrated (Ainsworth,

1975; Fahey, Diehl and Traunmuller, 1996; Fujisaki and
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Kawashima, 1968; Hirahara and Kato, 1992; Hoemeke and Diehl,
1594; Kallail and Emanuel, 1984; Nearey, 1989; Slawson, 1968;
Traunmuller, 1981). This research, however, has not been
directly relevant to vowel normalization. Particularly in
light of the findings of the present study, it 1is important

that future research focus directly on this issue.

Implications for vowel perception

The most profound implications of this research are
precisely in the area of the assumptions that have been made
in theories of vowel perception. Primary among these is the
growing assumption that F3 may be important in the
characterization and identification of vowels. This
assumption is one that seems to have grown in response to the
recognition of the variability of the two lowest formant
values for the same vowels for different speakers.

Previous to 1970, vowels were usually assumed to be
perceptually characterized by the lowest two formants. For
instance, Fujisaki and Kawashima (1968), whose research
focused on the perceptual effects of FO and formants higher
than F2 on vowel perception, nonetheless begin their article
as follows: "Among = various acoustic parameters that

constitute the frequency spectrum of the vowel, frequencies
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of the two lowest formants are known to be most important 1in
the determination of their phonemic quality."

As a result of the research by Fujisaki and Kawashima
(1968) and others, F3 was recognized as a potential cause of
perceptual effects on (synthetic) vowels. This has led some
researchers to emphasize the 1importance of F3 in the
perception of vowels, particularly those who deal directly
with problems related to the aforementioned variability of
formant values. Minifie (1973) writes “Even though many
formants may be produced during vowel production, only the
first three formants appear to be used by listeners in
differentiating vowel sounds.”

Miller (1989) makes what is possibly the strongest
statement supporting the importance of F3 in vowel
perception: “Presently, 1t is well established that the
locations of the three prominences of the short-term spectrum
of the vowel waveform are highly correlated with the
perceived color of the vowel.” No reference is given for
this “well established” inclusion of F3, and the present
author does not know of any research directly supporting the
importance of F3 in vowel perception (with the exception of
the effects found in this study, primarily relating to

whispered vowels). As the data reported on in this study
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suggest, F3 may actually have little impact on the perceptual
classification of phonated vowels.

It is clear why Miller would like F3’'s importance to be
well established; his (1989) article incorporates F3 into a
perceptual model. The present study casts the perceptual
validity of this model, as well as that of Syrdal (1985) into
serious doubt.

Oon the other hand, in the case of whispered vowels,
this study provides support for a strong effect of F3 on
perceptual classification of naturally produced ‘“steady
state” vowels.

The findings of this study indicate that F3 provides
information about vowel identity, but that this information
is redundant in the «case of voiced vowels, which are
identified equally well whether or not they contain a third
formant.

In the case of whispered vowels, it 1is hypothesized
that the loss of FO information and/or the raised formant
frequency values when compared to the same vowel produced
with phonation by the same speaker, results in a loss of
information important to vowel identification. In this case,

the information contained in F3 relating to vowel identity is
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no longer redundant, and can significantly improve correct
identification rates.

The information contained in F3, however, improves
vowel classification generally, rather than specifically in a
mixed-speaker condition. It appears, therefore, that F3 may
not be wuseful in resolving the acoustic ambiguities
encountered when listening to vowels spoken by many speakers.
That is to say, F3 may not be useful for perceptual vowel
normalization.

FO0, on the other hand, appears to be important both for
vowel identification across the board, as well as for vowel
normalization. Access to FO information allows listeners to
compensate for any ambiguities that are involved 1in
perceiving vowels produced by multiple speakers. This view
of a vowel perceptual process that incorporates FO as a
normalizing parameter may be gaining currency, as it is one
that exploits a natural and automatic phenomenon: speakers
tend to have fundamental frequencies that correlate with
their formant frequencies (Honda, 1997) . This study
represents one step in strengthening the view that FO has an
important role in vowel perception, particularly with regard

to vowel normalization.
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APPENDIX A
HISTORICAL REVIEW

INTRODUCTION

This dissertation investigates the psychoacoustic
reality of some of the assumptions made by vowel
normalization schemes. Since vowel normalization schemes are
an attempt to compensate for the underspecification of vowels
based solely on formant frequencies, an historical review of
the development of the source-filter model of vowel
production follows. The source-filter model provides the
scientific explanation of formants. This review also traces
the parallel development of the traditional belief that
formants are the primary cue for perception of vowels.

Although the early scientific research into the
acoustic basis of vowels was often cited in the past, credit
for each of the key aspects of the theoretical underpinnings
of the source-filter model has never been properly assigned.
This lack of proper assignation is probably due to several
factors, including an imperfect understanding of the early
state of the science by later scientists, failure to
understand the explanations of earlier researchers, and a
reliance on secondary sources about the original theories

proposed by the early experimenters.
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SCIENTIFIC ORIGINS OF SOURCE-FILTER THEORY

The first experiments designed to provide information about
vowel acoustics were performed by Willis (1830). He used
reeds that vibrated at different frequencies, connected to
tubes of different lengths, and listened to the resultant
sounds. These sounds were reportedly perceived as vowel-like
sounds. Willis demonstrated that irrespective of the reed’s
frequency, a tone was produced that related to the length of
the resonating tube, and that the perceived vowel was related
to this secondary tone, or cavity tone.

In 1837, Wheatstone published an article about the
history and development of synthetic speech that included a
review of Willis’ work, as well as an explanation of the way
in which the characteristic tones are produced in a tube of a
given length. Wheatstone clearly recognized that the
frequency of each tone heard in an apparatus such as that
used by Willis must be a “simple multiple of that of the
original sounding body.”

Although these two events have historically Dbeen
recognized as important in the development of the science of
vowel acoustics, neither has been written about, in any

detail, in almost 50 years. In addition there was a good
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deal of confusion among reviewers of the research at the turn
of the century and in the early part of this century about
whether Willis’ or Wheatstone's view was correct, Or whether
both were correct.

The idea that Willis was the first to scientifically
study vowel acoustics has been widely accepted. Thus Paget
(1930) writes “The first systematic investigation of the
nature of vowel sounds---verified by their synthetic
production by models---was published in 1829 by Robert
Willis.” With the possible exception of Kratzenstein’'s work
(Kratzenstein, 1780), which shall be mentioned later, this
statement is true.

Similarly, Russell (1928) writes that the theory
developed by Willis “was the earliest of our really modern
scientific theories evolved from and resting on substantial
experimental evidence.” Others who consider Willis to have
begun the scientific study of vowel acoustics include Miller

(1937) and Chiba and Kajiyama (1941).

HARMONIC AND INHARMONIC THEORIES
Willis’ theory has been referred to as the inharmonic
theory, while Wheatestone’s theory has been referred to as

the harmonic theory (Russell, 1928; Fletcher, 1929; Chiba and
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Kajiyama, 1941). The different views that the two terms
represented were clear to most early and some later writers
who correctly understood these two theories. In fact,
winharmonic” referred to the fact that “the glottal tone
might be inharmonic to the cavity tone” (Russell, 1928; Chiba
& Kajiyama, 1941). Some of these writers believed that
Willis was partially or fully correct. Many later writers
assumed meanings for these terms that did not always reflect
the original theories, and often made erroneous conclusions
about the relative merit of the two views.

Thus, following a lengthy analysis of the views of
Willis and Wheatstone, Russell (1928) writes that "“we have
ralked of the two as being in conflict with each other.
And...it would appear that they are.”

Rayleigh (1896) takes the opposing position. He
suggests that ‘“both ways of regarding the subject are
legitimate, and not inconsistent with one another.” He
believed that the harmonic theory was appropriate for vowels
with low formants, and the inharmonic theory was appropriate
for vowels with high formants. Fletcher (1929), who, unlike
Rayleigh, had a view of the acoustics of vowels consistent
with vowel acoustics as understood today (see p.10), also saw

no conflict between the two theories. He writes that “the
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difference in the two theories is not, as some suppose, a
difference in the conception of what is going on while the
vowel sounds are being produced, but in the method of
reporting or describing the motions in definite physical
terms” (p.49). He attributes the term “inharmonic” to the
fact that “according to this theory, the puffs do not
necessarily follow each other.”

Both Rayleigh’s and Fletcher’'s statements seem to be
unsupported by the original sources, and may partially stem
from a reliance on secondary sources. In particular,
Fletcher cites Helmholtz as having shown that “these two
theories were different only in the point of view and the
method of representing the same mechanism of vowel
production...” (Fletcher, 46). A similar comment was made by
Lindsay (1966): “von Helmholtz later pointed out that both
ideas have elements of correctness and modern research has
confirmed this view.”

Helmholtz actually did not actually provide any
experimental or theoretical support for Willis’ position
(Helmholtz, 1877/1954), and modern research has shown that
certain aspects of Willis’ theory are incorrect. Helmholtz
did state that “Willis’s description of the motion of the

sound for vowels is certainly not a great way from the truth;
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but it only assigns the mode 1in which the motion of the air
ensues, and not the corresponding reactions which this
precduces in the air.” It 1is difficult to say to what extent
Helmholtz believed that Willis’ theory was incompatible with
his own; in any event, it shall soon be seen that it was.

Since it is difficult for speech scientists today to
imagine how an “inharmonic” theory of vowel production might
work, and since the theory as originally formulated has
rarely been fully described, I will review Willis’ theory.
As this theory has been shown to be not fully consistent with
the contemporary view of the acoustics of vowels, it 1is
necessary to point ocut that in one key respect, Willis was
correct: Willis was the first to argue that the tones
associated with vowels were produced as a result of the
length of the cavity. Although Helmholtz (1877/1954) and
McKendrick (1898) suggest that Donders was the first to state
that the vocal tract was “tuned” to different pitches for
different vowels, this is not entirely accurate. Both
Willis’ (1830) and Wheatstone’'s (1837) articles clearly
intend the tubes which they discuss to be analogous to the
vocal tract.

At the same time, Willis was not the first to suggest

that the oral cavity was “tuned” to different pitches for
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different vowels. Although Helmholtz (1877/1954) incorrectly
credits Donders (whose work was later than Willis’) with this
discovery, he cites several earlier researchers with
“jncomplete observations” of the same nature. These
researchers attempted to determine which musical notes were
associated with various vowels. Willis’ actual contribution
turns out to be his recognition that the “cavity tone”
relates to the 1length of the tube and its resultant
characteristic resonance. It is only in this sense that
Russell (1928) can be considered to be correct when he states

that "the cavity tone theory should be credited to Willis."

EULER AND KRATZENSTEIN

As an introduction to Willis’ theory, it is important
to point out that key aspects of speech acoustics were
completely unknown to Willis and his contemporaries. Euler,
who is cited by Willis as inspiring his theory (Willis,
1830), writes (Euler, 17--2/1802) “in explaining the theory
of sounds, I considered only two respects in which sounds
could differ: the one regarded the force of sound. . .The other
difference of sounds is totally independent of this and
refers to flat and sharp, according to which we say some are

low and some are high... There is still another remarkable

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

difference among the simple sounds, which seems to have
escaped the attention of the philosophers. Two sounds may be
of equal force, and in accord with the same note of the
harpsichord, and yet very different to the ear...but it is
impossible to describe wherein this consists.”

Euler, it is seen, was aware only of frequency and
intensity at the time that he wrote this letter. He did not
recognize that notes played on instruments or sung by voices
were actually complex sounds. In fact, he writes that "in
music, we employ only those sounds which are denominated
simple” (Euler, 17--2/1802). Euler recognized the problems
inherent in understanding the perceptual differences in
vowels when the acoustic theory is limited to frequency and
intensity. He writes “When the vowel ‘a’ is pronounced or
sung, the sound 1is quite different than e,i,o,u, or ai
pronounced or sung, though on the same tone...no
investigation of philosophers has hitherto unfolded this
mystery."”

Kratzenstein had recognized as early as 1779 that
vowels were associated with different cavity  shapes
(Kratzenstein, 1780). Indeed, he won the yearly prize of the

Royal Academy of St. Petersburg for  his successful

demonstration of the synthetic production of vowels using
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reeds attached to cavities of various shapes. Nevertheless,
his explanation of the acoustical nature of vowels is limited
to an analogy comparing the reflection of light off mirrors
and the reflection of sound off the walls of the cavity. He
does not indicate any recognition of the idea that vowels are

associated with tones of a particular frequency.

WILLIS’ INHARMONIC SCIENCE

Willis’ theory (Willis, 1830) is an attempt to “unfold
the mystery” of vowel acoustics described by Euler (17--2/
1802) but it is based on two principles, both of which fail
to recognize the existence or importance of the complex
nature of the glottal source. The first deals with the way
in which “cavity tones” (formants) are produced. Willis did
not recognize that formants are composed of harmonics present
in the glottal wave-form, and resonated in the vocal tract.
Instead, he believed that these “cavity tones” arise as a
result of an excitation of the vocal tract itself, which
causes the air in the vocal tract to vibrate at its natural
frequency.

Willis (1830) states “According to Euler, if a single
pulsation be excited at the bottom of a tube closed at one

end, it will travel to the mouth of this tube with the
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velocity of sound. Here an echo of the pulsation will be
formed which will run back again, be reflected from the
bottom of the tube, and again present itself at the mouth
where a new echo will be produced, and so on 1in
succession...The effect therefore will be the propagation
from the mouth of the tube of a succession of equidistant
pulsations alternately condensed and rarefied, at intervals
corresponding to the time required for the pulse to travel
down the tube and back again; that is to say, a short burst
of the musical note corresponding to a stopped pipe of the
length in question, will be produced.”

A careful reading of this and other passages reveals
rhat Willis believed, since the velocity of sound 1is a
constant, the sound wave produced by bursts of energy at any
frequency will arrive at the opening of the tube at a moment
in time related solely to the length of the tﬁbe. It will be
veflected back to the closed end of the tube, and be
reflected back to the opening, again arriving at a moment in
time relating to the velocity of sound and the length of the
tube. Since in his view the only necessary variables to
determine the frequency of the resultant tone are the
velocity of sound, and the length of the tube, his theory

successfully explained why reeds of any frequency applied to
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tubes of a fixed length were found to produce the same vowel
quality.

Obviously, this aspect of his theory is not fully
supported by modern science. Its major flaw is the lack of
recognition of the importance of phase. That is to say, that
it is not sufficient for a sound wave to arrive at the tube
or mouth opening to create a resonant sound. Rather, it 1is
the coincidence of an antinode and the tube or mouth opening
rhat is crucial in determining the most resonant frequency.
In addition there is no recognition of the existence of any
sound other than a simple tone at the most resonant
frequency; harmonics are not considered in this explanation.

The second principle upon which Willis based his
theory, is his explanation of how the cavity tone can coexist
with a musical tone (actually the fundamental). His
explanation follows: “if we examine the nature of our series,
we shall find it merely to consist of the repetition of one
musical note in such rapid succession as to produce another.”
(It shall be seen that his meaning here is that the cavity
tone, as described above, repeats itself at a frequency
matching the fundamental.)

Willis continues “it has long been established that any

noise whatever, repeated in such rapid succession at
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equidistant intervals, as to make its individual pulses
insensible, will produce a musical note For instance, let the
musical note of the pipe be g’’, and that of the reed c’,
which is 512 beats in a second, then their combined effect is

g'’'...q''...g'"...g ... (512 in a second) in such rapid

equidistant succession as to produce c’, g'' in this case
producing the same effect as any other noise, so that we
might expect a priori, that one idea suggested by this
compound sound would be the musical note c’.”

Willis provides the following illustration “...g' 1is
peculiar to the vowel A: when this 1is repeated 512 times in a
second, the pitch of the sound is c’, and the vowel is A: 1if
by means of another reed applied to the same pipe 1t were
repeated 340 times in a second, the pitch would be £, but
the vowel still A.”

Helmholtz (1877/1954) understood this aspect of Willis’
theory when he writes “Willis imagines that the pulses of air
which produce the vowel qualities are themselves tones which
rapidly die away...”

Fletcher (1929), was not completely accurate in the
passage cited earlier : “the difference in the two theories
is not, as some suppose, a difference in the conception of

what is going on while the vowel sounds are being produced,
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but in the method of reporting or describing the motions in
definite physical terms” (p.49). It does seem to be the case
that Willis (1830) 1is describing the acoustics in the
temporal domain, while Helmholtz (1877/1954) is focused on
the freguency domain. However, it appears to be clear that
Willis’ (1830) science is indeed different from Helmholtz's
(1877/1954) in terms of “what is going on while the vowel
sounds are being produced,” and is also incomplete from a
modern perspective. Specifically, it is incomplete in its
lack of recognition of the complex nature of the glottal
waveform, and the relationship of the components of the
cavity tone to the original complex glottal waveform.

In any event, when we wish to assign credit for the
development of the source-filter/formant -based model of vowel
production and perception, Willis can only be given credit
for relating the cavity tones associated with specific vowels
to cavity length. He and all who followed his view did not
have a comprehensive knowledge of the formation and
composition of these complex tones. Additionally, as
Helmholtz pointed out, several researchers had previously
related vowels to cavity tones of specific frequencies.

However, even in this limited aspect of the theory of

the acoustics of vowels, Willis was only partially consistent
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with the contemporary view of vowel acoustics. He is only
partially consistent with the contemporary view because he

pelieved that vowel resonance is solely a product of tube or

vocal tract length. His theory has no role for vocal tract
shape. In fact, Willis (1830) criticizes the efforts of
Kratzenstein (1780) and Kempelen (1791) by stating

“Kempelen's mistake, like that of every other writer on this
subject, appears to lie in the tacit assumption, that every
illustration is to be sought for in the form and action of
the organs of speech themselves, which however paradoxical
the assertion may appear, can never, I contend, lead to any
accurate knowledge of the subject.” This view is related to
Willis’ (1830) statement that “cylinders of the same length
give the same vowel, whatever their diameter and figure.”
Despite describing vowel production in terms of oral
cavity shape (Wheatstone, 1837), Wheatstone seems to have
accepted the idea that cavity shape is unrelated to vowel
identity. In reference to Willis’ experiments, he writes
that “From these experiments it is evident that the forms
stated by Kratzenstein, as producing the different vowels,
are perfectly arbitrary. The entire series of vowels can be
produced from tubes of either of his forms by merely changing

its dimensions.”
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Clearly, this dismissal of the importance of the shape
of the vocal tract stemmed from the correct recognition of
the importance of the “cavity tone” in vowel acoustics
coupled with the mistaken belief that there can only be one
characteristic “cavity tone” for a given vowel. If only one
cavity tone exists, and the cavity tone rises and falls with
decreases and increases in the size of the cavity, there 1is
no place for tract shape in a theory of vowel acoustics.
only the recognition of the possibility of more than one
formant could restore the importance of the shape of the
vocal tract in a scientific theory of the acoustics of

vowels.

THE IMPORTANCE OF AUDIBILITY OF HARMONICS

The development of the “harmonic resonance” theory of
vowel acoustics regquired, at a minimum, the recognition of
the fact that tone-producing vibration can result in a
complex sound, consisting of a fundamental, and a series of
audible harmonics.

Lindsay (1966) reports that both Bernoulli (1755) and
Euler (1753) did understand that it was “possible for a
string to vibrate in such a way that a multitude of simple-

harmonic oscillations are present at the same time and that
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each contributes independently to the resultant vibration.”
This was the “principle of the coexistence of small
cscillations, also referred to as the principle of
superposition” (Lindsay, 1966).

However, this knowledge did not result in a recognition
of audibility of harmonics in a complex tone. In a letter to
Lagrange, Euler (1759/1973) writes that “I am completely of
your opinion that the harmonic sounds which M. Rameau
pelieves he hears from the same string actually came from
other vibrating bodies.” It would seem that many researchers
at the time believed that only the fundamental frequency
could be perceived even when produced by a complex periodic
vibration. Clearly, Euler did not have knowledge of auditory
perception of complex periodic sound.

For this reason Euler’'s (1727/1973) explanation of
vowel acoustics should not be misinterpreted as an attempt at
a description of formants or harmonics. He writes that “the
vibratory motion of the air is increased at the head of the
windpipe and then is modified in various ways in the oral
cavity, by which the low and high pitch voice is modulated
and various vowels are formed.” From his remarks in his

letter to Lagrange (Euler, 1759/1973), he clearly could not
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have been describing resonance as it 1is understood today,
since he did not recognize the presence of harmonics at all.

Chladni‘s (1787/1973) work makes it clear that many
scientists in the end of the 1700s were aware that vibrating
bodies could vibrate in several modes, producing fundamental
and harmonic tones respectively. But it is less clear if
many recognized that these tones were commonly produced
simultaneously.

Plomp (1964) cites the French scientist Mersenne as
reporting in 1636 that freely vibrating strings produced
several tones at once, and that such sounds “follow the ratio
of 1, 2, 3, 4, 5.” Sauveur is cited by both Plomp (1964) and
Lindsay (1966) as also recognizing at the turn of the
eighteenth century that vibrating strings could produce
sounds of several of its harmonics simultaneously. Plomp
(1964) writes that Sauveur’s research was “used by Rameau
about 20 years later as a physical basis for his theory on
musical harmony.”

However, Plomp (1964) appears to be mistaken when he
suggests that following Sauveur’s work “the existence of
perceptible overtones was generally accepted.” From the
passage quoted earlier from Euler (1759/1973) stating that “I

am completely of your opinion that the harmonic sounds which
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M. Rameau believes he hears from the same string actually
came from other vibrating bodies,” it 1is clear that while
Rameau may have understood this aspect of sound vibration,
Euler and Lagrange, two of the greatest scientists who
studied acoustics in the eighteenth century (as well as the
early nineteenth century 1in the case of Lagrange), very
specifically did not accept Sauveur and Rameau’s view.

ohm’'s (1843/1973) article was the first to argue that
Fourier’s theorem could be used to demonstrate that any
complex periodic sound could be described as the sum of
simple periodic scunds, and that the “particular gquality or
timbre of actual musical sounds 1is due to combinations of
simple tones of commensurable frequencies” (Lindsay, 1966).
He obviously recognized the existence of complex periodic
sound, and understocd its composition. Ohm’s (1843/1973)
article was the basis of a revolution in the way in which
sound was thought about and studied. It would also allow a

more sophisticated view of voiced vowels to develop.

WHEATSTONE AND THE HARMONIC THEORY
Having established the degree of Willis’ contribution
to vowel acoustics and perception, it is important to

determine what Wheatstone added to this endeavor. Although
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Wheatstone has been credited with originating the theory that
harmonics existing in the source (vocal folds) are reinforced
by the filter (vocal tract), 1t will be shown that his
advance was actually incremental in nature; Wheatstone did
not formulate his theory precisely in the manner just
described.

Wheatstone has traditionally been given credit for the
“harmonic theory.” Following a statement by Helmholtz
(1877/1954) that “the vowels of speech are in reality tones
produced by membranous tongues (the vocal chords), with a
resonance chamber (the mouth) capable of...reinforcing at
different times different partials of the compound tone toO
which it is applied,” Ellis, in a footnote to his translation
of Helmholtz, writes that “the theory of vowel tones was
first enumerated by Wheatstone in a criticism, unfortunately
little known, on Willis's experiments.”

Russell (1928) very painstakingly (and accurately)
points out the puzzling fact that Wheatstone seemed to see
“no conflict between Willis’'s theory” and his own. He
concludes, however, by stating that “Wheatstone clearly
postulated the ‘overtone’ or ‘harmonic cavity tone’ theory,
and is entitled to that credit which is so often given to

Helmholtz.”
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Similarly, although Scripture (1904) believed that
Wheatstone was wrong, he nonetheless writes that Wheatstone
vsupposed that the vowels arose from the vibrations of the
vocal cords through the strengthening of certain overtones by

the resonance of the mouth.”

DID WHEATSTONE ORIGINATE THE SOURCE-FILTER MODEL?

A careful reading of Wheatstone reveals a slightly
different picture. Key to a proper understanding of
Wheatstone is his term “multiple resonance.” Those who have
discussed this term have typically misunderstood it.

Paget (1930) writes “Wheatstone made an important
contribution to acoustic theory by his discovery of what he
called Multiple Resonance i.e. the possibility of obtaining
two or more resonant notes simultaneously from the same
resonator.”

Russell (1928) was confused by the term and struggled
to understand what Wheatstone (1837) meant. He writes that it
is clear that when Wheatstone used the term *multiple
resonances...he is talking of the ‘overtones’- - - the term
multiple is synonymous with what we might designate as ‘exact
multiples of the fundamental.’” Later he points out seeming

contradictions in Wheatstone’s article. He writes of
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Wheatstone that “it is evident that he thought of the mouth
cavity functioning as one simple resonator. Yet he spoke
constantly of ‘multiple resonances'’ and used the plural. So
there must have been some idea in his mind implying an
involvement of more than one partial.”

Paget and Russell probably failed to recognize
Wheatstone's actual meaning because they assumed that
Wheatstone understood that the voice source was composed of a
complex vibration. As we have shown, however, this
information was not widely recognized before Wheatstone'’s
time (Ohm's crucial 1843 article appeared six years after
Wheatstone's 1837 article), and Wheatstone (1837) himself
does not appear to have recognized it either.

A further indication that Wheatstone did not know about
the nature of complex vibrations is to be found in an article
written in 1823. Wheatstone (1823) believed that various
acoustic properties of sounds beyond frequency and amplitude
were caused by the number and amplitude of individual
wmolecular vibrations” that “pervade the entire substance of
a phonic.” (Phonic was Wheatstone’s term for bodies “which
being properly excited, make those sensible oscillations,
which have been thought to be the proximate cause of all the

phenomena of sound.”)
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In commenting on these important “minute motions,”
Wheatstone (1823/1973) makes it clear that he does not mean
simultaneous harmonic vibration. He criticizes Perrault for
mistaking “for these vibrations the oscillations of the
subdivisions of the long string that he employed.” It would

not be until Ohm’s article in 1843 that these harmonic

woscillations” would be widely recognized as key to
understanding the nature of complex sounds, and their
perception.

THE MEANING OF "MULTIPLE RESONANCE"

A close examination of Wheatstone’s (1837) article
shows what he intended by “multiple resonances” and reveals
that he did not originate the “harmonic” theory as it 1is
understood today. It should be recognized from the above
that the requisite scientific knowledge simply was not yet in
existence, or at least was not widely known.

Wheatstone uses the term “‘multiple resonance”
contrastively with the term “simple or unisonant resonance.”
He explains that simple resonance refers to the fact that
when a vibrating body is brought near a column of air whose

natural frequency coincides with that of the vibrating body,
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the column of air begins to sympathetically vibrate at the
same frequency.

The following is Wheatstone”s description of the "“new
facts of resonance” which amounts to his definition of
“multiple resonance”: “A column of air will not only enter
into vibration, when it is capable of producing the same
sound as che vibrating body which causes the resonance, but
also, when the number of vibrations which it is capable of
making is any simple multiple of that of the original body,
or in other words, if the sound to which the tube is fitted
is any harmonic of the original sound. ”

The key point to notice 1in this passage 1is that
Wheatstone believes that the source is composed of a single
simple tone, and it is the column of air which vibrates at a
multiple of the source frequency. Thus, although Wheatstone
was the first to recognize that the tones important in voiced
vowel acoustics must be at frequencies that are multiples of
the fundamental frequency, he did not recognize that these
tones are actually present in the original voice source.

Recognition of Wheatstone's theoretical perspective
provides a possible explanation for the observation made by
Russell (1928), alluded to above: “It 1is particularly

interesting to observe that in Wheatstone’s mind, he
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apparently saw no conflict between Willis’s theory and that
he proceeds to expound. We might even go farther and say
that to all appearances Wheatstone feels he 1is merely
clarifying and elaborating the theory as Willis proposed it.
Yet generally speaking, we have talked of the two as being in
conflict with each other. And regardless of how it appeared
to Wheatstone, it would appear that they are.”

Wheatstone's seeming obliviousness to the differences
petween his own and Willis’ theory is more understandable
once Wheatstone’'s theory is properly delineated. Clearly,
there are important differences between them, particularly
whether the freguency of the “cavity tone” must be a multiple
of the fundamental frequency. However, the two thecries are
similar in one very significant way. Both theories suppose
that a source containing a single frequency gives rise to an
additional tone as a result of proximity to a column of air
of a certain length.

As a consequence of this explanation of Wheatstone'’s
theory, it becomes apparent that Wheatstone cannot be given
credit for the source-filter theory of vowel production,
because he never conceived of the vocal tract as a filter for
a complex source. He was the first to recognize that the

“cavity tone” must be a multiple of the fundamental, a
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significant advance, but he did not correctly recognize why

this 1s so.

WHO CREATED THE SOURCE-FILTER THEORY?

If Wheatstone is not the originator of the source-
filter theory, it must be established who the true originator
is. Helmholtz (1877/1954) is an obvious candidate. He writes
“Vowels of speech are in reality tones produced by membranous
tongues (the vocal chords), with a resonant chamber (the
mouth) capable of altering in length, width, and pitch of
resonance, and hence capable also of reinforcement at
different times different partials of the compound tone to
which it is applied.” This is an elegant and accurate
description of the source-filter theory.

However, historically, Wheatstone has been credited as
the first, Grassman as the second, and Helmholtz as the third
to describe the source-filter theory of vowel acoustics.
Having excluded Wheatsone from consideration, the crucial
issue becomes whether or not Grassman'’'s description of the
science of vowel acoustics was an advance over Wheatstone's.
It becomes necessary to examine Grassman’s (1854/1904)

original article to determine if he was aware that the
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perceived “cavity tone” 1is composed of harmonics present in
the original source.

Because of the wide-spread belief that Wheatstone had
previously delineated the source-filter theory at the time of
Grassman’s (1854/1904) article, Grassman 1is typically
credited historically as having played a minor role in the
development of this theory. Miller (1937) writes that
Willis’ theory “was extended by Wheatstone (1827) and
Grassmann (1854) ...Helmholtz (1862-1877) expounded the
theory, a development of those given before...” Similarly,
Scripture (1904) writes “Wheatstone's view was expounded as a
general hypothesis by Grassmann and
developed intc a theory by Helmholtz.”

Chiba and Kajiyama (1941) just list Grassmannn’s (1854)
article as one that “discussed theories of the vowels.” They
refer to the harmonic resonance theory as the Helmholtz-
Wheatstone theory; apparently Grassmann's contribution is
considered to be a minor one. Incidentally, the only
articles which provide a reference for Grassman'’s (1854/1904)
article, give the reference as "“Programme des Stettiner
Gymnasiums, Leitfadens der Akustik." This title is actually
the title that Grassman himself provides in a later article

(1870/1904) . The actual title under which the original
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article was published was “Uebersicht der Akustik und der
niedern Optik. von Professor Hermann Grassman: Programm des
Koniglichen und Stadtgymnasiums zu Stettin, September 1854."
The obvious implication is that none of those who assign
various degrees of credit to Grassman and Helmholtz actually
read Grassman’'s (1854/1904) original article.

In fact, Grassmann (1854) clearly understood all of the
critical elements of the source-filter theory. Unlike
Wheatstone (1823), Grassman recognized that a vibrating body
can vibrate in a complex fashion, containing components
including a fundamental frequency and a series of harmonics;
he also recognized that several of these components can be
audible. He writes (Grassman 1854/1904, my translation):
"Yes, it is possible for a string to move so that it vibrates
as a whole, and, nevertheless, simultaneously divide itself
into a quantity of equal divisions which also vibrate
independently, so that besides the primary tone that the
string produces when it vibrates as a whole, additional
intrinsic higher tones that are harmonic to the primary tone
can be simultaneously sounded.”

Although his description of vowel acoustics is not wvery
concise, it is clear that his basic explanation 1is correct.

He writes (Grassman 1854/1904, my translation; slashes (/]
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indicating phonemic designations are added, and not found in
the original text): “Simultaneously, the vocal cords set the
air contained in the oral cavity into vibration, through
which various quiet secondary tones are emitted, which follow
the position one gives the oral cavity, and in which the
series of harmonic tones has the tone of the vocal cords as
the basic tone in this way, the vowels are produced. In the
transition from /u/ to /u/ to /i/, an attentive ear easily
hears a series of quiet harmonic secondary tones that go from
the two stroked c to the five stroked c and higher; one can
produce these through the same oral position. For the vowel
/a/ an entire series of harmonic secondary tones are sounded
of which the ear can usually perceive until the fourth octave
from the fundamental tone, so that for an /a/ a full chord of
secondary tones is sounded together. In this manner, the
transition from /a/ through /o/ to /u/, as well as that from
/a/ through /e/ to /i/ or through /S/ to /u/, are
simultaneously explained.”

It is clear from this passage, that Grassman was
cognizant of the fact that vowels are characterized by
harmonics made audible by a particular vocal tract
configuration. Indeed his comments regarding the vowel /a/

make it clear that he was aware that the bandwidth of the
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most prominent resonance in the vocal tract could allow it to
cause several harmonics to resonate within a particular
frequency band.

It does not appear that Grassmann was even aware of
Wheatstone’s work in this area. In any event, his treatment
goes beyond Wheatstone'’'s in its recognition that the source
contains numerous harmonics and that the vocal tract
resonates the harmonics associated with particular vowels.

Although some current scholarship downplays the view of
Grassman as a frustrated schoolteacher, who never received
recognition for his mathematical and scientific
accomplishments (Schubring, 1996; Rowe, 1996), the history of
the development of the source-filter theory of vowel
acoustics seems to buttress this view. Grassman (1870/1904)
himself seems clearly angered by Helmholtz receiving credit
for the theory which he had originated. After quoting his
earlier article and crediting it with providing the firsc
correct description of vowel acoustics, he writes (1870/1904,
my translation): "This passage in my program. ..although it is
a complete theory of vowel tones...remained completely
disregarded...Five years later Helmholtz drafted...” He
proceeds to argue that Helmholtz’s theory is “incomplete” and

“defective.”
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In any event, whether the cause was Helholtz'’s
prominence, his "“customary thoroughness” (Jenkins, 1987) or
luck, the source-filter theory of vowel acoustics rose to
prominence following his writings. Unlike Grassman,

Helmholtz was a scientist who was rarely ignored.
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RECEPTION OF THE SOURCE FILTER THEORY

It should not be thought that as soon as the views of
Wheatstone, Grassman and Helmholtz had been publicized that
their approach was accepted, and Willis’ inharmonic theory
rejected. For approximately one hundred vyears following
their work there were still important scientists who
considered Willis’ position to have merit.

Thus, as previously cited, Rayleigh (1896) writes that
“poth ways of regarding the subject are legitimate, and not
inconsistent with one another.” He suggests that the
harmonic theory is more appropriate for vowels, with low
frequency peaks of resonance, while the inharmonic theory 1is
more appropriate for vowels with high frequency peaks of
resonance. Lloyd (1898) gives a complex explanation
defending the inharmonic theory, despite the phonographic
evidence that he had, which showed no evidence of the
existence of any inharmonic energy. He does not take a
conclusive position, preferring a “middle position.”

Scripture (1904) credits Hermann with supporting
wwWillis in asserting that the cavity tone 1is completely
independent of the cord tone.” He also writes that “Hermann
has objected to the overtone theory of the cavity tone that

in many voices it 1is so high above the cord tone that it
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cannot be supposed that an overtone of that pitch can
possibly be present.”

Scripture was so confident that the view of Willis and
Hermann was correct, that he writes “in the face of such
conclusive evidence it is hard to see any point in which a
decision in favor of the theory proposed by Willis and
developed by Hermann can possibly be attacked” (Scripture,
1904) . lLater he writes “it has been shown that the mouth
tone is inharmonic to the cord tone and that it is a free
vibration. It follows that the cord vibrations are not of
the nature of the sum of a series of vibrations.” He 1is
willing to concede only that "“some cases...in my study...may
be reconciled with the Helmholtz view.”

The view held by Hermann and Scripture (1904) should
not be understood as stemming from a lack of knowledge of the
possibility of complex periodic vibration. It stemmed,
racher, .from the belief that this type of vibration is not
characteristic of vocal fold movement. Scripture (1904)
writes “According to one theory the note produced directly by
the vibrations of bands consists of a series of partial
tones...The second theory would suppose the bands not to
vibrate but to open momentarily and then close again in a

series of movements, whereby the resultant air movement is
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not a vibratory one of a sinusoidal or a harmonic nature but
is a series of brief puffs...That for the chest register this
theory is certainly the correct one has been shown...”

Chiba and Kajiyama (1941), although completely
cognizant of the fact that voiced vowels are composed of a
fundamental and its harmonic frequencies, with areas of
resonance causing individual harmonics to be reinforced, and
possessing a fair understanding of the essential nature of
the two theories, do not unequivocally state that the
harmonic theory is correct and the inharmonic theory 1is
incorrect. It seems that they object to the harmonic theory
on the grounds that vowels can be produced by whisper or by
synthetic inharmonic tones (p.175). This objection 1is
crivial, in that the theory merely describes the acoustic
nature of naturally produced voiced vowels. Nevertheless,
Chiba and Kajiyama do recognize that "“it 1is scarcely
necessary to say that the 'steady-state' theory 1is, 1if
anything to be preferred to the transient theory.” (“steady-
state” and “transient” theories are considered by Chiba and
Kajiyama to be other terms for “harmonic” and “inharmonic”
theories respectively.)

Following the work of Chiba and Kajiyama (1941), the

source-filter conception of vowel acoustics has never been
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questioned. It has become the standard description of vowel

acoustics.

ONE FORMANT OR TWO (OR THREE)?

The issue of how many cavity tones, or formants are
present in vowels, was one that was studied and debated
almost from the very beginning of the field of vowel
acoustics. As this issue was crucial in the development of
an understanding of vowel perception, particularly as it
relates to vowel normalization, some of the basic history
will be reviewed.

It should be obvious, based on the acoustic theories of
Willis (1830) and Wheatsone (1837) reviewed above, that the
earliest scientific hypotheses for the basis of cavity tones
or formants had no room for the existence of more than one
formant. In both articles, the cavity tone was seen as
arising from the resonating cavity, based on its length.
Since there was no recognition of the existence of numerous
harmonics in the source, it was unlikely that anyone would
hypothesize the existence of multiple formants when
approaching the issue from a theory-driven perspective.

Many investigators, however, studied the issue

empirically, an approach which made the discovery of
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additional peaks of resonance possible. As mentioned above
Helmholtz (1877/1954) cites a number of researchers who
attempted to determine the frequency of the “cavity tones” of
vowels. 1In fact, judging by the table of values provided by
Ellis in a footnote to Helmholtz (1877/1954), it would appear
that Donders may have detected the presence of a second
formant for one vowel. Helmholtz himself divides the vowels
into those in which he could detect two resonant peaks, and
those in which he could not. These are front and back vowels
respectively.

The first researcher to argue that all vowels were
characterized by two peaks of resonance was A. G. Bell
(1879) . Lloyd came to a similar conclusion shortly
thereafter (1890, 1898), and it is possible that he came to
rhis conclusion independent of Bell’s work. Lloyd also
describes additional resonances and attempts tO explain in
which part of the vocal tract they arise.

Miller (1937) used an instrument called the phonodeik
to analyze vowels and concludes that Helmholtz was correct in
asserting that some vowels are characterized by one peak of
resonance, and others by two.

Paget (1930) gives an extended description of his own

discovery of the existence of two peaks of resonance. He
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also gives a detailed description of the production of
synthetic vowels using two resonators.

It seems likely that part of the reason that Bell
(1879) and Paget (1930) recognized this fact while Helmholtz
did not, relates to their differing research techniques.
Helmholtz found his resonances by holding his oral cavity in
a position appropriate for a given vowel, and holding tuning
forks of different pitches next to his open mouth
(1877/1854) . Helmholtz's method made it likely for a back
resonance to be missed when it was close in frequency to that
cf the front resonance.

Bell’s method was to tap a finger placed against the
neck above the larynx to detect the lower frequency resonance
and to tap a finger placed just in front of the upper teeth
to detect the higher frequency resonance mouth (1911, quoted
by Jenkins, 1987; Ellis in a&a footnote to Helmholtz,
1877/1954). The a priori assumption is clearly that the back
cavity is primarily related to a lower resonance and the oral
cavity to an upper resonance. Paget (1930) used a similar
percussion method. Not surprisingly, Bell (1911, gquoted by
Jenkins, 1987; Ellis in a footnote to Helmholtz, 1877/1954),
and Paget, (1930) believed that they could detect two

resonances for each vowel.
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Interestingly, Fletcher (1929), writing around the same
time as Paget (1930), states as a simple fact the same
concept that Paget (1930) agonizes over for several pages.
Fletcher (1929) writes that vowels "“pass through two variable
resonating cavities, namely the mouth and the throat. For
this reason, all voiced sounds are characterized by having
component frequencies magnified in two particular regions.”

Lloyd (1898) provides an excellent explanation for why
phonographic evidence did not show the presence of two peaks
of resonance despite the theoretical model that requires
their presence. He writes "“in a vowel having two resonances
differing only about 300 v.d. it 1is useless to look for any
sign of doubleness in the reinforcements evidenced by the
Fourierian analysis, unless the vowel is sung below 150 v.d.”
[“v.d.” is apparently equivalent to Hertz.] He claims that
whenever vowels are recorded at frequencies that are
sufficiently low, one should find “that palpable cleavage 1in
the reinforcements which is the constant sign of the presence
of two separate resonances.”

Lloyd’s (1898) position is quite modern, as Chiba and
Kajiyama (1941) take an almost identical position. They make
reference to “some vowels - one of whose two formants does

not often manifest itself or whose two formants are near each
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other (i.e. vowels which were formerly called single formant
vowels) ...”

Although the focus of much of the early research
reviewed here was vowel production, the tacit assumption
throughout this periecd of time was that the cavity tones were
the primary cues of vowel identity. Thus, in a sense, this
historical overview brings the field of vowel perception tO
the point of the “simple target model” (Strange, 1989). In
this model “vowel targets are represented as points in a
multidimensional acoustic space whose coordinates are the

first two or three oral formants.”

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



159

APPENDIX B
REMOVAL OF “MISARTICULATED VOWELS FROM ANALYSIS

As mentioned on page 45, after the data were collected,
it became clear that, even under the blocked, unfiltered
condition, there were certain vowels that were consistently
misidentified. The following protocol was used to decide
which of these vowels would be removed from the reporting and
analysis of the data.

All stimuli that were perceived in the blocked
unfiltered conditions by a majority of the eight subjects as
a vowel other than the intended vowel, were reexamined by the
experimenter. As many of these were perceived as imperfect
exemplars of the intended vowels, they were presented to a
rrained listener in a forced-choice listening task. The
choices were the intended vowel and the majority “incorrect”
response of the eight subjects. The listener was told the
speaker type (adult male, adult female, or child), and was
allowed to listen to each vowel stimulus as many times as he
wished. All vowels that the trained listener perceived as
other than the intended vowel were assumed to have been
mispronounced by the speaker, and unsuited for inclusion in
an analysis of perceptual errors. As a result of this

procedure, three phonated and 15 whispered vowels (from a
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total of 135 phonated and 135 whispered vowels) were removed
from the analysis.

Table B.a shows the means of correct identification
scores for all eight conditions for the original set of all
vowels and the means for the set with the vowels judged to be
“mispronounced” removed. All vowels (other than /I/ and /u/)
and all speaker types had at least one stimulus removed as a
result of this procedure. The effect of removal of these
vowels is to improve both the phonated and whispered vowel
scores; the whispered vowels showed a greater increase. This
is to be expected, as more “incorrectly perceived” vowels
were removed from the whispered set than from the phonated
set. However, no main effect or interaction effect was
changed from significant to insignificant or from
insignificant to significant as a result of the removal.

Table B.b shows the ANOVA for the original data set.
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Table B.a. Mean percent correct identification for all conditions
with and without "misarticulated"” vowels removed

Blocked-speaker Mixed-speaker
Phonated Whispered Phonated Whispered
VOWEL SET Unfiltered Filtered Unfiltered Filtered Unfiltered Filtered Unfiltered Filtered
All data 86.6 86.5 749 702 86.6 85.1 70.4

Misarticulated removed 86.8 87.2 79.7 74 .2 874 85.2 74.5
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Table B.b. Three way ANOVA for presentation condition x phonatory
type x availability of upper formants for original data. All effects.

Condition = Blocked-Speaker/Mixed-Speaker
Phonation = Phonated/Whispered
Filtering = Unfiltered/Filtered

Source Estimated Degrees Estimated Degrees
of Mean of Error Mean of
Variance Square Freedom Term  Square Freedom
Condition 178.55 1 CxSubject 17.65 7
Phonation = 4440.62 1 PxS 18.87 7
Filtering 202.33 1 FxS 17.07 7
CxP 116.12 1 CxPxS 23.54 7

CxF 20.88 1 CxFxS 13.33 7

PxF 119.86 1 PxFxS 4.63 7
CxPxF 2.68 1 CxPxFxS 11.01 7
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F
Ratio
10.12

235.31
11.85
493
1.57
25.90
0.24

p
level
0.015
0.0000012
0.011
0.062
0.251
0.001
0.637
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As previously indicated, the data analysis was not
significantly affected by the removal of the misarticulated
stimuli from the analysis. Eliminating these data points
allowed the analysis to focus on the “correctly” pronounced
vowels. Because elimination of these vowels provides the
most meaningful analysis, all statistics and figures were
based on this data set. (See the Discussion section for

other comments on this topic.)
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APPENDIX C

Table C.a.Percent correct identification for all subjects and conditions

BLOCKED-SPEAKER

PHONATED

Subject  Unfiltered Filtered
1 96.21 95.45

2 91.67 90.15

3 93.94 94.70

4 89.39 91.67

5 81.82 74.24

6 74.24 82.58

7 89.39 85.61

8 78.03 83.33
AVG 86.84 87.22

WHISPERED
Unfiltered  Filtered
93.33 79.17
81.67 74.17
84.17 78.33
84.17 82.50
75.00 7417
70.83 65.83
77.50 73.33
70.83 65.83
79.69 7417

MIXED-SPEAKER

PHONATED
Unfitered  Filtered
90.15 90.15
90.91 89.39
92.42 90.91
87.12 84.09
90.91 85.61
79.55 81.82
88.64 91.67
79.55 68.18
87 .41 85.23

WHISPERED
Unfiltered  Filtered
81.67 76.67
81.67 65.83
74.17 65.00
74.17 74.17
70.83 52.50
66.67 68.33
76.67 68.33
70.00 58.33
74.48 66.15
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APPENDIX D

Although the focus of this dissertation is on
perception, a sample of acoustic data is reported for
comparison purposes. The measurements for all formant
frequencies reported in this appendix were made using the
SPECTO program, written by Mark Weiss.

Averaged amplitude spectra through 8000 Hz were made
for each of the vowels and the center frequencies containing
peak amplitudes were estimated by eye to provide an estimate
of formant frequencies. The typically high amplitudes of the
lowest harmonics, particularly for vowels with low first
formants sometimes made the judgment of the center frequency
of the first formant more difficult than for the second and
third formants. Fundamental frequency was estimated for the
phonated vowels by estimating the frequency of the twentieth
harmonic from the averaged spectra and dividing by 20.

The fundamental frequency and formant frequencies for
all of the phonated vowels of one adult male, one adult
female and one child speaker are presented in table D.a.
Comparison data, adapted from Peterson and Barney (1952) is

presented in table D.b.
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Table D.a. F1, F2 and F3 for one adult male, one adult female
and one child speaker for the phonated vowels (All values in Hz).

fi/ 1 ‘& /&/ /a/ 1>/ A L u/
Formant frequencies (cps)

F1
Phonated Male 290 440 590 620 710 500 590 440 330
Female 390 440 740 980 1000 590 830 470 380
Child 360 680 910 1010 860 650 920 620 530

F2
Phonated Male 2220 1740 1690 1630 1200 1070 1160 1100 890
Female 2810 2000 1940 1780 1440 1010 1330 1370 1030
Child 3260 2400 2300 2400 1480 1100 1480 1540 1700

F3
Phonated Male 2680 2540 2590 2430 2300 2540 2250 2490 2400

Female 3350 2930 2970 2760 2650 2790 2340 2880 2990
Child 3850 3500 3540 3700 3110 3200 3200 3120 3000

Table D.b. F1, F2 and F3 for the adult male, adult female and child
speakers for the phonated vowels, reported by Peterson and Barney (1950)
(All values in Hz).

1l I € /&/ /a/ >l Y [y u/
Formant frequencies (cps)
F1
Phonated Males 270 390 530 660 730 570 640 440 300
Females 310 430 610 860 850 590 760 470 370
Children 370 530 690 1010 1030 680 850 560 430
F2
Phonated Maies 2290 1990 1840 1720 1090 840 1190 1020 870
Females 2790 2480 2330 2050 1220 920 1400 1160 950
Children 3200 2730 2610 2320 1370 1060 1590 1410 1170
F3
Phonated Males 3010 2550 2480 2410 2440 2410 2390 2240 2240

Females 3310 3070 2990 2850 2810 2710 2780 2680 2670
Children 3730 3600 3570 3320 3170 3180 3360 3310 3260
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Although no statistical analysis was performed on the
acoustic data, the formant frequencies for the whispered
vowels appeared to have a tendency to be higher than the
formant frequencies for the phonated vowels. Table D.c.
illustrates this tendency for the same three speakers whose

phonated formant frequencies were provided in table D.a.
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Table D.c. F1, F2 and F3 for one adult male, one adult female
and one child speaker from this study for the phonated and
whispered vowels (All values in Hz).

Formant frequencies (cps)

F1
Phonated

Whispered

F2
Phonated

Whispered

F3
Phonated

Whispered
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Male
Female
Child

Male
Female
Child

Male
Female
Child

Male
Female

Child

Child

Male
Femaie
Child

Male
Female
Chiid

hl

290
390
360

350
390
470

2220
2810
3260

2260
2930
3290

2680
3350
3850

2750
3530
3850

1.

440
440
680

740
780
740

1740
2000
2400

1870
2190
2580

2540
2930
3500

2720
3110
3440

590
740
910

770
890
890

1690
1940
2300

1810
2200
2520

2590
2970
3540

2680
3170
3350

/®/

620
980
1010

710
1140
970

1630
1780
2400

1780
2010
2280

2430
2760
3700

2610
3080
3400

laf

710
1000
860

800
1020
1000

1200
1440
1480

1360
1420
1510

2300
2650
3110

2540
2950
2960

13/

500
590
650

620
820
740

1070
1010
1100

1130
1210
1170

2540
2780
3200

2610
2810
3170

590
830
920

840
920
1000

1160
1330
1480

1420
1450
1630

2250
2340
3200

2400
2730
3170

440
470
620

580
880
920

1100
1370
1540

1210
1360
1480

2490
2880
3120

2580
2760
3100

/

330
380
530

470
350
470

890
1030
1300

1000
1050
940

2400
2990
2800

2520
2840
2800
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This finding of a tendency toward higher formant
frequency values for whispered vowels compared to phonated
vowels is also consistent with the results reported by

Kailail and Emanuel (1994) and Eklund and Traunmuller (1997).
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