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s - ABSTRACT \ |

‘This study investigates ceveral aspects of the formant
hypothesxs of vowvel pcrception, which states that listener:
1dent1fy vowels by estimating the trequenc1es of the lovest\
2 or 3 formants. Matching and identification experiments
‘were cafried out to invectigete the role of individual
harmon1c components in the perceptxon of height in front
Avaels. 1t is shown that vowel hetht 'is not determined
solely'by the frequency of the most prominent harmonic, but
depends on a we1ght1ng of harmonlcs near the first formant
peak. Synthetic vowel stimuli vere coqstructed vith a band
.of 2-5 harmonics of egual amplitude substitﬁted for F1.

When lLsteners were asked to find the best match from an

Fi1 contlnuum, they selected F1 values near the

highest frequency harm ic in the band Attenuation of the

-hzghest frequency harmonhic resulted in lower matched P

- values, whlle attenuatlon of the lowest harmonic had 11tt1e

»

effect,«except in the 2 harmonics condition where higher F!
matches weEE\ehagsxed. Matching experiments with a pair of
hermoniCS in‘the Ffjregion shoveé that che effects of
attenuation are asymmetrical- the higher frequency harmonic
a?pears to carry greater welght than the lower component.
The effects of attenuation were largely 1ndependent of

‘changes in harmonic rank (harmonics 1 to 4) qnd fundamental

ftegdency (125 and 250 Hz)g' The data were modelled fairly



wpll by a local centre of gravity noa’ure which computes the
weighted mean of the 2 mosf promxnent harmonics in the Fi
region of the Jpreemphasized spectrum; very s1milar results
were obtaxned using LPC eatimates of Fi. 1In an
1dent$£xcatxon experiment, ‘synthetic front vowels along an
Fi con%inuum were presented in various filter conditzons
vhich removed harmonics above or below the 2 maQb o

Y s

The 1dent1f1catxon functxons were not substantlal

n -

by these manlpulat1ons,‘1nd1cat1ng that the 2 mosé prominent
harmorics play an important role gakvowel height.‘ The
second part of the séudy examineq?t;:\pgrception of back
voﬁels with close spacing of ‘F1 and'Fz; It has been
propbseé that 2 formants in close proximity are not
separately resolved, and that back vowel quality depends on
the centre of gravxty of the formant cluster. It is shown
in a matching experxment that formans\gr%quepcies and
formant amplitudes dO‘notAtrade off in the manner suggested
by the_forﬁant centre of gravity ﬁypothe;is. Formant
aﬁplitude was shown to have a §mail effect dn the
identification of”synthétic vowels along an F1-F2vcontinuum.
This effggt was rgliably'present in 8 high pitch conditioﬁ
(fo=250 Hz) but not in a low pitch conditfgz?(fo-lzs Hz).
Contrary to predictions of the formaﬁt centre of gravity
hypothesis, formant amplitude effects were not restricted to
vowels with close spacing of F1 and F2; in fact, the largest

effects were present in stimuli with the’ widest Separations

of F1 and F2. It is suggested that listeners may be able to

vi



-thé F1-F2 cluster.

infer the frequencies aof closely gpaced formants in back

vowels from other cues such as relative formant amplitudes,

overall spectral balancé ér the slope 6! the spectrum above

vii
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' CHAPTER ONE

«  INTRODUCTION

: ' - \
‘1.1 Scope of the present study

& . .

Speech perception is ar intricate paftern ;écognition
process, which in.normal communication takes'placg against a~
background of compéting*signais'and noise. Tﬁe perceptuéi
system is able'fo‘partition the-complex acoustic structure
of the speech waveform to extract phonetic iﬁformation
(necessaryvfof speech comprehension) and non-phonetic
information (e.g., individual speaker characteristics and
properties of the environment, éuch as the distancé between
the sPeake} and the hearer, and the ﬁfesghce of noise or

-simultaneous speech). This research focusses on phonetic
~quality in vowel sounds and the acoustic properties whiéh

"enable listeners to distinguish among them.

The‘acduétig properties of natural épeech are
"dynamic", changing constantly in formant pattern and
fundamental‘frequéncy.(Po;ter & Steinberg, 1950). These
changés alter the short term amplitude spectrurf/ in a mander
simila; to siﬁziganeous frequency and émplitﬁd "modulation

. Lo , ‘ L
of sinuscidal components. In vowels these changes take



place at a suffitiently slow rate that a steady state
descr1pt10n of their acoustic properties is possible, Vowel
segments represent reglons of relat1ve stabxllty 1n the

speech stream.'

Speakers can readily produte sustained vowels in v
isolatibmv and compare and contrast them in terms of steady
state propert1es., "This capacxty is employed in- phonetic
transcription and’ introductory phonetics\traihing (Jones,
1956; Ladefoged, 1975). Speech synthesis stud1es in several
languages have demonstrated that steady ‘State approximat:dns
to monophthcngal vowel sounds are readlly labelled by
lzsteners in terms of the categories of their native
language (e.q., Delattre, Liberman, Cooper & Gerstman, 1952;

Carlson, Granstrom & Fant, 1970).

- There are ~some indifations, however, that a
character12at1on of vowel quality in terms of static
'target' p051tlons may not be fully adegquate. For example,.
isolated vowels (including some ~ordinarily classified as
monophthongs) may exh1b1t dynam1c properties (change in the
formant pattern over time) as a result of dzphthonglzat1on
(Joos, '1948). 'Additional 1nformatlon is provided by
“duration differences among the vowels (e.g., Bennett, 1968;
Ainsworth- 1972) © When vowel duration and diphthongization
dszerences were neutral1zed in naturally spoken isolated

English vowels (by exczs1ng a portlon of the waveform),

_51gn1f1cant increase in the number of 1dent1f1cat10n errors

a

/

~



was found. However, the majority of the vowels vere still

identified correctly (Assmann, Nearey & Hogan, 1982).

1t was found that two brief ‘sections from the 1n1t1a1
- and final portlons of the waveform, separated by a 10 ms

. silent interval, prov1ded suff1c1ent information for
accurate identificat1on of isolated vovels (Nearey &
Asémannj 1984) These results 1nd1cate that a s1mple
representatlon of vowel quality in terms of steady state

| properties may be adequate for isolated vowels.

© The present study 1nvest1gates the perception of
isolated oral vowel gounds, presented individually or in
. pairs to listeners in the absence of background noise.
Issues such as the_perceptual effects of other sources of
acoustic vafiability; inéiuding speaker or voice quality e

differences, the dynamic changes whlch take place over time;

and the influ nce of~segmental or suprasegmental context and
speaking rat will not be addressed here. .Although a full
account of vpwel percept1on must deal with these add1t1onal
factors, it/is clear that the study of isolated vowel sounds

“can reveal basic perceptual processes underlying normal

speech und rstanding.

1.2 Phonetic classification of vowel quality

The traditional classification of vowel quality has
employed a set of phonetic features by which vowel sounds

may be compared and contrasted. Feature systems have



provided important insights in vowel phonology and have
helped to reveal the patterning and symmetry underlying
phonologxcal processes and sound change. Experxmental
gstudies of vowel s1m1lar1ty )udgments have 1nd1cated a close
relationship between phonetic features and the perceptual
space derived from multidimensional scaling analysis (e.g.,

'Hanson, 1967; Singh, 197¢; Terbeek, 1977; Fox, 1983).

. It is.generally acknowledged that the teatureé of: vowel
'helght' and 'advanéement' constitute the‘prinéipal
dlmen51ons for classifying the English vowel phonemes‘w
Although these fegtures wvere or1gxnglly defined in terms of
the vertical and horizontal placement of the tongue durihg
vowel articulation, this iqterpretation has been found to be
unsatisfactory (Russell, 1928; Ladefoged, DeClerk, Lindau &
Papgun, 1972; Lieberman, 1976; Nearey, 1977). There is,
however, a close correspondencéfuiﬁh the frequéncies of the
“4 -two lowest formants (Joos, 1§t8). Vowel_héight is |

r }¢fnegétively correlated with the frequency of the first

L formant: high vowels (such as /i/) have low F1 values, while
lov vowels (such as /tae/) have high F1 values. Advancement
is correlated with the frequency of the second formant: .
front vowels (e.g., /e/) have a high FZ,:while,back vowels

'Two additional features, 'tenseness' and 'rounding', which
are also frequently used to describe vowel contrasts in
‘English, will not be investigated here. There is some
guestion as to whether these features consitute independent
dimensions of vowel quality (Nearey, 1980). Neither appears
to have acoustic correlates in steady state vowels which are
independent of the parameters specifying vowel height and
advancement. Some authors have regarded these features as
primarily articulatory in nature (Ladefoged, 1975).
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(e.g., /o/) have a low F2, The'te;ms,height"an advahcement
will be used here to describe aspects of vovel quality

associated with F1 and F2.

V.



1.3 Overview

This‘skudy is an investigation of the acoustic and
auditory factors underlying the perception of phonetic
quality differences in vovels, in particular vowel height.
A survey of the iiterature on the auditory coding of vowel
sounds ingiven in chnpter twvo. The chapter begins with a
discussion of the acoustics of speech produéiiqn and the
formant representation of speech. It is well established
that onel guality depends primarily on the frequencies of
the lowest two of three formants. However, the'petceptual
grounds for this association have not Seeﬁ“qxtensively

studied,
¢

¥
%

W) ‘L/,:A W v .
Several recent studies of vowel perception have

emphasized the importance of auditory'frequéncy analysis.
Attempts h#ve been made to model vowel perception by )
simulafing the transﬁ%rmations which take place in the
‘auditory sysigm. Some of the neurophysiological and
psychophysical data on which'theSe models are based will be

reviewed and the application of ihese hodels in the study of
L

vowel perception will be considered.

In the second part of chapter two, several alternative
hypotheses concerning the patternvrecognitioﬁ process in
. vowel perception‘are evaluated. The evidence is strongly in
favour cf the fofmant hypothesis, which states that

listeners are able to identify vowels by estimating the



frequency values of the lowest two or three formants. There

are, however, some unresolved problems for this hypothesxs.,

P8
1

The first problem concerns the recovery of formant

locations from the vowel waveform by the Quditory system.{
Studies of auditory frequency resolution have 1nd1catedl~'
the freqguency analysis performed by the hearing system -;;Wf

)

be capable of resolving individual harmonics throughv

frequency range of the first formant. Since thejw:‘jf
- generally no energy physically present at the formant TR
frequencies, it is of interest to determine how formant
information is coded by the auditory system on the basis of
individual harmonics in the perception of vowel height

contrasts.
? |

Several hypotheses about the cqntribution of individual
harmonics ‘to the perception of vowel height are considered
in chapter three. These proposals are evaluated by means of
a series of exper1ments employxng vowel ‘matching and vowel
1dent1frcat1on tasks. Strong experimental evidence is
presented aga1nst the hypothesis that vowvel helght is
_ determined exclusively by the frequency of the most
prominent harmonicvin_the first formant region. Instead,
the results suggest a formant estima£ion proceduré based on
a‘weighting>of,prominent harmonics in the first formant
region. When several alternative heuristic procedures were

compared, it was found that the best predictions of the .

matching data were obtained using procedures which also gave



the most accurate estimates of F1 in synthetic vowels.

In chapter four the problem of closely spaced formants
" is addressed. In back vowels, F2 is often very close to F1,
with the result that only a singie~peak appears in the low

trequency4regfon of the amplitude spectrum.’ According to
the formant hypotheéis of‘vowel perception, the auditory
system can infer the frequency locations of F1 and F2 even
when the formants are in close proximity. 1f the line
épectrum of a back vowel has only a single peak in the F!-F2
region, a simple weighting of prominent harmonics cannot be "
used to estimate the positions of both_formants. However,
there may be two distinct peaks in the auditory
represéntation of the vowel, as a result of sharpening or
enhancement of spectral contrast. Moreover, other cues such
as the presence of a small 'shoulder’ in the frequency
region of the second formgnt, formant amplitude |
relationships,"and spectral balance may help to specify the

iocations of the two formants.

,

A modification of ;he formant hypothesis was’ recently
proposed by Chistovich and Lublinskaya (1979) to account for
the perception pf vowels with closely spaced_formants. They
proposed that vowel quality depends on the spectral centre
of gravity in the F1-F2 region when F1 and F2 are separated
by less than 3-3.5 Bark. With larger separations of F1 and
F2, vowel quality is determined by the frequencies of the

two formants and is independent of their amplitudeé. This



"formant centre of gravity' hypothesis predicts an
interaction between formant frequency and formant amplitude

in vowel stimuli with closely spaced formants.

Chapter 4 presents the results of two experiments
designed to evaluate the formant centre of gravity
hypothesis. The first of these experiments investigated the
effects of formant amplitude on back vowel matching. While
changes in formant amplitude did lead to éome shifts in
matching, the overall pajtern of resulté was ‘aot consisteht
with the formant centre of gravity hypothesis. The presence
of a multimodal matching pattern for some stihuli suggested
a conflict betwgen formant frequency and formant amplitude
cues rather than a tradeoff as suggested by Chistovich ;nd

Lublinskaya (1979).

]
~
The second experiment used vowel identification

responses to further evaluate the formant centre of gravity
hypothesis and to assess the importance of a 3-3.5 Bark
separation of the formants. Formant amplitude manipulations
resulted in small shifts of the fdentification functions.
However, these effects were somewhat varidble; they appeared
only in'a high pitch condition, and did not follow the
predictions of a model based on the formant centre of
gravity hypothesis. ?Ormant amplitude effects were not
restricted to vowels with close spacing of F1 and F2; in
fact, stimuli with greater than 3.5 Bark separation of F1

and F2 were/ affected more by formant amplitude manipulations
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than those with closely spaced formants.

The experimeﬁtal evidence presented ié chapter four
suggests a multi?cue hypothesis of back vowel perception.
The locations of the formants appear to be important for the
perception of vowel quality, even when F1 and F2 are close
together., It appears that formant%ampli;udé can affect
phonetic quality in back vowels, but its influence is small

-

relative to that of the formant frequencies.

Since formant amplitudes can be predicted from a
knowledge of the formant frequencies (Fant, 1856), the
perceptual system may take advantage of these constraints in
estimating the frequencies of closely spaced fo:man;s. In
more general terms, a change in formant frequency produces a
redundant pattern of correlated ch;nges ihroughout the
amplitude spectrum. . The perceptual system may analyze the
entire pattern of these changes, group them in'terms of
coherence or consistency, and code them as a formant change
(Haggard, 1978). 1In this vieQ, the presence of a local
maximum in the spectrum provides only‘one'clue fo the
frequency of a formant; there are a number of others.

v

A formant estimation procedure based on a weighting of
prominent harmonics can account for the results of the front
vowel experiments. Other chtors appear to be involved in
the perception of back vowelg. Further research is needed
to identify the spectfal cues which determine phonetic

quality in back vowels. .



CHAPTER TWO

/ AUDITORY CODING OF VOWELS
2.1 Introduction

It is often suggested’that'the perception of speech
sounds engages specialized decoding mechanisms. The
sequence of articulatory movements involved in speech
production has complex acoustic consequences, with the
result that most phonetic distinctions have multiple
acoustic correlates (Repp, 1983). This complexity, coupled
with the apparent lack of acoustic invariance across
different phonetic contexts, has led some speech reséarchers
to postulate a link between speech perception and speech
production. Liberman and Studdert-Kennedy (1978) suggest
that listeners may perceive speech sounds in terms of their
implicit knowledge of articulatory-acoustic correspondences.
According to this view, diverse acoustic proper£ies are
grouped together in perception by virtue of their common

origin in a single articulatory configuration or gesture,
' '

Vowel sounds are often characterized in terms of their

formant patterns. The formant representation is baséd on

the source-filter theory, which characterizes the

11
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df ip between the acoustlc propertles of speech

sounds and soeech productlon. A brief review of ‘this theory
is given in section 2.2.
It is. well establlshed that vowel quality is dependent
*

on the frequenc1es of the lowest: two or three formants,

Accordlng to the formant hypothesis of vowel perception,

vowel identification involves a perceptual estimation of the

frequencies of the two or three lowest formants. This -
»hypothesiskﬁuggests a ciose idnk between speech production“
and perception,.although it does not‘entail that vowel
‘perception is mediatedbby'a knonledge of
articulatory-acodstic-correspondences.

An alternative approach to the study of vowel
perceptlon is. based on the assumptlon that / speech perceptlon'
d does not employ spec1allzed mechanlsms, but makes use of’ the
:same general auditory processes that are 1nvolved in the
recognition and discrimination ot non-speech soonds (e.g.,
Schouten,”1980); A basic premise'of'the present work is
"that the;Operation of both‘speech—specific and general
audltory factors shoulgd be considered in the 1nvestlgatlon
bof vowel perceptlon.f This in®ludes basic audltory phenomena‘
}such as mask@ng'andvhigher—level cognitive,factors involving’
'1isteners' inplicit Pknowledge' of»the common acoustic
gaOperties of physically different productions of.the»Same.

v 'S
vowel, ‘
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It has been suggested that - B s1mu1atlon of the

'transformatlons which take place ;£ lower levels of the
auditory system may help to reveal-the baﬁl%
,1nformat10n bearlng elements/of vowel sounds. In section
2.3 a review is given of psychophysicaﬂ and

T neurophysioiogical'studies of auditory frﬁquency analysis

and the application of auditory models to the studf of vowel

perception is discussed. . 4

SeQeral'hypotheses concerning the paftern recognition
‘process in vowel perceptioh are‘cohsidered.in section 2.4.
Three mair proposals are dlscussed°.a "whole spectrum”
teMplate matchlng process, a statlstlcal modelvbased on #he

e
extraction of "spectral shaPe" ofactors; and the formant

hypothesis. The ev1dence’15 in favour of the formant
hypothesis, although few studies have dlrectly investigated
the perceptualvbasls for formant frequency estimation.

\

2.2 Source-filter theory ofxvowel production

i

Vowel production can be described as a sequence of
coordinated movements. Airflpw from the ﬂuhgs.is modulated
astit passes through the glottis by the opening ang closing
of the VOcaleolds. This actlon results in a Sequence of . \
quasi- perlodlc pulses whose rate determines the yoice
'fundamental frequency. Th glottal air pressure waveform is

subsequently modified as it passes through the ‘vocal tract,

‘a non- unlform tube whose conflguratlon depends opn the

.
v
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/
pos1t1ons of the artlculators, partxcularly the lips and the
tongue. 'The source- fllter theory (Fant 1960; Flanagan,
1974) characterizes vowel sounds 1n terms of the. output of a
'l1near system (the vocal tract) in response to an exc1tat1on
source., (quas1 per1od1c glottal pulses in the case of vo1ced
sounds, random noise for unvoiced sounds; or a mixture of
the two). The effects of radiatiqn at the lips, and the

optional presence of a side branch resonator (in nasal

sounds) are also taken into account.

The amplitude- spectrum of a vowel can be characterlzed

in terms of harmonic fine structure (reflectlng the

contrzbut1on of the glottal source) and formant pattern

(reflecting the contribution of thedvocal'tract filter).
Strictly speaking, the term 'formant' referS‘to a reson?nce
or natural mode of vibration of the vocal tract. Hewever,
it is-also sometimes usea to describe the propertles of a

local maxlmum in the spectrum envelope of»a vowel

The freguencies of the formants do not'neceesarfly |
coincide with harmonics, a consequence of the indeperdence
of source and vocal traet transfer function (Fant, 1960)
Formant frequenc1es can be estlmated gy determlnlng the
locations of peeks in the spectrum envelope. The spectrum
ﬁenvelOpe is extracted ffom the-speech sigﬁal by means of
1nterpolat10n procedures based on LPC or cepstral analysis

(Rabiner and Schafer, 1978). At,hlgh fundamental

frequencies, there are fewer harmonics ih each of the
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formant regions; vowel formant structure may be Foorly
specified, with a corresponding increase in errors:of
formant mea ‘ment. in natural speech, however, additional
energy may bLe present in the formant regions as a result of
a changing fundamental frequency contour or the presence of

aperiodic glottal source components.

Where necessary, a distinction will be made between
nominal formant frequency (the actual resonance frequency,
or the’value specified for a formant in producing a
synthetic vowel) and estimated formant frequency, the
measured value determlned by any one of a number of speech

analysis procedures.

. The formant frequencies.of vowel sounds cbaracterize
their essential physical structure in a falrly accurate and
compact manner, and prov1de a reliable method for describing
dlfferences between vowels (Peterson, 1951; Peterson and |
Barney, 1952). Exper1mental and theoretical studles ot
vowel production have indicated a number of relaclonshlps
among the acoustic parameters. The é%éctrdm envelope of a a
vowel)can be calculated\once_the.formant frequencies,
formant bandwidths and glottal source characteristics are

known (Fant,'1956). The relative amp11tudes of the formants

are thus predictable.

These built-in correlations among the acoustic
parameters account for a large proportion of the redu%dancy

in vowel spectra. It has been suggested (e.g., Stevens &
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House, 1961) that the ;elationships between formant
frequencies and amplitudes make it inappropriate to
;manipulate these parameters indépendently'ih perceptﬂal'
éxperiments‘with‘synthetic speech. The relationship between
formant frequenéies and forﬁant émplitpdes in natural vowels
Q;s been incorporated in the desigh of cascade fo;mant
synthesizers: formant amplitudes cannot be independently
manipulated. Howéver, the possibility that formant -
ampliﬁude may have an independent effect on vowel perception
cannot be :ulgdxout g.érior'. It will be argued.below that
the perception of'syﬁthetic speech-like sounés'which arg‘not
physitéilyrrealingle by a humén vocal tract may provide

important insights into natural speech perception.
2.3 Auditory'frequenéy analysis and vowel perception

Thé‘most_comﬁléie”specification of the acoustic
structure of vowel sounds is in terms éf the time-varying
sdund pressure waveform., However, it is genérally agreed
that the principal acoustic differences aﬁong vowels are
reflected most di:ectly in fhgir short-time frequency |
: spectra, usihg a time window ranging from 3 to 30 ms.
Although speech is an inherently dynamic -process, the
articulators move fairly slowly, esbecially during vowel
production, and thus the formant pattern is relatively

stable over this time interval.

R
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:'A number of pfgcédures have been'proposed for the
frequency analysis of vowels; the traditional and most
widespread method ip phonetics is the sonagraph or sound
spectrograph (Koenig, Dunn and Lacy{ 1946). The design

“features of the spectrograph reflect certain aspects of the.
frequency analyzing properties o§ the auditéry system. For
example, the spectrograph performs a:shor;‘time spectral
analysis, allowing for the measurément:of fundamental

-frequency and formant information believed to be important

in vowel perception.

The assumption of an auditory basis for gpectrographic
analysis of 'speech has been made explicit by
Studdert-Kennedy (1976: p.245): R
"We may imagine, therefore, an early sgtage
'of the auditory display, soon after cochlearl
analysis, as the neural correlate of a
spectrogram.”

In order to determine how realistic this assumptioﬂ is, it

will be necessary to make a brief excursion jinto

psychophysics and neurophysiology.

N
The spectrograph p:ovides'a display of the short term
amplitude spectrum over timg, discarding phase informatipn.
The amplitude dimension is rep:esentgd in terms of a gray
séale’with fairiy limited resolution. In contrast ¥ith the .
narrowvdynamic range of the spectrograph} human speeéh
’perception.employs axrange:exceeding 100 dB (pollack and

Pickett, 1958). The spectrograph uses a constant absolute
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bandwidth filter of continuously varying centre frequency to

scan the signal. oOther standard speech analysis procedures

~based on the Fast Fourier Transform (FFT analysis) and

linear predxct1ve coding of speech (LPC analys1s) also
employ constant bandwidth analysxs ' Stud1es of the

frequé@cy analyzing ability of the ear have shown that

~auditory frequency resolution is not constant but 1ncreases

in proportion to frequency (for a review, see Plomp, 1976-

Flanagan, 1972).

Either a narrow band filter (45 Hz bandwzdth) or a w1de .
band filter (300 Hz bandwidth) is commonly used in
spectrographic analysis. The.narrowband f11ter prbvides é
detailed frequency analysis, dlsplayxng the 1ndlv1dual

harmon1cs as a ser1es of horlzontai 11nes as a functlon of

~“time. When the wideband filter is applied to low‘pitched

voices, these horizontal lines are "merged"” to form dark

bars 1ndzcat1ng the presence of formants.

The narrowband filter, which prov1des better freguencz
resolubuon, will have a longer rise and decay time (and
hggce poorer temporal resolution) than the wideband filter.
It has been suggested that the narrowband filter may not be
capable of accuratelmeasurementc of rapidly changing -
acoustic properties such as bursts and formant transitions
associated with consonants (Searle, Jakobson and Rayment.,

1979), Limited temporal'resolution is pfobably less

important for the analysis of vowel sounds, which are
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charaéterized by a spectralzpattern'which is»fggrly stable
within ‘the time window of the wideband[filté% generally used

in formant measurement., o ‘
P

A clgssic problém in spectrographic é%alysis is the
selection of an analysis bandwidth which is not affected by
differences in fundamehtai frequency and formant ranges
bamong speakers. Spectrographic displays of -a vowel.;;und
produced by‘men, women and childrén'éhow radically different
characteristics. For example, a wideband filter (300 Hz‘ .
bandwidth) will "merge” the individual harmonics of an adult
male voice so that a formant shows up as a single horizontal
dark band; while a child's voice may show a "splitting™ of ‘
the band into individual narrow lines correspbnding to the

harmonics,

~

Klatt (1982b) aédressed this problem and concluded that
(1) broader bandwidths are not justifiable on the basis of
evidence from étudies of auditory frquency.resolution;'

(2) broader bandwidths will frequently merge two formants in
close proximity, as in some back vowels. 1In sungquent
sections we will review psychophyéical and
neurophysiological evidence which.indicates that the
auditory system is'capable of'resolviqg the lower harmonics
of vowels over a:wiQe range of fundamentél frequencies, It
- will be shown that the auditory system does not employ a'a
constant bandwidth analysis as in the spectrograph; a better

characterization of auditory frequency analysis is provided
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by a "cdnstant-Q' filte;bank wvhich provides a more detailed
frequency analysis in the low frequency region and better
temporal resolgtion at high frequencies (Youngberg and Ball,
1978; Searle, Jakobson and Rayment, 1979).
L 4

2.3.1 Psychophysical studies of auditory frequency
resolution

. \ .

One of the first sysgg;atic stud‘es of auditory
frequency resolution was ‘conducted by Helmholtz (1863) who
proposed that each of the sinusoidal components of a complex
harmonfc tone has a distinct pitch corresponding to its
frequency. He conducted a series of experiments on the
ability of listeners to distinguish the component tones of
simultaneously'éounded tuning forks and musical instruments,
His observaéions suggested that the ear carries out a
frequency andlysis allgwing the~ri§tener to identify a
number of distinct pitches; this capacity is limited by the
presence of 6ther°components, angd it’ié relatively

insensitive to changes in phase.
- ' (‘\" |
Recent psychophysical research has shown that .the

limitations of fregquency analysis as revealed by masking
studies, and the limits on the ability to identify
.individual harmonic.componénté ate closely related, and cah
be characterized in terms of the concept of critical
bandwidth, a psyqﬁbphysical measure of au@itory freguency ,

resolution (Scharf, 1970; Plomp, 1976). A number of studies
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have investigated the sensitivity of the ear to changes in
phase relationships, and some of these have indicated that
the timbre of complex sounds (including vowels) may be
affected by such changes. 1In subsequent sections we will
consider these findings and théir implications for the

perception of vowel duality.
2.3,2 Phase sensitivity

Changes in the short term phase spectrum appear to have
relatively minor effects on the intelligibility of speech
soﬁnds. Presentaiion of speech in a reverberant sound field
(which modifies both the phase and amplitude spectrum) has
little effect on intelligibility. However; a number of
studies have demonstrated that phasé changes in complex
tones may have an éffect'on timbre (Zwicker, 1952;

Licklider, 1957; Schroeder, 1959).

Plomp and Steeneken (1969) obtained dissimilarity
"judgements for steady state vowels. Judgements of vowel
timbre were affected much more by changes in the amplitude
spectrum than they were by changes in the phase
configuration. The maximum effect on vowel timbre due to
phase chahges'was similar in magnitdde to the-distance
between two vowels with similar'for@dnt patterns. - They
speculated that phase effects might be large enough to
change one vowel into another. However, th}s conclusion is

probably not Fustified if phase éffects alter only
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non-phonetic aspects of timbre such as roughness, as

indicated by other studies.

Carlson, Granstrom and Klatt (1979) reported a harsh
quality when the initial phases of steady state vovels were
randomized. They found, however, that listenérs rated the
"psychoacoustic" or overall dissimilarity in pairs of vowels
differing in phase as much larqer than their "phonetic”
dissimilarity - the latter based on perceived changes in
vowel quality. Tﬂe.effects of deleting individual ﬁarmonic
components from synthetic .vowels was studied by Kakusho,
Nakashima, Yanagida and Mizoguchi (1983). The removal of
harﬁonics frequehtly resulted in changes in vowel timbre;
however, these effects were ?gt affected by changes in the
phase spectrum.(cqnstant versu: random phase).

Taken‘;ogether,vthese'studies indicate that phase is
relativeiy unimportant in the perception of vowel quality.
There is evidence, however, that the phase spectrum has an
important influence on the naturalness and quality of
synthetic speech»(Schroeder &'Mehrgardt, 1982; Atal & Remde,

1982) .
2.3.3 Discrimination of components in complex tones
Psychophysical studies have shown that the auditory

system can resolve individual harmonics of complex tones in

the low frequency region. .Plomp (1964) and Plomp and Mimpen .
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(1966) preé; ed listeners with complex tones composed of 12

harmonically-related components of equal sensation level.

Listenerg were asked to determine which of a pair of

alternating probe tones was present in the complex. .One of
the tones coinéided with a harmonic, the other occurred
between two harmonics. Listeners were able to identify 5 to
8 components reliably; performance declined sligﬁtly as the
fundamenﬁal frequency was increased from 125 to 1000 Hz.
Similar results were obtained for inharmonit complexes. The
fregquency resolution of individual components was
approximately 15 to 20 percent, whiéh is foughly.consistent
with other pSyéhophysical measures of frequency selectivity

discussed in the next section.
2.3.4 Masking, critical bandwidth and the 'auditory filter'

The ‘phenomenon of masking (the elevation of' signal
threshold by the presence of noise or a competing signal)
has Been extensively studied to measure the irequency
analyzing ability of the ear. One of the first systematic
studies was conducted by Fletcher (1940) who presented a
tone to listeners in the presence of narrowband noise
maskers of variable bandwidth, centred at the frequency of.
the probe tone. He found that the amount of masking
increased as-a function of noise bandwidth, up to a certain
critical value; Increases in noise bandwidth beyond this

value did not lead to a further elevation of tone threshold.
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~F1étcher proposed that the peripheral auditory. system
may be modelled as a bank of bandpass filters with
continuously overlapping centre frequencies. wﬁen a tone is
presented in noise, only components occurring within a
narrow ffequency region around the tone (which he called the

critical bandwidth) will have a masking effect. Fletcher

hypothesized that noise power inside the critical band is
equal to the power of the tone at its detection thrééhold.
The bandwidthbof the filter can then be estimated as the

&

A number of subseguent studies have shown.that the

ratio of tone-to-noise power.

behaviour of listeners in a variety of response paradigms
changes abruptly when a critical frequency separation (e.qg.,
between probe tone and masker) is exceeded. Consistent
estimates of the critical bandwidth have been obtained from
studies of th-tone masking, loudness summétion, phase
sensitivity, discrimination of harmonics, and several ofher
sources (Scharf, 1970). This degree of consistency has led
to the widespread acceptance of critical bandwidth as a

measure of auditory frequency selectivity.

However, direct methods of determining the critical
bandwidth'have produced estimates'which are approximately
2.5 times larger than the bandwidths estimated by Fletcher's
method (Hawkins & Stevens, 1950; Scharf, 1970i. Estimates
based on Fletcher's method are nov referred to as critical

ratios.
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Fletcher made the simplifying assumptiaa of a
recﬁangular filter shape. This assumption has been shown to
be incorrect: changes in threshold may appear even when the
frequeﬁcy separation of the signal and masker exceeds the
critical bandwidthf This suggests a filter with sloping
skirts. Several attempts have been made to infer the
characteristics of the 'auditory filter' from masking daté.
One of tﬁe difficulties in eéti@ating filter properties is
"off-frequency listening" (Moor;, 1982). If a narrowbandv
masker is introduced at a lower fregquency than the tone, for
example, the filter centred on the tone will not provide an
optimal signal-to;noise ratio; shifting to a filter with a
higher centre frequency may attenuaté much of the masking

noise without significantly affecting the tone.
g

. Patterson (1976) developed a method for determining the
shape of the auditory filter which limits the possible
effects of off-fréquency listening. He measured tone
threshold in the preéence of wideband noise as a funétion of
the w?dth of a notch in the band, whicﬁ was arithmetically
centred on the tone. The notch had very steeg'edges, with
each edge equidistant from the toné. As notch width
decreased, tone threshold increased monotonically.

Patterson estimated the shape of the ‘auditory. filter, under
the following assumptions: |
(1) symmetric filter shape; on a linear frequency scale';

'Patterson and Nimmo-Smith (1980) have shown evidence for
some slight ‘asymmetries in filter shape (steeper high
frequency slope; reversed in the masking patterns) at higher
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(2) the filter is centred on the tone;

“(3) the power of the tone at threshold is proportlonal to |

the power of the noise passed by the filter.

If the tone power at threshold—is proportional'to the
area under the auditory filter spanned by the noise, then
the derlvatlve of the function relatlng tone threshold to
notch width can be used to estlmate the transfer functlon of
the assumed fllter. Fllter shapes derlved by thls method

have relatlvely broad, rounded tops and steep sklrts The

,3 dB bandwidths of the filters were ‘approximately 13 percent

~of their centre frequency, sllghtly smaller than: estlmates

of cr1t1cal bandwldth“ The equ1valent rectangular

bandwidths were- somewhat larger, falrly close to the

' cr1t1cal»bandw1dth functlon exCept;below 500 HZ'where the

bandw1dth contlnued to. decllne. A number of subsequent

studles (e.q. Moore & Glasberg, 1981; Patterson,

7 Nimmo- Sm1th Weber & Milroy, 1982) have conflrmed these

¢ basic f1nd1ngs. Patterson et al. (1982) modelled their

empirically derivednfilﬁer shapes in terms of a rounded‘
. . . : r
exponential function, ’

oy

Another method for determining audltory fllter shape

(2%

from masklng data was developed by Houtgast (1974a, 1977)

using rippled (comb-filtered) noise maskers. The estimated
filter shapes were similar to those obtalned by Patterson B

(1976) u51ng the notched noise method,»with fairly wide

"(cont'd) sound levels
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passbandstlrounded tops and steep skirts. Although
Hsutgast’s method resulted in somewhat larger banéwidths,
the derived filﬁer shapes were fairly similar aﬁd sould be
characterlzed in terms of a- 51ngle llnear fllterlng process

(Glasberg, Moore ‘& Nimmo-Smith, 1984).
2.3.5 Non-simultaneous Masking

Houtgast (1972, 19745) reported a change in the pattern
of masking results when the test tone and masker were
presented noh-simultaneously (e,g; using pulsation threshold
or forvard masking procedures). These differences were

attributed_to lateral suppression, a sharpening or

. enhancement of frequehcy‘selectivity which is iypically
lfoﬁnd in nonjsiﬁultaneous masking but not in simultaneous
(direct) masking. vHoutgast proposed that suppression
effects are hotﬂobserved in direct masking because
“suppression acts oﬁ both the signal and masker; both are
.attenuated, maintaining the\s: signal-to-noise ratio. In
non—simultaneous maskihg.the» uppréssion is assumed to end
abruptly at the end of the masking stimuius, while the
masking effect continues. Estimates of filter shape im
simultaneous and non-simultaneous masking (Hdutgast, 1974a,
1977; Glasberg, Moore & Nimmo-Smith, 1984) revealed sharper
filter shapes with much narrower bandwidths and sﬁesper
~slopes. A negative trough‘appeared 6n\the high frequgncy“

side of the derived filter characteristic, suggesting that
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suppression acts primarily from higher toward lower

frequencies (Houtgast, 1974a). ' S

-\

Houtgast (1974b) invesfigated non-simulteneous masking
with éteady state yowel maskers, /i,e,a/. He observed that
peaks corresponding to each of the formants were preserved
in the masking pattern. Spectral contrast in pulsation
‘threshold patterns was higher than observed in a one-third
voctave bandbass filter representation. Tyler and Lindblom
(1982) conpared direct masking and pulsation threshold
measurements using steady state vowels /i,e,y/ as meskeré.
Pulsation patterns revealed greater spectral contrast
gvﬁpeak—valley differences) than did direit maeking pacrerns.

They suggested that suppression might act to preserve

spectral peaks in the auditory representation of vowels.

Further support for the hypochesis thef suppression
plays a rolelin spectral contrast enhancement comes from a
study by Moore and Glasberg (1983) which compared |
51multaneous and forward masking patterns for the synthetlc
vowels /i/ and /&/. Peaks corrassond1ng to the fxrst three
formants were enhanced relative 'to the ,physical spectrum in
forward masking, and somewhat blurred in simultaneous
'masking; In some cases a formant peak which 'showed up as a
slight "ripple” in simultanedus masking anpeared‘as a clear
peak in forward mask}ng patterns. However, Stelmachowicz,
Small -and Abbas (1982) have shfin that Suppression effects:
using pulsation threshold measurements are complex and in

ﬁ;tx
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some cases may actually dimihish'Spectral contrast. Filter
shapes derived from non-simultaneous masking‘(Glasberg,
Moore & Nimmo-Smith, 1984) differ somewhat depending on the -
type of masking stimuli employed. The presence of a-
negative':egion in the filter weighting function suggests an
inhibitory proceés. At present very little is known about |
the physiological basis-of lateral suppréssion ahd its role

in the perception of vowels.
2.3.6 Excitation and loudness pattern models

The results of psyéhophysical studies suggest that the

auditory system performs a short term frequency analysis of
v‘uously

sound, which may be simulated,by-awset of co
overlapping parallel bandpass‘fiztgfsvvhose béndwidths
increase in proportion to their centfe frequencies.
Bandwidtﬁ estimates from direct masking studies range from
about 13 to 20 percent of the centre ffequency; bandwidth
estimates from non—éimulténeous masking are somewhat
narrower. The filter shapes inferred from masking data are
generally consistent across studies, with a relatively flat

region in the passband and steep skirts. i

The concept of the psychoacoustic excitation pattern

has been advanced by Zwicker and his colleagues (Zwicker 4
Zwicker & Feldtkeller, 1967). Exeitation*patterns are
considered to represent the auditory projection of a sound

stimulus at a peripheral level of the auditory system. The

£,
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shape of the excitation pattern is inferred from masking
‘patterns, using data from nar;owband noise masking.
‘According to this model, the pattern of excitation evokedﬁby
puE@ tones differing in frequéncy is inQariant in shape when

Y

plotted as a function of critical band rate (in Bark units)

rather than linear or log frequency.

Excitation patterns can be converted to "loudness
W, patterns” by means of a power function. Excitation levels ~
are thus converted to "specific loudness" or loudness
density (in sone units); integrétion of loudness density as
é function of critical band rate gives the total loudness of
a complex tone. The model has been used toAsuccessfully
predict the pér{ormance of listeners in a variety of
psychophysical tasks incluﬁing loudness and pitch judgemehts

(e.g. Terhardt, 1979). S

Schroeder,‘Atal and Hall (1979) deQeloped a
‘'computational procedure reiéted to 2wickér's model for the
purpose of measuring the degradation of speech quality by
noise in speech coding systehs.; This procedure was first
discussed by Schroeder (1977) as a possible alternatiVe'té
spectrographic anaiysis, pfoviding an "auditorily oriented

data reduction" consistent with psychoacoustic data.
c , . psy : .

i
¢

The power spectrum of a speech sound is computed using
a time window of approximately 20 ms. Frequency is

converted to critical band rate using a fitted approximationA

to the data provided by Zwicker, Flottorp'andetevens‘
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(1957). The resﬁlting critical band spectral density is
~convolved with a "masking filter" with a.low frequency slope
of +25 dB/Bark and a high frequency slope of -10 dB/Bark
Zwicker (1963)°, Convolution with the masking filter results
in a paetern,of excitetion ievel as a function of critical
band rate. This pattern may be converted to a "loudness
pattern™ by applying a power function Qiﬁh an exponent of
.25. Seprathreshold leQels are scaled so that the loudness
of a 1 kHz tone at 40 dB abeve the threshold of hearing is
equal to 1 sone; components below threshold’are set equal to

zero.

One of thefassumptioes underlying this model is that
'the thréshold/of a eone is proportional to the amount of
excitation produced by the masker in the frequency region of
the tone. Moore (1982) has arqued that masking patterns may
not provide an accurate projection of the act{vityvlevel in
the region of the signal if'off-ffequency listenipg is

involved.

Moore and Glasberg (1983) proposed an alternative
procedure for calculat}ng'excitatioﬁ patterns based en
:Patterson's (1976) notched noise masking studies. They
.proposed a filter characteristic based on the rounded
eprnential function used by Patterson, Nimmo-Smith, Weber

e - —— - — - — =

'The masking filter function of Schroeder, Atal and Hall
(1979) was found to have a bandwidth of approximately

1.4 Bark rather than 1 Bark (or one critical band). A
corrected version was proposed by Sekey and Hanson (1984).
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analytic expressions for calculating eguivalent rectangular
bandwidth (ERB) of the filter and a frequency to-ERB-rate
conver51on 51m11ar to the critical band rate or Bark scale.
There are two 1mportant differences between the Moore and
.Glasberg method for calculating exc1tation patterns and the
procedures developed by Zwicker‘ano Schroeder et al. The
filter bandwidths based on notched noise masking data are
narrower than cla551cal estimates of critical bandwidth;
these: bandwidths are not constant below 500 Hz but but
continue to decline with decrea51ng frequency, reflecting a
possible error in the classical critical band function
(Fidell, Horonjeff, Teffeteller & Green, 1983). In
addition, filter shapes obtained by the notched _noise method
are less likely to be affectedﬂpy off-frequency listening
(Moore, 1982),

)

2.3.7 Applications of auditory models to vowels

i .
<

Can the study of auditory frequency analysis'provide a
representation of'the acoustic stimulus that will help to
reveal the information-bearing elements of vowel spectra in
a manner that standard methods (e.g. spectrographic
analysis) cannot? Several studies have addressed this
question;, using auditory models to obtain spectral patterns
whosercharacteristics were compared vith'thefperceptual
responses of listeners. Carlson and Granstrom (1979)

evaluated 'several alternative spectral representations of
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vowels for the prediction of perceptual distancé judgements.
Pairwise comparison of 66 éynthetic versions of a vowel
‘similar to /a/ were'made,'eachvdiffering along acoustic

" dimensions such as formant freqyencies,ibahdwidths, overall
;agplitude; phase, spéctral tilt, and various types of
filtering. They compared,gix different models. The first

two were based on FFT spectra, with summation of spectrum

.

levels over 200 Hz intervals' (called the "FFT" model) or
over a one Bark interval (called the "BARK" model). The
third model applied the fﬁlterbank analysis of Schroeder,

Atal and Hall ("MASK" model). The fourth ("PHON") obtaipedv’
loudness patterns in phon units* from egual loudness

contours, applied to the outbut}of the~MASK model. 1In the
fifth model ("SONE“)‘ioudneSS level was converfed from phons
to sores using the formula proposed by Bladon andlLindblom
(1981). The sixth model ("DOMIN") was based on temporal
apal}sis,of filterbank dutput, and will be discussed

~separately in section 2.3.10.

Plomp (1970) proposed that the relative similarity

between two complex tones could be predicted in terms of the
' This preprocessing stage, which involves a rectangular
smoothing function with a bandwidth larger than the
fundamental frequency of the vowels, is not based on
psychoacoustic data and would appear to eliminate spectral
fine structure, i.e. the peaks corresponding to individual
harmonics of a low fundamental frequency. In fact, data from
a variety-of sources including pitch discrimination and
masking have suggested that low frequency harmonics of
complex tones can be resolved by the ear, at least for
fundamental freguencies in the speech range. ‘

* Loudness level (in phon units) of a tone is the intensity,
in dB SPL, of a 1 kHz tone which it equals in perceived
loudness (Moore, 1982, p.45). ‘ /

/

-
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distance D, between‘pairs of/sbectra i and j, each
represented by k frequency channels:
Dij = (Z A=A ™)

When parameter n=1, the result is‘a "city block™ metric; for
n=2’it is Euclidean distance. Euclideén and city block
distanceslwere computed be£veen pairs of spectra.

Correlations between these prediéted distances and
perceptual.data ('phonetic' and 'psychoacoustic' judgements

of perceived distance') were calculated for each model.

 Overall, correlations were very high. However, the
correlatiénS'Qith "phonetic‘ judgements were much lower than-
cérrelations with "psychoacoustic” judgementQ, The |
implications of this finding will_be.discuSsed below. Each
of the models using the "MASK; filter (models 3, 4, and 5)
yielded lower cdrreiations than thevmodels based on the
unfiltered amplltude spectrum. Evidentlf listeners vere
ba51ng the*r ]udgements in part on. 1nformatlon lost through
fllterlng possibly because the filter bandwidths were
actually larger than critical bands (Sekey and Hanson,
1984) . ’ The assumptlon of a single dlmensxon of distance,
and the assignment ofvequal weights to each channel may be
invalid. Carlson and Granstrom found a large degree of task
and stimulus dependence; Certain‘kinds of manipulations

- ————————— - - ——— -

'This distinction is based on a change in instructions to
listeners. Phonetic distance: "Rate only changes that tend
to influence vowel identity, disregard changes associated
with harshness, speaker identity»or transmission channel”,
Psychoacoustic distance: "...take into account any
difference between the vowels" Carlson and Granstrom, (1979:
p.85) ‘



(e.qg., forhant frequency changes) affected ,phonetic
distances. much more than otheré (e.g., spectral tilt or
overall amplitude). These Gifferences were less e¢vident in
thevpsychoacousfic distances judgements. Chaﬁges which
affeét formant peaks had the largest effects on phonetic

distance judgements.

Each of the models proposed by Carlson and Granstrom
(1979) was incorporated in an automatic recognition scheme
by Blomberg, Carlson, Elenius and Granstroh (1982, 1983).
In ail cases, the FFT'model gave better results than any of
the models employing the "masking filter" supporting the
conclusion that important vowel information is lost in

filterihg;

' Bladon and Lindblom (1981) also prédicted dissim%;arity
judgements between two- and four-formapt vowels usingytwo of
the models described by Carlson and Granstrom (1979). The
correlation of judged dissimilarity on a five-point scale

expressed in log-units) with Euclidean distance between
'!!irs of excitation patterns (MASK model) was fairly high
(r=.79). A'marked improvement was found using loudness
pattérns (SONE model) (r=.89), but loudness norm;lization
(dividing each loudness channel by the total loudness) led

to a lower correlation (r=.83).

' The correlations are generally higher than those
reported by Carlson and Granstrom (1979) which may be due to

several factors. Listeners were asked to rate the overall



dissimilarity (as in the "psychoacoustic" task of Carlson
and Grapstrom) rather than phonetic changes. Acoustic
‘\\\jiifferences between two- and four-formant vowe.s are spread
ver a large region of the spectrum, and these can result in
large changes in timbre. If phonetic distances are based on
local differences in spectral profile, i.e. listeners assign
greater importance to discrepancies in the region of formant
peaks (e.g., Carlson, Grénstrom & Klatt, 1979; Klatt, 1982a)
poorer predictions might be expected with phonetic distance
judgements. At the same time, the high correlation with
loudness patterns is difficult to evaluate without an
‘appropriate reference condition, such as distance

predictions based on the unfiltered amplitude spectra.

Plomp (1970,1976) proposed that the sound pressure
levels of one—third octave bandwidth filters may provide a
éood appfoximation to the loudness pattern as described by
iwicker. He suggested that one-third octave provides an
adequate approximation to critical bandwidth in the range
above 500 Hz. Filters below 500 Hz were assigned a fixed
bandwidth of about 100 Hz, reflecting the classical critical

band function (Zwicker, Flottorp & Ste§ens, 1957).

Judgements of timbre diséimifarity of complex
steady-state tones similar to musical tones, or vowel sounds
were highly correlated withvdistances between one-third
octave spectra, represented as distances in a

multidimensional space. Klein, Plomp and Pols (1970) also
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found very high correlations betwgen the perceptual space
derived from multidimensional scaling of dissimilarity
Jjudgements, and the factor space resuliing from principal
combohents analysis of the bandfilter spectra of vowel
sounds. Pols, van der Kamp and Plomp (1969) presented
similar results using reiterated single pitch periods from

natural vowels.

In order to evaluate whether one-third octave spectra
provide a perceptually realistic portrayal of vowel;spectra,
it is necessary to compare model predictions using one-third
octave filters with the more detailed models of the loudness

pattern which they are intended to approximate.

While each of these auditory models can predict overall
timbre diSsimilérity fairly successfully, they db not appear
to assign enough weight to formant changes in predicting
phonetic quality judgments aﬁd are too sensitive to factors
such as speaker and voice quality‘and characteristics of fhe

transmission channel.’

- Chistovich and her colleagues (Chistovich, 1971;
Chistovich, Kozheynikov, Lesogar, Shupljakov, Taljasin &
Tjulkov, 1974;;::§nickaya, Mushnikov, Slepokurova & Zhukov,
1975) have argued that loudness patterns must be subjected
to a subsequent level of processing in the form of a lateral
inhibition function (which sharpens the response to spectral
peaks) to account for the results of vowel perception

studies. For example, the presence of a small "shoulder" on
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the upper slope of a formant peak may cause a2 radical change
in vowel gquality, shifting a back vowel to'a front vowel.
Karnickaya et al. described a 30 channel lageral inhibitioﬁ
weighting function, divided into 3 equal portions one Bark
wide. The central symmetrical, positive portion was flanked
by two negative (inhibitory) portions on either side, iarger
on the low frequency side. This aspect of the model is not
strictly motivated by psychoacoustic or neurophysiological
studies, and must be regarded as tentative. The effects of
lateral inhibition are similar fo the calculation of the-
second derivative of the loudness pattern along the

frequency scale, and result in a clear enhancement of

spectral peaks (Huggins & Licklider, 1951),

2.3.8 Fﬁequency analysis in hearing: physiological factors
P

The auditory system performs a'frequency analysis of
sound. A fregquency-to-place transformation of the acoustic
stimulus takes place on the basilar membrane. The position
of maximum displacement along the basilar membrane varies as
a function of frequency. The basal portion of the basilar
membrane responds maximally to high frequencies while the
apical portion is most sensitive to low fffgpencies (v.

Bekesy, 1960).

At the level of the auditory nerve, information about
the sound spectrum is preserved in the distribution of

neural activity in the population of auditory nerve fibres.
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Individual fibres exhibit behaviour suggestivéiof narrowband
filtering (Evans, 1982). Stimulus energy near the
characteristic frequency (CF) of a fibre causes an increase
in mean discharge rate over the spontaneous discharge rate;
each unit fires at a rate proportional to the energy within

its tuning curve (Kiang and Moxon, 1974).

‘Most cochlear fibres have a limited dynamic range,
however, and respond at their maximum rates about 20-40 dB
above threshold, suggesting that a rate-place representation

may not adeguately represent §iibvel formant structure at high

intensities. Sachs and Youg 13979) investigated average

firing rates of a populati ‘N  uditory nerve fibres in
anesthetized cats, in response to synthesized vowel sounds.
Peaks in the rate profiles for /1/, /e/ and /a/ were
observed in the vicinity of formant peaks at low intensities
(38 dB SPL). At moderate to high levels (58-78' dB SPL), the

discharge rate profile showed a loss of spectral contrast

(smaller peak-to-valley ratios).

The limited dynamic range of the average rate profiles
conflicts with estimates of the dynamic range of speech
intelligibility, which is reportedly stable over at least
100 dB in humans (Pollack & Pickett, 1958). There is,
however, a small proportion of fibres with low spontaneous
firing rates which have a wider dynamié fange; these fibres
may preserve spectral contrast in vowel sounds even at high

intensities.
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The temporal pattern of neural discharges prov1des an
alternatlve source of 1nformatlon about a sound stimulus,
Flbres with CFs below about 4 kHz fire at 1ntervals Wthh
are synchronlzed or phase-locked to the stlmulatlng
‘waveform, These phase locked responses approximate a
,/,_half—waye rectified ver51on of the stimulating waveform

following cochlear filtering (Rose, Brugge, Andersor & Hing,

1967; Rose, Kitzes, Gibson & Hind, 1974),

Young and Sachs (1979) obtained temporal discharge
patterns fron a large pdthation'of auditory nerve fibres in
response to synthetic vowel sounds', They demonstrated that
temporal responses to components near formant peaks were

" larger than responses to other cohponents. Many flbres with
‘CFs near a formant bPeak were domrnated by a s1ngle harmonlc
_possibly because the frequency of each formant coincidegd
‘with the_frequency of a harmon1c. Separate peaks were
retained for the lowest two or three formants 1n the
response proflles, up to at least 80 ds SPL The temporal
-discharge pattern thus had a much w1der dynamlc range thQn
- the average rate representatlon. One reason for thisg
extended range is the presence of synchrony suppression at
high levels, which reduced the amount of phase ldthang to *
'frequenc1es outside the formant reglons.

'Temporal response patterns wvere - erlved from period
: hlstograms, which indicate the instantaneous discharge rate
over the course of a single periodlof a8 vowel. The degree of
‘synchrony to each harmonic cqmponeht of the vowel was
defined as the magnitude of the Fourier Transform of the
period histogram, averaged over all fibres within 1/4 octave
above ‘and below the frequency of the harmonic. '

3
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intensities a large number of fibres were synchronized to
the first formant, and a small number to F2 and F3. While"
average rate suppression resulted in a loss of spectral
contrast, synchrony suppre551on appeared to preserve the

formant structure of vowel sounds.

These results have recently been extended by Delgutte
and Kiang (1984). to a larger sample of nine steady state,
two- formant vowels whose formant frequenc1es in most cases
did not coincide with harmonlss of the tundamental
frequency They reported that any harmonic close toa -
formant peak which exceeds its neighbours by more than'about

6 dB dominated many -fibres with CFs in its vicinity;

.synchronized responses to other harmonics were ‘suppressed.

However, two components near the peak whose levels differed

by less than 6 dB both maintained a high response level.

Sachs, Young and Miiler (1982) and Delgutte (1984)
demonstrated that the 1nd1v1dual harmonlcs of a vowel
stimulus are resolved 1nrtemporal response patterns:
Delgutte, who "adopted a one-sixth octave filterbank analysis
of the period histograms, foundjthat the lowest 8 harmonics

appeared as separate peaks(in the temporal response

'patterns, corresponding roughly to estimates of

+

psychophysical frequency selectivity.

In summary,'the'transformation of a vowel sound into,
the spatlal pattern of vibration along the basilar membrane,

and subsequently to the f1r1ng pattern of audltory nerve
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fibres, appear to result in a certain loss of 1nformat1on
about 1ts spectrum. - The results of’Young and. Sachs indicate.
that peaks correspondlng to the lowest formants or harmonlc
components near the formant peaks may be represented in a
more robust fashion by a temporal code than by a rate/place

code at high sound levels.

2.3.9 Timing patterg models

Temporal respohse patterns of auditory'nerve discharges
to vowel sounds (Young & Sachs, 1979; Delgutte & Kiang,
1984).are often domlnated by components near formant peaks,
even for fibpes ﬁhosevCFs are remote in frequency from the
peak. In these studies, temporal tesponse‘magnitudes sere
determined by spectral analysis of period hlstograms,
Response levels were plotted as a function ofﬂ%ibre CF,
resulting in a tonotopic representation of the spectrum.
This coding scheme is :elated to,the 'central spectrum’
model of Srulov1¢z and” Goldsteln (1983) In their modei,
the central spectrum is determlned by the output of a
matched fll%ﬁt*applled to the 1nterva1 hlstogram
correspondxng%to each audltory nerve flbre, tuned to the
characterlstlc fregquency of that flbre. _

| B | Ty

It waS'noted by Plomp (1964) that listeners are better

able to resolve individual harmonics of tw “tone than

‘multitone complexes. Moore "(1982) discussed a p0551ble

temporal mechanism that could account for this. In the

Sy
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multitone complex, analysis channels may be responding to
several harmonics simultaneously; no’cnannel will be
domlnatec by a single component In the two-tone complex,’
there may be channels remote in frequency that are domlnated

exclusively by one: of the components, as a result of the

A

sloplng sk1rts of ﬁgys1s filters and the absence of

other signal compoh :f, ‘the vicinity. The "edge"

components of a multitone complex and possibly the spectral

peaks of vowels might be expected to show 51m11ar behaviour.

A blstogram ©of the number of channels dominated . by a
given frequency component, plotted against channel frequenc;y
provides an alternat'ive spectral representatxon which g1ves
special prominence to domi nant components of the spectrum,
enhancea spectral peaks and suppresses energy in spectral
valleys (Car’son Granstrom & Fant, 1970; Carlson, Fant &
Granstrom, 1975: Delgutte, 1984 ). cé:l?é% f?al. applied
this model to the. prediction ¢f second formI:t matching in
twe-formant approximations to icu:—formant-vowels. In their
mogdel ("DO&IN"),'tﬁe number of‘zero-crossings are counted at
the»outpht of each channel of a critical bana fiiterbank
over a selectec time interval; dominant frequencies are
1dent“1ed by countlnc ‘the number of channels with the same
Zerc crossing frequency within a 75 Hz gquantization range,
The number of channels are plotted as a function of channel
treqguency, resulting irn a Spectral representation which
resolves indivi&ual harmonics of vowels in the low frequency
region, and fornant peaks in the hign f:eéuency7region.

' o . | v : i
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The DOMIN model yields very ﬁigh correlations with
phonetic distance'judgements, and has alsé given'excellent
results in automatic §owel recognition (Blomberg, Carlson,
Elenius & Granstrom, 1983 '1984Y ' Although the appllcatlon
ofﬁ;hls model to vowel sounds has not been studled in"
detail, the prellmlnary results of Carlson and Granstrom
(1979) suggeSt that it may be worth pursuing. ~~Fhe DOMIN
model- con51stently performed better than’ any of the audltogy
models based on the masklng filter proposed by Schroeder,
Atal and Hall (1979).

Ly

2.4 Pattern recognition in vowel\perception ' ‘ ;
. o i

|
1

Vowel identification may be regarded as a pattern

recognltlon process operating on the spatial and/or temporal
distribution pattern of. neural activity. The incoming f@
signal is assumed to be scrutinized, compared with stored
patterns and assigned a category label .corresponding, to the
pattern whlch best matches the input. Present research in
- speech perception is aimed at'a functional characterization
of the relationship between incoming acoustic signals and

the outcome of the decision mechanism, based-on a set of

'hypotheses concerning the nature of the underlying
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mechanisms.

2.4.1 "Whole speétrun"‘specification

One of the simplest models of the vowel 1dent1f1cat10n
process 1nvolves the systematic comparzson of the whole
spectrum of an 1ncom1ng signal with each of a ‘set of stored
Spectral patterns corresponding to different vowel
categories. The decision mechanism may depend on a
cross-corrélation process, or on the best match with a
template or matched filter (Licklidér, 1952). No
1ntermed1ate feature extractzon stage is postulated as the.
ba51s for comparlson with stored patterns' hence a "wpolé'

spectrum” specification.

?

This model has been 1mplemented in automatic vowel
'recognltlon procedures (e.qg., Blomberg, Carlson, Elenius &
-Granstrom, 1983, 1984; White & Neely, 1976; Suomi, 1984).
Attempts to apply whole spectrum-based distance measures
were discussed in previous sectlons, where it was noted that
these measures were closely correlated with listeners'
Judgements of tlmbre.w The main difficulty is that these
~-models do not perform as well ¥n the prgpiction of phonetic

" quality judgements.

The whole Spectrum -approach generally tends to .
overestimate phonetic distances resulting from changes such

as high pass, low pass and notch filtering; changes in
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spectral tilt; changegvin formant amplitudes and bandwidfhs
(Caflson & Granstrom, 1976; Carlson, Granstrom &‘i&att,
1979; Kiatt, 1982a,b)" Cﬁanges in the frequencies of
'speﬁtrallpeaks are much more important than other kinds of

changes’ for phonetic’quality.

4

Mushnikﬂvkand Chistovich (1971) reported that'changes
in the ievél of a singie harmonitc in the Fi1 region of a
s}nthetit front vowel could induce a shift in phonetic . §
quality from /i/ to /e/. Further evidence was presented by .
Chistovich (1971, 1985) indinting that chanées in_.a very’ e
narrow spectral region can produce large changeé‘ih phonetid
quality,' These results are not consistent.with a whole

spéct;um approach and indicate that certain regions of the

spectrum are perceptually more important than others.

.  "An‘additional”prob1em for a whole spectrum
'specifiCation concerns the role of'fundamental frequency.
Spectral patterns based on the auditory ﬁodelé discﬁssed in -
previous sections contain peaks in the low frequency tegion
corresponding to individual harmgpics. Altering the
fundamentalffrequency, which stifts the ioéatigns of these
peaks, will have a latée effect on the calculated distance
but only a small effect'on phone:  guality. One possible
solution is a spectrum interpola: procedure which
-eliminates the hérmonic structure; .owever, it is known that

fo can.affect vowel quality in some circumstances (Miller,

»
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1953; Carlson, Fant and Granstrom, 1975; Ainsworth, 197%5),

2.4.2 Principal components analysis of vowel spectra

An alternative to the whole specg um hypothesis is
suggested in .a series of studies employing a statistical
procedure ‘for redg;ing tbe dimensionality of speech spectra
(e.qg., Plomp{‘ébls ¢ van der Geér, 1967; Klein, Plomp &
Pols, 1970; Pois, 1977). Principel components analysis
(PCA) represents the spectrum in terms of a reduced number
of dimensions. These dimensiohs, or principal components
are each a linear combination of levels xgcorded in the
original spectrum. Each new diméhsibn"accounts for as much

of the residual variance jn the sbeétrum levels as;possiblé.

-

These sfudies have demonstrated that ﬁhe variability in
speech spectra can be described by a small number of
statistically independent spectral shape factors;A These
factors have been used successfully as thg parameters of a
synthesis system producing intelligible speech, and in '
.aﬁéomatic speech recognition (Pols, 1977). 'Tge'faqtor space

" is'closely related to the formant representation. Pols et

al. have argued that their analysis procedure is preférable

8 "%‘:

to a formant analysis for the following reas
(1) The same representation can be used for both speech and
non-speech sounds; there is no need to impute a special

decoding mechanism (e.g. a fé:mant extractor) for speech
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sounds.

(2) Froﬁ a practical point offview, formant measurement is
less efficient, and runs into difficulties with high
“fundamental f}equencies and when formants are close together
or asymmetical. PCA captures the essential informgtion of a
T‘formant specificatiqn,.can be carried out in real time and
avoids the problems of,"miséing" or "spurious” formants.

(3) fhe factor space derived from PCA is correlated with the
perceptuai space derived from vowel identification

performance by listeners.’

While PCA has not been expliéitly formulated as a
theory of vowel perception, Klein, Plomp and Pols (1970)
'have suggested that it may pro&ide "a useful model of what a
human listener unconsciously does" (p. 1008); ff SO, it may
be of interest'to determine whether an optimal statistical
data feducfion can specify the differences betﬁeen vowels iﬁ
a manner which reflects their perceptual aﬁ;ributes. A more‘
detailed study of the correspcndence between the factor
space and the performance of listeners is needed to answer

this guestion.

The studies reviewed abové suggest that a separate
représentation may be needed for‘Fiﬁbre and phonetic quality
differences, and it is difficult to see how a perceptual
model based on PCA can account for these differences.
Carlson, Granstrom and Klatt (1979) have shown that

differences between steady state vowels may be judged
o ’ '



49

differently”depending on whether listene;s are instructed to
respond in a phonetic mode or not. Large changes in the
spectrum may have only minor effects on phonetdc.distance if
the locations of spectral peaks are not altered. At the
saﬁe time, very smallvchanges in spgctrhm envélope can
result in enormous-differeqces in vowel gQuality (Chistovich,
1971). For example, the introductioh of a small shoulder on
a single formant vowél cah shift its gquality from a back
vowel to a front vowel (Chistovich, Sheikin & Lublinskaya,
1979). Further difficulties for this'model may arise when
the effects of fundamental freguency, speaker differences,
and the presence of simultaneous speech sounds or ,noise are

considered.
2.4.3 Formant hypothesis of'vowelﬁperception'

The formant hypothésis of vowel perception maintéins
that listeners identify and judge the phonetic quality of
vowels on the basis of the frequenéy locatibns of the
fofman:s. A number of sources of'eviQence have been cited
above indicating that formants play a special role in the
perception of vowels. Formants haQe received special
attention because of their role in speech production and
speech synthesis, The‘first two formants are Ehought to be
sufficient for representing known vowel qualities, except
for nasalized or ‘r-colou:ed; vowels (Jocs, i948; Delattre,

Liberman, Cooper & Gerstman, 1952; Miller, 1953; Carlson,
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Granstrom & Fant, 1970). Typical results for/synthetic
vowels bésed on measured formant values were presented by
Lehiste and Meltzer (1973) who obtained identification
scores of about 75 perceﬁt,~approximate1y 10 to 15 percent

lower than identification of naturally spoken vowels,

Other studies have investigated ‘the position of vowels
in the F1-F2 plane in relation to listeners' confusion
errors (e.g. Fairbanks & Grubb, 1961; Peterson & Barney,
1952; Tiffany, 1959; Koopmans—van Beinum, 1980; Assmann,
Nearey & Hogan, 1982). These st:dies have shown a close
correspondence between férmant’overlap and confusion errors
by listeners. An additional source of evidence comes from
multidimensional scaling of vowel similarity judgements
(e.g. Terbeek & Harshman, 1971; Singh, 1974; Fox, 1983).
These studies have consisténtly extracted perceptual

dimensions corresponding to vowel height (or F1) and

- advancement (or F2).

Formant parameters have formed the basis for a8 number
~of successful automatic vowel recognition algo:ithms (e.qg,
Gerstman, 1968). Recognition scores of over g0 percenf can
be obtained using only F1 and F2; even higher rates afe
obtained when fundamental frequency, higher\E9rmant
frequencies and/or speaker normalization parameters are

included.

The existence of cross-speaker variability in formant

fregquencies has led to the proposal that vowel perception is
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based on invariant relational properties of the formant
pattern, shifted along the frequency scale (e.g. Joos,
1948: Pctter & Steinberg 1950; Lieberman, 1976; Nearey,
1977). The lack of invariance is mainly due to the overlap
in formant frequencies for differént vowels resulting from
vocal tract size differences. A number of procedures have
beeh‘developed for mapping invariant’relationships among the
formants across speakers. It appears that some relatively
simple transformations of the formant space will reduce the
degree of overlap considerably, and that listeners are able
to compensate for speaker differences on the basis of
context (e.g., Ladefoged & Bromdbent, 1957; N«: =v, 1977;

Assmann, Nearey & Hogan, 1982).

Perception of the first. formant. At present very little is

actually known about the auditory encoding of formant
frequency. One of the problems faced by the formant
hypothesis concerns the estimation of formant location'when
no energy is physically present at thne frequency of the
formant'. Psychophysical studies have shown that individual
harmonics in the low frequency region (spanning the range of
the first formant in front vowels) can be resolved by the

ear. Kakusho, Hirato, Kato and Kobayashi (1971) have shown
"It should be pointed out that in matural speech, changes in
‘fundamental frequency and formant pattern over time may help
to specify the location of the formant peak. Even when
enerqgy is present at the formant peak, it is still of
considerable interest to determine whether vowel quality 1s
determined exclusively by the peak location or whether
spectrum levels in adjacent frequency regions are also taken
into account,. :



that listeners can discriminate very small changes in the
amplitudes of individual harmonics in the vicinity of a
formant; the profile of difference limens (DLs) versus
’ v
,"%"_»’

frequency shows a pattern very similar to the inverted

spectrum envelope.

These considerations suggest that the frequency of a
formant may be'iﬁferred'f}om the frequencies and amplitudes
of prominent harmonics in the formant region.v One
.possibilffy 1s a perceptual weighﬁing of harmonic levels to
estimate the lqcationfof the a peak in the spéctruh envelope
(Carlson, Fant & Granstrom, 1975)? An alternative
suggestion advanced by Mushnikov and Chistovich (1971) is |
+hat the most prominent harmonic in the formant region |
provides the acoustic cue for the perception of formant

kA

changes in the low frequency region. The evideénce forlahpse

two hypotheses will be considered in chapter three, wheré
series of experiments are de5cr1bed which 1nvesglgate the?
role of individual harmonics in the F! region of front '

vowe ls . ' ’ N . L
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Perception of the second formant. Although véwel‘$ynthesls Lo w

)

studies have shown that two formants prov1de suff c“

. . : e . &
information for vowel identification, the preferre

than its value in nmatural tokens (Fant, 1972;
"Risberg, 1963; Carlson, Granstrom & Fant, 1870;

Fant, 1978). Several empirical formulas were d@@f

ﬁ“x
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predicting the "effective" second formant, F2', using a
weighting of the higher formantS@(FZ, F3 and F4). Carlson,
Fant and Granstrom (1975) found that they were also able to
predict F2' values fairly well by selecting the highest peak
above F1 in the spectral profiles produced by their DOMIN
model. One '‘problem was the sensitivity of the model to
formant amplitude changes which they did not find in the

matching data.

wﬁile Carlson et al. (13970, 1975) réported no evidence
of bimodal matching, Bladon and Fant (1978) found that F2'
matches often alternated between F2 and F3 or F4 in high
front vowels. Mushﬁikov, Slepokurova and Zhukov (1974)
found that E&e proportion of matches to F3 was increased
ﬂpen the amplitude of this formant was raised. This
suggests that matching may depend on a peak selection
process which determines the fregueng; of the Mmost intense
formant in the region above F1, ratﬁgr than on a weighted

averagé of the higher formants as proposed by Fant (1959),

There are indicétions from other studies that a
weighted average of F2, F3 and F4 cannot account for all of
the perceptual data. Forvexample, Fujimura (1967) found
varying both the distance between log F2 and log F3 and
thelr mean value had an effect on vowel identification in
the region of /i y u/, with an interaction between the two
variables. Further empirical data are needed to assess "y

whether the F2' experiments are the result of a peak
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selection process or a weighting of higher formants.

OneipoSsibility~discussed by Stalhammarftiﬁ78)
ChlStOVICh and Lublxnskaya (1979) and‘Bladon'(1983)'is}that
F2' is p051tloned above F2 of the reference vowel because of
‘an audltory spectral 1ntegratlon process, which leads to a

perceptual "merging" of closely spaced formants. or

The formant centre of gravity h}pothesis in back vowels.

The forment centre of‘gravity hypothesis wad origihally

| proposed by De;attre,‘Liberman,'Cooper and Gerstman\(1952)
who discoveredrthat back vowels oOuld be‘synthesiZEd using
only a 51ngle formant They proposed that when F1 and F2
are close together (as in back vowels)’ the two formants are
combined to form a single "effective" peak whose spectral |
centre of gravit} determinesxthe"phonetgs.quelity of the

vowel,

Chistovich and Lublinskaya (1979) provided further
.experimeotalfdata in suoport of the formaht centre of
grevity hypothesis i; beck‘vowels and obtaioed estimates of
‘thekcriticai éeparation of two formants necessary for these
appare~t fusion effects .to occur. They propoSed that the
phonetic quality of back voﬁeis is determined by the centre

of gravity of the F1-F2 cluster when F1 and F2 are separated

v‘by"a frequency»di§tance smaller than 3-3.5 Bark.,.

. The formant centre of grav1ty hypothesis in back vowels

is(evaIUated in chapter four and two_experlments will be

2



reported which evaluate the contribﬁ‘;f

frequency and formant amplitude changed

3

back vowels.
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CHAPTER THREE

A PERCEPTUAL STUDY OF FRONT VOMELS

3.1 Introduction

The present chapter is an eiperimental investigation_qf
the acouspic and'éuditory>bases for the perception of heiéht
differences in front vowels. Previous studies have |
demonstrated the importance of F1 in the perception of vowel
heigbt, yet whe auditcry basis for this aspect.of vowel

guality has been little studied It has been suggested that

‘*de f{regquerey of the first formant is 1nferred by the
‘perceptual system"?rom *he relative a%pi1tudes and |
equencies of individual harmonics in the F1 reglon. In
.’bls chapter several a‘ternatlve hypotheses abouyt the role
of individual harmonlc components in the percepflon éf vowel
" height will be considered. Several of these hypotheses are
.evaluatéd by means of vowel matching and identification

experiments,

56
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3.1.1 General approach

In ﬁhe following experiménts‘we will draw upon the
'obsefved relatioﬁship between vowel hHeight and the fr equency
of the first formant to assess theéeffects of spectrum
changes on the perceived height of:a‘vowel. It 1s assumed
that F1lchangés have a consistent and-reliable effect or
vowel height. ‘A shift in férmant freqﬁency,'however,
fepregentg a seriles of corrg}ated\éhanges'throughabt che
vowel speétrum. In order to explore,tbe fine structure
determinants of vowel height, the ffeqﬁency‘of the first
formant is used“as a physical measure by which the.

contribution of individual harmonics to vowel height can be

determined.

In the matching experiments, listeners attend tc pairs
of synthetic vowel sounds. Each pair is cdmprised of a

matching stimu’us and a reference stimulus. - The matcﬁihg

stimulus is a member of a contlnuum of vowels dlffeglng
F1. Listeners are asked to flndvthe closest match in vowel
height by adjusting the’F1 ya;uegbf‘the matchlng stlmulus.

S
N o
{ .

The reference stimulus’ 1s produced by modifying the

amplltude spectrum of one member of’ the F1 continuum

(referred to-as the baseline stlmw%}' Typically, these
are modifibations of the spectfum~which areipredicted to
shift vowel height according to a given hypothesis A but are

K3
“
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deemed irrelevant according to a second hypothesis B. A

\§3’subsequent/examination of the spectral characteristics of

each reference stimulus and its "best match" is carried out

.

tc determine which attributes of the spectrum are important

kior the perception of vowel height differences. From a '

comparison of the shared acoustic properties of vowel pairs

iudged tc be closest 'in height, characteristics of the

pe%ceptual weighting function underlying vowel héighi

differences can be inferred,

. The,,value of the first formant frequency used to

-

synthesize each stimulus will be refered to as its nominal

'F'. *s a result cf the spectral modifications carried out

b \
5 .

cra given reference stimulus, its vowel height may be

artered. Its effective F! is assumed to be given by the =

'An analogous procedure is often used in pitch matching

nominal F° vaiue of the stimulus judged tc be its best

2%

match .

?he’effeéts of F2 andthigher formants will not ber
irnvesilgateC here. Thére 1s an inverse correlation of F-
and F2 ir front vowels: higher Fj vaiues are generally.
associéted with“iower_?z values (see Figure 3.2 for an

example from western Canadian English). However, this

B

‘ccrrelation does not appear to have a large role in

experiments where the titch of a complex tone is considered
tc be given by the fregquency of a sinusoid judged to have
the same pitch (Moore, 1982). The perceived height of a
vowel with modified spectrum is expressed here in terms of
the Fi-value of a vowel judged to have the same phonetic
quality, ' :



perceived vowel height.

Studies with synthetlc speech (e g., Karnlckaya : Q.
Mushnlkov Slepokurova and ZzZhukov, 1975; Hose, Langner and
Scheich, 1983) have indicated that vowel responses to
~stimuli on an F1-F2 continuum often occuoy regions whose
boundaries lie“parallel to the F1 or F2 axis. Mushn1kov and
Chistovich (1971) demonstrated that the dxstlnct1on between
the vowels /i/ and /e/ in Russian could be controlled by F1
changes alone, positioning F2 near the average’value for
these two vowels. 1In Experlment 4 it is shown that Canadian
English llsteners can readily assign synthetic vowel stimuli
on an F1 continuum (with a single fixed F2 value) to one of

the 5 front vowel classes.

3.1.2 Additive harmoniq‘syntheSis

In order to determ1ne the contribution of 1nolv1dua1
narmon1cs to the perceptlon of vove‘ height, the vowel
stimuli used in the following experiments were produced by
additive harmonic synthesis. . This procedure enables

independent adjustments of the frequency, amplitude and

¥

phase cf each component.  Such adjustments are not possible

. L Hxo
using conventional formant synthes:is. :

Fcr the matching experlments, the amplitude spectra of

s P

the basel:ne stimuius and matﬁ4§ computed

u51ng the' ’ascade formant syn‘hes;@ mo¢
Flanagan, ’9“2) The ampl\tude spectrum ‘of reach reference

. )
o o . ¥
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‘stimulus was generated by modifying the low frequency region
(0-1.5 kHz) of the spectrum of- th§ béseline stimulus. The
wavéform was caiculated by summatiﬁn 6£ digitally produced
sinusoids whose amplitudes were specified by the cascade «
formant synthesis model; all components were added in sine

phase. The fundamental frequency was constant at either 125

or 250 Hz in all experiments.

3.2 Some hypotheses concerning the perception of vowel
height ' : | ‘ .
According to the formant theory of vowel perception,
listeners are able to infer the fiequencies of vocal traét
“resonances from the §peechfsignal. In this section several
alternative hypotheses concerning the naﬁure of this process‘
will be considered. One possibility is that the first‘
,‘formanf peak in front ybwels is' only roughly estimated by
means of a simple peak selection processiﬂ%ch locates the
largest (mcst promineht) harmonic “in the formant region,
Alternatively, thé percgptual system may employ a‘wéighting,
IOf EQO'or more harmonics near the formaﬁt peak; or a global
procedure w%icﬁ takes -into account the shape of the entire

spectrum, '

B *
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3.2.1 Frequency of tle most prominent harmonic (FMPH

hypothesis)

According to Mushmikov and Chistovich (1871, 1973), the
freqﬁéﬁﬁy of the most prominent harmonic in the first
formant region determfﬁgg-voyel height, and serves to
distinquish vowels such as /i/ and /e/. Their evidence
comes mainly from experiments involving steady-state,
syntheﬁic front vowels with all harmonic components’in the
F1 region replaced by a' single harmonié, or a smali number

of harmonics of equal intensity.

Chistovich (1971) described an experiment in which the
first f;rmént region of a synthetic vowel was replaced by a
pure tone of variable ffequency'controlled by the subject.
The reference was a sjnthetic two formant vowel with F2
equal to that of the standard stimulus.__Listeners were
. asked to adjhst the frequency of the'tone to find the best
match in vowel quality. It was found that for low f, values
(<100 Hz) the tone was matched near F1. At a higher f,
(whefé each harmonic in the F1 region presumably occupies a
'single criticalfband) the tone was not'matchéd to F1 but tb
- the frequency d% the most intense hérmonic in the formant
region.v Chistévich concluded fhat véwel'height is based
sqlely on the;ireqUency of the most prominent harmonic' in
the F1 region, brbvddgd the harmonics afe separated by a

‘fheqhenc§-interval greater than the critical bandwidth. .

; .
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Carlson, Fant and Granstrom (1975) rejected this
conclusion,'suggesting that the task employed by Chistovich
msy have forced listeners to compromise between matching fo
vowel quality and matching for pitch. Listeners may have
positioned the sinusoid at the frequency of a harmonic
because of the need for Harmonlc congruerce, even if this

resulted in a sllght mlsmatch in vowel quallty

In a subsequent study, Mushnikov and Chistovich (1871)

discovered that a increase in the level of a harmonic either

immediately above or below 450 Hz (a frequency value near
the F1 bodhdary for the /i-e/ distinction in Russian)
shifteduthe’identity of the vowel from an /i/ to an /e/.
The level difference between a pair of harmonics (one above
and one below'450 Hz) at the:phonme boundary was fairly
constant over a range of overall intensities. The rela@ive

amplitudg'of.the harmonics at the phoneme boundary did not

2

r

-

correspond to equal loudness of the components in isolation.

Mushnikcv and Chistovich (1973) cqnstructed'sﬁimuli
with 1 to 3 equal amplitude harmonics either below or above
the 450 Hz cutoff, and a single harmonic on the opposite
side,. Llsteners altered the amplitude of this 51n%le

harmonic to induce a shift from /i/ to /e/ or v1c%? ersa

/‘h\ A(
N 7

The number of harmonics on the opp051te 51de dld%‘ot affect
i,ﬁt:fj'. .

this amplitude setting. The authors proposedgghat the

Ha

maximum on the loudness density curve. in the“F! region

(corresponding to the most prominent harmonic) is critical

- «é’aﬁ&

o B
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for the perception of changes in vowel identity.

The maximum on the loudness density.curve will
generally correSpond to.che most 1intense harmdﬁic. At low
fundamental frequencies, however, there will be more tﬁanv
one harmonic wi;hin a criticgl banrd which ﬁéy displace the
peak in the loudness density curve from the frequency value

of the most prominent harmonic toward an adjacent component.,

Two harmonics near the for;ant peak may have equai
loudness dehsi@y levels, and hence there will be competing
\
candidates for\\he most prominent harmonic, each specifying
a distinct vowellheight. The perceived guality of such a

vowel may be expected to be ambiguous'. If two harmonics are
equal in intensity (as in the synthetic stimuli used by
Mushnikov and Cﬁistovich) an examination of the louaness
dgnsity patterns may help to determine which harmonic is
pérceptually the more prominent. Sevefal alternative
methods for estimating the relative auditory promincncevof

harmenics will be considered below.

Peterson (1959) suggested that the frequency of- the

\

highest amplitude harmonic in the vicinity of a formant

might provide a relatively simple and.-reasonably accurate

4

'An alternative model may be considered in which
"prominence” is based or a "noisy" or stochastic
representation of the loudness density levels of the
individual harmonics. A random fluctuation in the loudness
levels of prominent harmonics can bé expected to produce: )
shifts in vowel height from trial to trial, and a multimodal
pattern of matching may be expected. The size of these
shifts will be determined by the harmonic spacing.
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measure of the formant frequency. However, this measure
will become increasingly less accurate at higher fundamental
frequencies, because the Sensity of harmonics is reduéed,
with a maximum error of £,/2. One -problem noted by Peterson
is that vowels with very close spacing of F1 and F2 and a
high fundamental frequéncy (e.g., a child's /a/) may contain
only a ;ing}e harmonic or pair of harmonics in the F1-F2
region. This problem will be cohsideréd further in chapter

four.

1f vowel height is determined exclusively by the
frequency of the most prominent harmonic, one would expect
that changes in F1 will lead to discrete shifts in vowel
quality (separa;ed}by interQags equal to the fundamental
frequency), rather than a continuous, gradual shift which
might be expected with more accurate estimation of first

formant frequency.
3.2.2 Local centre of gravity procedures

Local centre of gravity measures such as the first
spectral moment in the region of a formant have often been
used to estimate the frequencies of formant peaks from the

amplitude spectrum. The first spectral moment may be

defined as
3.1 Fm = Z,{(F,-S8,)/Z.5,

where S, 1s the spectrum level for the ith component and F.
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is its frequency. The range of summation is restricted to

-\v

the region of the spectrum spanning a formant peak.

The calculation of the first moment or weighted mean of

spectral components 1n the vicinity of a formant peak was

discussed by Lloyd (1896) and attributed to the earlier work

P
7o

of Hermann (who édoptedAa weighting of the amplitudes and

frequencies of the three most intense harmonics

in the

formant region) and Pipping (who proposed a weighting based

on log freguencies, 1n accordance with musical scales).

More recently, Potter and Steinberg (1950), Suzuki,

Kadokawa

and Nakata (1963), and Schroeder (1975) suggested spectral

moment calculations over selected fregquency ranges for

estimating formant frequencies. Suzukl et al. proposed that

a global spectral moment, computed over a broad freguency

range, might be used to Separaté the F! range from that of

rhe higher formants. This procedure provided fairly good

es-imates of F: and FZ, except when F2 was close to F' (as

in back vowels) or with high fundamental freguenc:es,
.
the vcoices of children.
Porser and Steinberg (1950: 8'') considered *that

~ &
~ -

as 1n

centre

gravity procedures could be used tce characterize che

perception of vowel sounds, suggesting that "the ear deals

with something akin 0 effective pitch centres of

e

oudness
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of the energy concentrations"”.

3.2.3 weighted mean of the two most prominent harmonics ' .
(FMPH2 hypothesis)

Carlson, gant and Granstrom (1975) reported the results
of an identification experiment with synthetic vowels in
which F1 varied along a continuum from /i/ to /e/. Five
versions of thisvcontinuum‘were generated, differing in
tundamental frequency (100, 115, 130, 145 and 160 Hz).
Carlson et al. found that F! values at the /i-e/ boundary
increased as a function of f,. Thesé boundary shifts did
not correspond to changes in the frequency of the most
prominent harmonic in the F1 region; their gradual nature
suggested instead a weighting of harmonics in the F1 region.
Carlson et al. 2 @ not observetan~abrupt discontinuity in
phonetic quality as F' passed from‘the fréquenéy of one
harmonic to another which would be predicted by the FMPH
hvpothesis. Instead, they proposed that height differences

£

in front vowels depend on the weighted mean of the two most

i

LS

rominent harmonics in the first formant region.

The relationsh}p'between F1 and harmonic levels in the
F' reglon 1s illustrated in Figure 3.1. Line spectra are |
shown for three vowels with a fundamental frequency of 125
Hz anc F‘_vélues cf 450, 500 and 550 Hz. It can be seen

that all harmonics in the F! region are affected by a change

:n formant freguency; those near the peak are affected most.
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Note the asymetrlcal shape of the formant (steeper high
frequency slope) 1nxall 3 spectra. - This asymmetry in
spectrum levels reflects the lowpass- nature of the first

formant (Fant, 1956). -

Carlson, Fant and Granstr m (1975) proposed that the
‘WELghted mean of the two most promlnent harmonlcs in the F1
regzon could account for the perceptuil effects of fo in

thelr 1dent1f1cat10n experlment They sugg&sted the

»

: follow1ng model:
3.2 . " Fu = (fi’wSr{'? f’lz'sa‘z)/(slm + S,32)

where f,, and ..z are the frequenc1es of the two most

promlnent harmonlcs iy and 1,3 S}} and S, 2 are their

loudness dens1ty=levels. Carison et al proposed a
.préEmpha51s of the spectrum in the reglon below 600 Hz by

6 dB/octave to approx1mate loudness equallzatlon Fm wa

cont1nuous funcﬂlon of the fundamental frequency, whereas

EA

. the frequency of ‘the ‘most. promlnent harmonlc showed abruptj
. . . r @

b? B | . >

dlscontlnu1t1es WIth ing reas1ng fo. The former appeared to

be morescon51stént wlth the perceptudi data than the %ﬁtter.

¢

- Y i R
AN .

There may be an<§§ait1onal facgo:\lnfluenc1ng these .
results Prev1ous studies have shqwn that £undamental '
~frequency changes may resuLt in perceptual speaker
normallzatlon" effects (Fuglsakl and Kawashlma, 1968
Alnsworth 1975)<\tThere is a correlatlon between ‘/ |

ges!
fundamental frequency and formant‘;anges 1n natural speech

/ L e e : RN 8 . . ' e
B & L . : : ’
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‘measurements (Peterson and ﬁarneyh 19%Z). Listeners in the.
Carlson et al. experiment'may have interpreted a change in
fundamental.frequency as reflece ting a change 1in the 1mp1;ed
speaker, and 1nd1rect1y, as a change in vocal tract size.
Slanson (1968) found that F1-F2 changes*of 10-15 ‘percent
_were needed to compensate for an octave 1ncreas§'1n f?ﬁ e‘
This perceptual compensation is 1n rough agreement wuftw
relationships it natorai speech data The extent to whlch }
perceptual compensatlon for changes in percelved speaker
'1dent1ty may have 1nf1uenced the boundary shlfts observed by

Canlson et al. is unclear It is therefore de51rable'to
: R
;obtaln evzdence from other sources as a further test of

thelr(hypothe51s.' ‘ ‘ o , .
O . . . w’.

Cor N v . S s
3.2.4 wexghtﬁ df‘ah of %ﬂ&reewmost prd!hment harmonxi
, (FMPH3’ hypothegis) ' o 3 4“:
: ‘ ‘ LI
},ﬁav« ;' Thls proposal was examlned by\Carlson, Fant and

; d G*aﬁs rom (1975) as an alternatlve to the FMPH2 hypdthe51s
Accordlng to thlS model the helght of & vowel deﬁ%nds on

.. th

welghted mean of the three most prominent harmonics:

0 - Lyie

o

3.3 Fm/= {(fi1‘Si;)'J (fi32°S .2) + (fi3 543)} / (Si1+su2+s‘3)

. &Va‘é
where S.1, S,z, and S, are the loudness den51t1es pf(lhe~ %y@@l
‘ o S
three most promlnent (contlguous) harmqplcs 1n the r%glon of
kY
the F1 peak, -and f,1,f.2 and £, are their frequenc1e§

~ °
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Carlson, Fant and Granstrom (1975) reborted that this

70

%&\measure ﬁasvmore strongly affected by changes in f¢ than the

welghtec fean of the twc most prominent harmonics; the
M;,!\ i . - .

effects of f, were larger than might be expected on the
basis of the identification data.

3

‘ 3.2.5 Weighted mean in the entire'F1‘region

ﬁ} - - . . . .
Each of the thotheses dlscussed above involves an

A ¢

2y

~explicit.isol czron and rarkzna cf the relat1Ve prominence.of

harmonic compon;nts ir the F1 range. 5Jf it s assumed that

ail harmor cs 1in the F1 region contrlbute equally to vowel

height, thls procedure may be unnecessary. Vowel'heﬁiht may

~

be estimated by the first moment (centroid) of the spectrum. .

balVer the entire F1 range. ‘ ‘
g ; , & . » . 3 .
’§§F. ) : . o Y4

"Beddor (1964) and Beddor and Hawkins (1984) used a

o

measure of tnis type to predict the results of a matching.

experiment in which listeners adjusted the first formant
r
‘reguency ©of a syqthet‘c oral vowel to match ‘the phonetlc

"

quallty of a correspondlng nasal vowel _ They computed the

centroid of the LPC spectrum (log magnltude versus_ N

'frequency) ;n ‘the F1 region of the nasa} retereqce voeeis.
It wasn;odEB(t;at Iisteners frequeqfly selecteépmatcﬁest
whose F 1 yalees'wére intermediate/between*F1«df"ﬁhe |
reference vowel aﬁd'its centroid. Centroid calcdﬁatiohs ,

appeared to a551gn too much weight to energy distant frgm

the F1 peak and\hence dld not yield accurate predlctlons?%

<

aL",‘r

ﬁ%%>

Wk
Rp
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" the oral-nasal matchingtdata. Nonetheless, the direction of
the departure from F1 matches was successfully predicted by

the centroid.

v

3.2.6 LPC based estimates of the first fornent'

There are a number of alternatlve procedures for

-

estlmatlng formant frequenc1es based on, models of. speech
product1on One of the moSt commonly used methods is LPC

analysis, which. m@ﬂels the speech waveform by means of an
L *

all-pdile dlgltal 'ﬂﬁé*;ﬁiMakhoui,.1975 Markel and Gray,

._;1976;. ' SR | /x/“b
' . o {g_/ 4
Kh:) . >

In LPC analy51s, speech sample p01nts are approxlmated

\
as a llnear comblnatlon of prev1ous sample p01nts. TQ&
* ' !? v ’
predictor coeff1c1ents are determined ‘by minimizing the mean

!
~

square error between observed and predlcted samples ‘"These
coefficients represen\\mhe fllter coefficients of the
- all- po;e model which - reff:cts the comblned effecbs oT the
'glottal 50ukce, vocal ract and rad1atlonAcharacterlstucs.
The all- pole model prov1des a close fit o vowel spectra,
tﬁ/\degree of 1nterpo;atlonv}s determlned by the number of
coefflc1ents.4 Because the error criterion a551gns greater.
we1ght to reglons ‘of. the spectrum whose«lnten51ty levels are
underestlmated by the model, the LPC,spectrum provides a
closer fit in the région;of spectral peahsvthan iﬁ;tpe. ﬁb

% spectral valleys (Makhoul,a1975; Rabiner and Schafer, 1978).

.- : 9 .
P Cd
™

)

A
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There are sé?eral alternative p;ocedures for
determ?ping the filter coefficients, including the
autocorrelation method, the covariancé meéhod} and the
lattice.methoé. ‘The'aut?cofrelatibn met hod is‘frequently
used‘in formant estimation. Formant frequenc1es can be

o
obtalned from LP€ analysis elthex by solv1ng for the roots
of the predmctor polynomlal or by evaluating the LPC

#
,,spactrum and usxng a peak selectloniﬁggorlthm to locate

4 T~

‘:\,:mtrals maxlma correspondlng to formants In the present
.

ysis thé autocoxrelatlon method was adopted -and Q‘peak
"(

selectaon algorlthm d%g appl1ed to estlmate the, - frequéﬁgxaof
Ea
the louest peak in the LPC spectrum ﬁ‘lf spectral

1nterpolatlon ffllo&ﬁd by peak siiectzon JS ‘a reasonable‘
, - w
model of the pesceptlon of vowel height, then 1tbnght@pe

T

expecued that LPC. based estimates of the F1 peak WIll

1 4 N
closely model the ‘matching dadb

. < ' ’ B ]
~ L .
. R o I
<> ‘; ,. LS

]

In tﬁe followlng matching experlments direct’ tests of
each of these hyﬁo*heses were carrled out. In addition
i

protedures derlved from each hypothe51s were 1mplemented and

comparlsons drawn between the resultlng pred1ct1ons and the

observed data.

4

,/ 1 —

»
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3.3 Experiment 1: The effects of harmonic amplitudes on

vowel height i :
S _ C

3.3.1 Introduction v

' The FMBH hyporne51s of: Mushn;ko

b

1973) %mta“’*ns that 1

- frequency of the mos "gaeyfbent'harmOnic in the F1 Tegion.

Harmonic amplitude t will have no effect on vowel
H‘hYpothesis} ‘uhless such changes

height, according tO‘%h;
‘ .

3 ’ . . L
alter the frequency location of the most prominent harmonic.

As the most prominent ha@monic,is'attenuated, therefore, a.

single discrete change in vbwél!‘i&ght is expected vwhen this

T .
harmonic is no longer the most ﬁ$0m1nent * An alternatlve
possibility is that vowelﬂmelght depends on a perceptual
welghgxng of two or more harmonics. (Carlson Fant and ' :)

4

'”%Grd%ﬁﬁkem, 1975). - If" SO%wlt ‘18 expected that attenuatlon or

- the most promlnent harmonlc will lead to a gredual shift in

\vowel he1ghtt ‘ E ¢ o é\

A matchlng experlment was de51gned to test these 2 -

4

hypothesegﬁruszng synthetlc vowel stlmull 51m11ar to those

dused by Mushnlkov and ChlStOVlCh (1971 1973) Llsteners

judged pa1rs of ;ynthetlc stimuli with respect to vowel )

he1ght. One member of the pair was a reference stimulus in

which a small number of harmonics (2-5) of equal ehﬁriﬁﬁdeb

v [
&
= .

VS
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,was substltuted for the flrst formant peak, with alTW.
. B N A

add.thonal components up to- 1.5 kHz set to'zero amplitude.

The other member was a matching stimulus from an F1 3~(‘
cont inuum Spanning the F1 range for the vowels /1 I e e c/ v
in Canadxan Engllsh (see FigPre 3.2). The reference st1mu11 f

a: ffered somewhat 1in txmbre from full spectrum synthetxc“

vowels, but the degree of approx1matxon to natural vowel

quality was not dlmxnlshed Their phonetzc 1dent1t1es were
preserveo and lxsaeners had little é§;?1culty labeling the
s@%hull as one of the Canadzan Engllﬁﬁfv05els /1 I e e 2/ ‘

(see Experiment 4).
. )

L
H

The 1mpor;gnce of the number of harmonlcs 1ﬁhe Fi

region was xnvestxgated as well as the effocts o the -
Ty
amplltude 1eve1 of the hlghest frequency harmon1c ("upper

s

-edge” condltxon) and the lowest frequency harmonlc ("lower

edge” condition). . : ' 4

3.3.2 Method

. Stimulus materials =~ B

' B

- All of. the stimuli were producedjdigitally at &

-

»sampling rate of T6 kHz using a PDP—IZ minicomputer and Ehe'

‘.\OS/B operat1ng system.' The amplltude spectrum for each of

&

o
the matchlng stimuli. was computed u51ng the cascade formant

synthe51s model with 6 formants (Fant 19607. ‘The ‘

contrlbutlons of each formant g2ottal source and radlatlon

' characterlstlcs and higher pole correctlon factor were

Ry
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Figure 3.2

2.4 2.2 2.0 1.8 l.6

(kHz) Males O---QO

Females H
. —

3

Average formant values for, the
front vowels of western Canadlan
Engllsh speakers -
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&
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calculated as described by Flanagan (1972: pp.217-218).

Thelfundamental frequency of.each stimulus was 125 Hz
(a typical male voice pitch). The 25 matchiné stimuli
formed an F1.continuum rangirng from 175 to 850 Hz, in 25 Hz
Steps Thc frequencxes and bandwidths of the 6 formants are
houn in’ Table 3.2. The freguencies of highér formants were
set closp to measured means, fcrmant bandwidths were 51qﬁdar

to the m%?ﬁbﬁgsuggested by Klatt (1980).

AR e v Ty

PR a1

»*Thé@h&?elxne stimulus used to produce each of the
oy
referena¢pﬁzfmull was drawn from the middle of the F1

contlnuum“AF1=500 Hz). 1Its ampl1tude spectrum was modified

-
11‘

to: gene:aﬂe a series of "upper edge” and "lower edge”

: ;raﬁcrenég stimuli.

q'ei:i‘g'e.‘stimuli Eighteen reference stimuli were
3 \‘|a
é‘ as follows All harmonics in the 0 to 1.5 KkHz

"f we?e removed and replaced wlth a band of either 3, 4,

0T 5 contlguous ‘harmonics, the lowest member of which was

always 125 Hz. The aleltude level of each component within

. LA E
the band was adjusted to the level of the highest ‘amplitude

harmonic in the F1 region of the baseline. stimulus. The

‘highest freguency component in the band, which was either

the third (375 Hz), ‘fourth (500 Hz) orffifth'(szsﬂﬁz)

harmonlc, was attenuated by elther 0 3,'6, 9, 12,‘or 15 dB,

}:‘\;

relative to the peak amplitude value. 'For convenlence, we

'will refer to this harmonic as the. upper edge harmonic in

gkbsequent discussions. Line Speitra for each of the 18

’ .
) . X\\\\

A\,



) -
T T T TS S P X I X T I X E AN IEENIIESREATRIIINRIXIIIER

Fi (see text) ’ Bi= 70 Hz
F2= 2125 Hz B2= 90 Hz
ﬂb_ : F3= 2750  Hz ‘B3= 150 Hz
~ - F4= 3625 Hz B4¢= 250 Hz
‘F5= 4500 Hz B5= 300 Hz ,
Fé6= 6000 Hz - B6= 700 Hz ¥

o

»

Table 3.1. Formant frequencies and formant bandwidths
for the matching and reference stimuli of
Experiment 1

‘-.;.:====‘=============8===8-======—=t===-==========:===========

‘ v'—\ :‘- . . . ‘

vreference stimuli (6 amplitudes x 3 component numbers) are
', shewn in Figure 3.3. The frequency region 0~1 kHz is shown

1nﬂthe flgure, harmonic levels at higher frequencies were,

N PR

1dent1cal“i‘3gach ‘of the reference stimuli.

. : ‘\v B
‘ %
. l'., . . »
~ ok .

"Lower edge" stimuli.) The 18 lower edge referénce stimuli

were produced by replacing the F1 region (0-1.5 kHz) of the

~

baseline stimulus with a band of either 2, 3 or-4 harmonics
of ‘equal agplltude, with the hlghest frequency harmonlc

fixed at 500 Hz®

The amplitude of each component w1tngn the band wag‘set
-

to the level of the harmonic of greatest amplitude ‘in fhe F1
. ,

'reg1on of the baseline stimulus.

N
,

—— - —— ——— ———— ————————

‘A 5 harmonics condition was 1ncluded in pilot studles, but
was replaced with the 2 harmonics condition when it was
discovered that stimuli in the former condition were very
similar, while stimuli in the latter condition differed 1n
vowel height.
- A\ ;
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We wi.l refer tc the lowest Irequency harmonic in each
sOve>t .

s:imulus (with a freguency of 125 HZ in zhe 4 harmonics

condic:on, 25C hz in the 3 harmonics condizion, and 375 Hz

in the 2 harmonics condition) as the lower edge harmonic.
This component was attenuated in 6 steps of 3 dB, ranging
from 0 to -15 dB, as in the upper edge condition. Line

spectra of each stimulus are shown in Figure 3.4. v

A single pitch period of each stimulus was generated
using addxtlve harmonic synthes.s, with all compenents 1in
sine phase'. A total of 32 sinusoidal components (all
harmonics up to 4 kHz) was summed. A number of pitch
periods were concatenated to produce a 250 ms stiéulus whose
onset ana of fset were smoéthed*Using the.initial and final’

half pertions of a 30 ms Hamming window. .

i

The set of 36 reference stimuli and 25 matching stimull
were stoted in computer disc files. 1In order to preserve
absolute ahpli:ude relations among the referef®e stimulil,
the w%veform of each one was scaled bf the,eage scale
“actor.“ This procedure was not adopted in the matchipg

stimuli besause of the wide range of peak amplltudee

(greater than 25 dB). Separate scale factors were theregore

used for each of the matchlng stimuli, 50 that the peak'\- :yj

5 ,‘A

RO R iy B
‘Indlv1dual pitch perlpds of spoken VGNels rapldly attaln 'ﬂ,*
maximum amplitude; "therpdacay exponentlally over the cour :é
of their du ation’ (Rosenﬁerg, H971). However, studies of %

phase sensitivity (rev1ewed in. secﬁlbn 23.2) have indicated’
that phonetic quallty in vowels is unaffected by changes in
phase. P ‘
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amplitude of the waveform was ;dentlcal in each one.
éﬁ -
’ ,
Procedure

_The stimuli were Sstored in computer disc files and
presented on-line using'a 10-bit D/A converter, and
transmitépd to a sound laboratory via shielded lines. ‘' The

A&

stimuli were bahdpass filtered using a Wavetek Rockland

‘Series 1520 filter (68 Hz to 6800 Hz, 24 dB/octave spectral

rolloff) and amplified using a Braun AG Amplifier (Type ‘,V
250) with modified output impedance. The measuredew
signal-to-noise ratio of the complete presentation system |,

(imcluding filter, amplifier and headphones) was

approximately 55 dB.

The signal level was checked by means of a Digital

Multimeter (Hewlett-Packard 3469B) at the beginning of each

. session, and adjusted to a level of 82.5 dB SPL for a 1 kHz

sinusoid with the same peak amplltude level as each of the
matching $timuli. The absolute \intensity setting was
established with the’%ié{Qi a Bruel and ij;Aartificial ear
(Type 4153)“calibrated“;ith'éﬂBruel and Kjaf Pistonphone -
(Type 4230). The signals were presented to listeﬁers in a

sound-treated room, and delivered to the right ear with 3;?'

J‘get OflTelethhiCS TDH49"headphones. The presentation

: levels ranged: from 79 to 85 4B SPL. The response of the-

entire system was frét (less than 5 dB maximum deviation) in

the }ange 100-Z000 Hz, as measured using a Bruel and Kjer
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'Frequency Analyzer (Type 2120)r ‘A block diagram of the

st1mulus presentatlon facllltxes 1s shown 1n Fxgure 3.5.

N .
e ) - . . . N

The stlmull were presented in palrs. The first member
of eagh pa1r was one of the 36 reference stlmulz. Dxfferent —
random1zat16n llStS were wSed to~spec1ty the order of . 1tems
for each repl1cat1on and for each l1stener. The second
member of the pair, presented after a 3 second 1ntra pa1r
.interval, was a matchlng stlmulus from the cont1nuum whose ’m
F1 value was determined by the posxtlon of a slide . lever |
adjusted by the subject. There were 2 replxcatlons of the
36 r;ference stimuli in each experlmental se551on, and each

"y

listener pompleted’s sessions.’

] The sllde lever used 1numatch1ng controlléd a

’ potentlometer which attenuated an input voltage of 5 volts ’
from a Lambdquual Regulated Power Supply (Model LPD 422

| FM) The output level was sampled through an A/D converter

,\and the entzre 5 volt range ‘was quantized into 25 equal

steps, each spec1fy1ng a 51ngle stlmulus on the F1.

, contznuum. A f1ve second 1nter pa1r 1nterval was used

Llsteners were 1nstructed to adjust the p051tlon of the
slide lever to f1nd the best match in vowel qua11ty.' When
satlsfred wlth the match they pressed a swltch on a response
box., The F1 value of the ‘best match was automatlcally
recorded and the’next pa1r was presented A pause button

wh1ch 1nterrupted stlmulus presentat1on was also avallable,

“to avold-llstener fatigue. Llsteners ‘were allowed as ﬂgny
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Figure' 3.5 Block diagram of stimulus presentation
; facilities o
~ ‘\\



tr1als as needed to arrive at a satlsfactory match. They

-~

were 1nstructed to ad]ust the p051t10n of the lever several
‘times for each reference stlmulus, 50 that the reference vas
compared with a number of ,matching stimuli. Experimental

sessions lasted approxlmately 15 .to 20 m1nutes.

Lisceners _— o o

Pl

Six l*steners (3 men and 3 womeh ranging in age from
25~ ;O years) completed the task. All but one had rece1ved
some prlor tralnxng in phonet1cs, and had participated in
other speech percept:on experiments 1nvolv1ng natural or |
‘synthetic stimuli. All had normal hearing (less thanz15 dB
HL) in the right ear as determined by audiometric test1ng

(Grason Stadler Model 1703B Recording Aud1ometer) None of

‘the subjects-had any-dlfflculty with the task.

3.3.3 Results and discussion
," ‘

The experimengﬁlvresults for the upper edge‘and loyer
edge'conditions differed substantially, and nili be
discussed separately. - \
. Upper edge'stimuli. Histograms of theimatchiné data
(representing the number of tlmes each matching stimulus wes
selected, for each of the 18 reference etinnli) are shonn,én
Flgure 3.6. Each 1nd1v1dua1 hlstogram represents a total;of
;60 matches (10 trials from each of the 6 liSteners). | |

-Ma;ches,are generally clustered around a single mode, with

I ! N
. . Ry
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&>
most m#kches‘within 100 Hz of-the mode. It is bpparent thaf
‘“attenuétidm of the upper edge harmonié;resul;e§ in gradua
shifts toward 1owe{‘;ptched F1 values, down to aﬁ ieast“-Q

¢
dB.

These gradual changés injﬁatched F1 atgué strongly

| agéinst the hypothesis’that vowel height matching depends
sélely on the‘frequency value of the most prominént

harhbﬁic; rather; ;hey suggést a perceptual weighting ofvthe S\

jevels of two or more harmonics.

/

The matébing data from‘gach listener vés summarized in
terms of the median matched F1 values across:the 10 trials.
Means ana standérd‘deviations,(acréss lisfqners)'of ;bg
mgaian F1 matches arglshowh in_Figﬁfe'3.7, Ther3v¢u£ves
fdllow a similar pattern, with a'frequenéy sebarétion.close
- to the spacing betuédh‘the harﬁ¢nic components (125 HZf. A
gradual decrease in>m§£ch¢d F1 is seen as the ahplitudé of
the upper edge harmonic'is reduced’. o

F
{

The F1 peak'of-the matchinévs;imuli wasbppsitidhéd_ngar'
the uppet_edge'harmohic of the reference. 'Attenuétidn of
_ihe upper edge harmohic led'to p_graduai*declihg in meén
‘matched F1, ;ndicating that the upper edge harmonic is:

important in matching judgements. Figure 3.7 indicatesvthat'

- ———— - h G - e .

'Gradual shifts can be observed in the data for each
individual listener (see Appendix A), eliminating the .
possibility that the shifts observed in the average data are
the result of single, abrupt shifts in the data from '
individual listeners which take place at different amplitude
levels. ‘ ' ‘ ' o ' ' :
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the mean matched F1 for the 0 dB stimuli occurs just below
the frequency value of the upper edge harmonic. Stimuli
with 15 dB attenuation were matched wﬂth mean F1 values

slightly lower than the second highest harmonic.

!

A repeated measufes analysis of varianee va berformed
on the median matched F! data with the factors LITUDE
(level of the upper edge harmonic) end‘NUMBER‘OF ARMONICS
. (3, 4, or 5 components in the F1 regibn). A significant
main effect was found for AMPLITUDE (F(5,25)=115.4; p<.001)
and NUMBER OF HARMONICS (F(2,10)=321.9 ;p<.001), but the

interaction of these two factors was not significant..

Post hoc tests (Tukey HSD procedure) were applied to
compare means within the éactor AMPLITUDE (Table 3.2).
S1gn1f1cant differences were found between most pairs of
means:  lower F! matches were selected with 1ncrea51ng B
attenuation 1f vowel height is determined solelyvby ‘the
frequency of the sxngle most prominent harmonxc, one would
' expect at most one Shlft in matched Fluith progress1ve
attenuation of the most. prominent Hermonie. The finding of
~more than one statistically significant shift with
aftenuat;;thT\%he\pppei edge harmonic. indicates that the
FMPH hypothesis can-be'fejeétiﬁvx

' Informal listening to the entire set of reference stimuli
suggested instead a fairly continuous change in vowel he1ght
with decreasing amplxtude and number of harmonics, ranging
from 0 dB attenuation in the 5 harmonics condition (an
/e/-like vowel) to 15 4B’ attenuation in the 3 harmonlcs
cond1t1on (an /i/- llke vovel).

¥
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0 . -3 -6 -9 -12 -15 dB

0 1.2 51,9 97.8ss 100.7ss 111,1ss
-3 . 40.7%s  B6.6%» 89.4ss  99.9es
-6 S 59.2» 48.79%s 48,9
-9 . ' 13.3 2.8
12, A 10.5 -

g
Table 3.2. Differences in means and s1gn1£$ e"levels th‘*}*

- for Tukey HSD tests in the uppex edge or, W
condition of Experiment 1 Sk

..-..-I.-.I--------.---.--!’---’“--!--I-'---.--.--------.--

T,

.

The reference stimulus with 0 dB attenuation in the 4
harmonics condition may also be viewed as a 5-harmonic
stimulus uith'compléte attgnuatidn of the upper edge
harmonié; the 0 AB stimulus in the 3 harmpnics condition may
be considered as a 4 harmonic stimulus with complete
attenuation of the upper edge harmonic. In both cases, the
~ -15 dB stimulus is matched slightly higher th#n the
corresponding stimulus with full attenuation of the
4 harmonic, suggesting tha; a small difference in vowel height

mey be detected.

-

Amplitudé spectra are shown {n the upper portion of
Figuze 3.8 for each reference stimulus and its best match
(medians from 10 trials x 6 listeners). In the bottom
portion of the figure, 6 dB/octave preemphasized spectra are

shown for the same stimuli. The most prominent harmonic in
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Figure 3.8 Line spactra of the upper edge -
reference stimuli of experiment
* one, (), and‘best’matching
stimuli, (b).
Top panel: unpreemphasized spectra

Bottom panel: spectra with 6 dB/oct
preemphasjs ’
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.

the amplitude spectrum of the matching stimulus coincides
with the upper edge harmonic in all of the 0 dB and -3 dB
stimulif and with the adjac;nt harmonic for reference
stimuli wfth more :hhn 3 dB attenuation.,  Listeners do not
appear to use a global averaging procedure, since this would
predict lower F! matches to compensate for the absence of
energy in the F1 region above the upper edge harmonic of the

reference stimuli.

The twc most prominent harﬁchics in the preemphasized
spectra of the matching stimuli are aligned in nearly all
cases yith the upper\gdge and adjacent harmonic of the
reference. The preembhasized spectra of "best matched"
vowel pairs appear to be more similar in shape than the

corresponding unpreemphasized spectra. &

2. Lower edge stimuli. Histograms of the matching data (10
trials from 6 listeners) are shown in Figure 3.9 for each of
thé lower ’edge stimuli. Unlike the upper edge condition,
the effects of amplitude are very small, and there do not
appear to be systematic changes as a function of amplitude.
There is a trend, however, toward higher F! matches with

decreasing amplitude inﬁtge 2 harmonics condition,

Median matched Fi values were determined for each
listener. Means and standard deviations (across the 6
listeners) are shown in Figure 3.10. A repeated measures
analysis of variance was conducted on the median F1 match

values, as described previously for the upper edge stimuli.
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Figure 3.10 Mean matched Fl values for the lower
' ‘ edge condition of experiment one



No significant main effects were found for AMPLITUDE or
NUMBER OF HARMONICS. However, there was significant'

interaction of these two factors (F(10,50)=2.62; p<.02).

.

Tukey HSD tests indicated significantleffects of
amplitude only in the two harmonics condition. These
“involved comparisdns between the 0 and -9 4B conditions (a
difference of 33.3 Hz; p<.05) and 0 and -15 dB aonditions (a
difference of 41.7 Hz; p<.01). The general trénd toward
higher‘F1 matches with decreasing amplitude of the lower
edge harmonic is consistent with a change in the centre of
gravity or weighted mean of the 2 harmonics: a decrease in
the amplitude of the lower edge harmonic raises the apparent
vowel height, while a decrease in the amplitude of the upper
edge harmonic lowers it. However, the maximum shift for the
lower edge condition (with 0 and -15 dB attenuation) was
only 42 Hz, less than half of the F1 shift observed fo;

corresponding stimuli in the upper edge condition.

-

These findings indicate that at least twc prominent
harmonics‘can affect vowel heigﬁt. Attenuation of the upper
edge harmonic lowered the mean matched F1, while attenuation
of the lower edge harmonic resulted in significant shifts
only for the 2 harmonics condition, where significantly
higher F1 matches were ébserved. Shifts in the lower edge
condition were smaller than corresponding shifts in the
upper edge condition. In both upper and lower edge

conditions, the F1 peak in the matching stimulus was often
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close to the.frequency of the upper edge harmonic of the

reference. . o : ‘ :

3.3.7 Predictions 4f the matching data
_ | e matchin 3

In thlS sect1on several spectral measures for
predlctlng the matchlng data will be cons1dered ' These
measures are derived from the hypotheses con51dered 1n
section 3.2, and will be used to prealct the "best match"

i(along the F1 cont1nuum) for each reference st1mulus. The
‘relatlve merits of dlfferent hypotheses can be assessed in
terms of the degree of fit of the predictrons to the

observed,data. o R
. Y s e |l "b‘ \l ‘
Spectral measures X, and x,‘were computed for each
; 2
reference stlmulus i and each matchlng stimulus j,
respectlvely. These measures were used to calculate ‘a
’speCtral distance,D,; between regerence stimulus i and
matching stimulus j: | ' v .
3.1 Dy = |%i7E|

In preliminary. analyses, a mlnlmum dlstance crlterlon was

used to determlne the predlcted match for each reference

stlmulus. However, this crlterlon was found to be
~unsatisfactory because it often happened that several
\matchlng stlmullctere egquidistant from the reference.,iFor

this reason, a ve ghted spectral 51m11ar1ty measure’ was



adopted.
(1) For each matching stimulus j, a weight W, was calculated
'as the inverse square of its spectral distance to reference

stimulus i:
3.2 M, = 1/(&.-X))?

where X, and X; are the measured values for the ith:

feference stimuli and jth matching stimulus’.

'

(2) The F1 value of the predicted match forbthe‘ith

reference stimulus, PF1,, was computed as:

3.3 PF1, = E?’_(F1J~w,) /'z'}J W, _ /
B . . . / /

Where.F1; represents the nominal gi.value (the éctugf
fotmaﬁtVGalue épeéified for the sYﬁthesizer)'of'tEé/jth,
mat#hihg stimulus,lénd nj :epfeéehts the total gﬁaber of
&gfching'stimQIi,U The RMS distance between'obﬁgrved‘and

predicted F1 values was computed as an index/éf the degree
. . ! /‘/

 of fit:

‘

3.4 RMS = [1/(ni-nj)Z}' ZL* (OF1,,-PF1,)2]""?

where OF1,, represents the median matched F1'value for the
“ith reference stimulus from the kth listener; ni is the
total number of reference stimuli and nk is the total number

- ——— —————— - —— - - o= = N

vPhis formulation takes into account the relative proximity
of all matching stimuli to the reference (rather than just
the closest match). Matching stimuli which are close to. the
reference (i.e. with the smallest values of D, ;) contribute
more to the weighting function than those which are' distant
from the reference. S ' '
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of*;isteners.

A
N,
A

N y

We will first con51der several local piak est1mat10n
procedures, based on prom1nent harmon1cs near the flrst
formant peak. ‘Each procedure uses as its starting po1nt the
harmonic l1ne spectrum dE the vowel spec1f1ed by the
synthes1s procedures descr1bed in section 3.3.2, For vowelsf
with fundamental frequenc1es greater than approxxmately 100
‘Hz; the separatlon of harmonics in the F1 regxon 1s larger

- then the crlclcal ‘bandwidth, Psvchophys1ca1 data from

several’ sources 1nd1cates that these components}can be

x
e o

resolved by the ear, It is 1mportant, therefore, to g

‘consxder the harmonic structure of. vowels'infthe perceptlon

of Fi1 d;fferences. | Ry ',,‘~ﬂ¢f? ;f’ o

 FMPH hypothesis

P

The results of-this experiment—have provided direct
evidence thet vowel‘height is not determined exclusifgyy‘by
"~ the frequency of the most promlnent harmon1c in the F1
region as proposed by Mushnikov and ChlStOVlCh {1971). ‘f“;\
However, it is still of interest to see how well predfctions\

based on the'frequency of the most prominent harmonic can

account for the matching data.

We will define the "F1 region" as the frequency range
_ up to and including 1.5 kHz; the expression "F1 harmonics”
will be used to refer to components within this range. This

range will always incorporate the F1 peak, but will also
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include F2 in back vowels (e.g., see Peterson and Barney,
¢ o ’ : o
1952). The problem of formant range overlap will be

considered.in chapter four.

The "most prom1nent harmon1c" was 1n1t1ally defined as
the 1argest component - in the F1 region of the ampl1tude |
| spectrum. For 31 of the 36 reference stimuli, there were 2
or more. F1 harmon1c§ with the same peak amplltude. Having

noted that the F1 peak was aligned near the upper edge

harmonic, it was decided to select the\hlghest frequency

component in case of a tie. 7
Predlctlons based on the frequency of the most ‘

promlnent harmon1c in the F1 region of the amplltude
spectrum are shown in Figure 3.A1 (solid lines) along with
the observed means (dashed lines). Predicted Fis for the
upper edge cond1t1on were mostly w1th1n 100 Hz of the

~ observed means. The overall RMS distance between observed

and predicted Fl1s was 50.9.Hz.

o The predlcted values show a 51ngle, abrupt decline
between between 0 and -3 dB: with more than 3 dB attenuat1on
'the predlcted F1 values are constant. The difference
between the predlcted F1 values in the 0 and -3 4B
cond1tlons was close to the average separatlon of the 3
curves; however, the observed shift was a gradual one,

suggesting a weighting of 2 or more harmonics.
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Model predlctlons for the upper edge

condition of experiment one based on -

the frequency of the most promlnent
harmonlc in the .F1 region.
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‘Dashed lines indicate harmonlc
frequencies .
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 Predictions in the lower edge cond1t1on were constant;
all reference st1mu11 were pred1cted to be matched with the

same F1 value, close to the upper edge, or fourth harmonic.

These pred1ct10ns resulted in an RMS value of 61.5 Hz. The

predicted values were close to observed means, but falled to
account for the,1ncrease ;n matched E1 w1th attenuatxon of
the‘loﬁer_edge’harmonic_in the 2 harmonics condition.
T-tests vere carried‘out to.compare_the;observed'
medians with predlctlons based on the FMPH - hypothes:s.‘
‘S1gn1f1cant dxfferences (p<.05) were found for 9 of the 18
upper edge reference stlmull and 14 of the 18 lower edge
reference StlmUll, 1nd1cat1ng a sxgn1f1cant lack of fit for

a substantial proportlon of the stimuli.

,Excitation’and loudness pattern model predictions

Predicti ns based on the freQUency‘value of the'largest
' amplltude harmonic* in the F1 reglon do not account for

-~

'1certa1n 1mpo tant features of the match1ng data. However,

}Mushnlkov an Chlstov1ch s (1971) hypothe51s actually states

that vowel e1ght dxfferences'depend on the frequency of thef
»_most prom1 ent harmonic in the low frequency reglon of the

udltorz svectrum, or 1oudness den51ty pattern (Zw1cker and -

Feldtkeller, 1967; Schroeder, Atal and Halil, 1979).

To nVestigate this hYpothesis,‘excitation patterns

e

were cabculated us1ng the model\proposed by Sekey and Hanson:

(1982)/ A fllterbank analy51s was performed using a set of.
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critical band filters, evenly'spaced'aﬁ .1 Bark intervals
along'the scale of critical band rate, from 0 to 10 Bark,
Each filter had a bandwidth equal to one Bark, with a filter
shape inferfed.from‘osyohophysical,data (Zwicker, 1963).

The low frequency skirt had a +25 dB/Bark'slope, vhile the
high frequency skirt declined at a rate of -10 dB/Bark
(Sekey and Hanson, 1982) Fi}tering was simulated by
welghted summation of power sAectra. An equal loudness
preempha51s function was applied (Hermansky, Hanson and
Wakita, 1985), followed by a .3 power transformation taking
into account the relationship between intensi€§ anahloudnéss

(Stevens, 1966).

An alternative model proposed by Moore andvélasberg'
(1983) for calculating excitation patterns was also‘o
;nvestigatsd. Their prooedure, which was discussed in
section 2.3.6, employs a ‘rounded exponential f1lter shape,
with filter characteristics 1nferred from notched ‘noise

.mask1ng data (Patterson, 1976). The bandwldths_of the
'filters are somewhat narrower thao critical bsnds, and -
continoé‘to decline below 500 Hz where the oriticsl

| ,bandwidth is nearly constant. Filters‘were separated by a

frequency interval of 7.8 Hz.

Excitation patterns for each of the reference stimuli
based on the model of Sekey and Hanson (1982) are shown in
Figures 3.12 (upper edge condition) and 3.73 (lower edge .

condition). Each pattern‘represents'the excitation level
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- :

(in dB) as a function of the critical band rate (in Bark).
The low frequency region ‘(0 to 8 Bark) is shown here.
Individual harmonics (with the exception of the attenuated

harmonic for some of the stimuli) are clearly r.solved as

peaks in the excitation patterns. Note that wh;_e the “depth

of the valley between each peak decreases with Marmonic

rank, the level of each peak is fairly similarjﬁﬁ'here are

small differences in the héights of the peéks:

Predictions based on the frequency of the largest peak
in the F1 region of the loudness pattérn gave very similar
results to predictions based on the frequency of .the most
prominent harmonic 'in F1 region of the amplitude spectrum.
The loudness pattern model resulted in an RMS distance of

51.9 Hz for the upper edge condition, and 51.8 Hz for the

lower edge condition.

Analogous results were obtained using the excitation
pattern model of Moore and Glasberg (1983). FMPH
predictions based on the excitation patterns were very

similar to those based on the amplitude spectrum or loudness
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pattern.

FMPH2 hypothesis

The model of Carlson, Fant and Granstrom (1975) was

- applied to the reference and matching stimuli to obtain
_predictions of the matching data.. Cérlson et al. did not
describe an explicit procedure for determining the relative
prominence of F1 harmonics, but the following proc?dure will
be adopted here: ’

(1) The most prominent harmonic 1, was identified by
searching the F1 reglon of the spectrum for the largest
component, selectlng the higher frequency component in case

of tied values:
3.5 iy, = 1, Ai.y S A > A,

(2) The second most prominent harmonic i, was identified as
the larger of the two adjacent harmonics (selecting the

highér freguency component in case of a tie):

3.6, i, = 1,71, P:H-,?A.m
iy+1, _An.\ZAia-\
4
An alternative forhulation, which effeciively combines
(1) and (2), involves the calculation of the sum of all
pairs of harmonics in the F1 region; harmonicé i, and i, are

selected as the pair with largest sum, Ay + Aiz. It should

be pointed out that both of these procedures involve a
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harmonic adjacency constraint: only contiguous components

are included. This avoids the possibility of selecting one
component from the Fi peak region and the other from the low
frequency region (associated with the peak in the glottal

source spectrum).

predictions of the upper edge matching data based on
the two most prominent harmonics of the amplitude spectrum
are shown in Figure 3.14, The predicted F1 Qalues are
constant at all attenuation levels except the O dB condition
where higher valuei are predicted for all three conditions.
The pattern is similar to that of Figure 3.11, pfedictions
based on FMPH, but lead to a higher RMS value of 66.7 Hz.
The upper edge harmonic is not included in the weighting
formula, except in the 0 dB condition, because it’does not
qualify as one of the two most prominent under the criteria
stated above. Predicted F1 valuegﬂpased on the weighted
mean of two harmonics were lower than those based on a
single harmonic: the second most prominent harmonic lowers

the weighted mean.

Predictions of the lower edge data based on two
harmonics led to a smaller/RMS value (39.5 Hz) than
predictions based on FMPH (61.5 Hz). According to the
former model, the predicted F1 values are constant for all
attenuation levels in the 3 and 4 harmonic gonditions. For
the 2 harmonic stimuli, attenuation of the lower edge

harmonic resdlts in an increase in predicted F1. With more
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Figure 3.14 Model predictions for the upper edge
condition of experiment one based on
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N

-



—~-- observed
Fl means

(b) 6 dB/octave preemphasis ——s predicted
Fl

- e e e T W e e e e e SR @R G me mm eme o R e e g

=15 -12 -9 -6 -3 0
Attenuation of upper edge harmonic

14 Model predictions for the upper edge
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pectral estimation procedure as employed in linear
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?4?; not substantfﬁlly different, in the reglon above 600 Hz.

s
. Preempha51s was therefore applled to-all components in the

F1 region.

1

Predictions for hhe upper edge condition based on the
welghted mean of the two most promlnent harmonics of the
preempha51zed magnltude spectrum are shown in Flgure 3.14.
There ‘is|a clear 1mprovemenc in predictions, with an RMS
error £ 46 1 Hz, compared with predlctlons based on
unpreéppha51zed spectra which led to an RMS value of"

66.7 Hz. The predlctlons are closest to the observed means
‘ihpthe two lowest curves; there appears to be a systematlc
underestimation'of the observed F1 matches at higher
frequenc1as In the 1ower edge condltlon, 6 dB/octave

-

preempha51s resulted in predlctlons which were sllghtly
o

.

closer‘to the observed data than those based on the

unpreemphasized_spectrum (RMS error=37.9 Hz).

\

f—tests were carried out to compare the observed
medians with predictions based.on the FMPH2 hypothesis
‘(preempha51zed spectra) . Significaﬂt'differences (p<.053
were found for 10 of the 18 upper edge reference stimuli (2

. ”
of the 3 harmonic stimuli, 2 of the 4 harmonlc stlmull, and

R

all 6 of the 5 harmonic stimull), 1nd1cat1ng.a lack of fit,

particularly in the 5 harmonics condition.. For the lower

edge condition, only one of the 18 predicted values differedlcb:

significantly froﬁithe observed_data, suggestinb that a-‘good
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fit is prov1ded by the FM?HZ model

Exc1tatlon and loudness pattern model predictions
-
The relatzve aud1tory prom1nence of components in the

F1 reglon may be affected by masklng, even if each harmon1c
is separated by ‘a’ frequency 1nterval greater than the
critical bandw1dth Masklng studies have~demonstrated that
the auditory fllters do not have 1nf1n1te1y steep |
\attenuatlon characterlstlcs; 1nstead they have gradually
sloplng skirts (for a rev1ew)'see Patterson and Green, 1976,
'and sectlon 2.3. 4). Masklng patterns are typlcally
asymmetrlcal;.wlth steeper low frequency slopes. Thus the
masking effect of a ‘one whlch 1s_lower in frequency'is
greater_than one.wﬁich‘ishigher in‘frequency, an effect
known”as'the "upward spread of masking". The present data,
hoWever 1nd1cate a larger contrlbutlon of components whlch

are h1gher in }requency

‘{‘ I

The etﬁects of masking'are reflected in the excitation
and loudness’patterns described aboyef Harmonic,components
appear as peaks or local maxima in these patterns; the
degree of contrast between the peaks and valleys in the
pattern prov1des an 1nd1catlon of the spectral resolutiaon of
dthe harmonic component. A peak- finding algorithm was\
appl1ed to each spectral pattern to estimate the-frequencies
and amplltudes of'%he harmonics. The most prominent

harmonlc, i1, was deflned as the largest peak in the F¥



region and tne second most prominent; i, as the largest
addltlonal peak in the freguency region f.1+200 Hz. The
weighted mean of ‘the two most p*om1nent components was
computed accordlng to the model of Carlson, Fant and
Granstrom (1975). 1f no peaks occurred in a 200 Hz region
around the largest component, the adjacent harmonics were
assumed to have a negllg1ble contribution and the frequency

of the 1argest peak was used.

Predictions of the matching data based on several
~excitation and'loudness pattern models are summarized in

Table 3.3, and compared with predlctlons based on the

//

amp11tude spectrum, as descrlbed in the previous section.
_ o

Model one appiied'the procedure described by Sekey and
Hanson (1982) to obtain excitation patterns specified in
linear power versus Bark4Units, Model two was based on the
procedure of Moore .and Glasberg (i983) resulting in
excitation patterns spec1f1ed in units of linear power
,versus frequency 1n Hz. An equal loudness Dreempha51s
funct1on (Hermansky, Hanson and Waklta, 1985) and .3 power
transformation (Stevens, 1966) was applled to the excitation
patterns (models one and two),to ‘obtain loudness patterns
(models three and four, respectlvely) | For comparlson
purposes, models five and six ‘show predlctlons based on
unpreemphasized and preeﬁphasized'amplitude spectra,

-

respectively (see previous .section).
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" upper édgé conaiti6h'  lower edge condition

moc . PMPH  FMPH2 .  EMPH - FMPH2

1 75.6 . 66.6 - 61.5 39.9

2 70.1 66.1 51.8 40.0

3 51.9 45.8  51.8 37.7

4 54,1 | 57.8 51.8. . 39.5

5 50.9 66.7 61.5 39.5

6 50.9 46.°1 61.5 ~ 37.9

Table 3.3. RMS error values for several models.
Model 1: Excitation pattern (1) o

Model 2: Excitation pattern (II):

Model 3: Loudness pattern (I)

Model 4: Loudness pattern (11) _

Model 5: Amplitude spectrum (no preemphasis)
Model 6: Amplitude spectrum (6 dB/oct preemph.)

 FMPH and F2MPH: predictions based on the fregquency

~of the most prominent. and weighted mean of the two.
most prominent harmonics, respectively, as estimated

from the excitation or loudness pattern (see text).

Predictions based on the auditory m&dels did not result
iﬁ spbs;antially better'predggtions of the matching data.
Loudnéss pattérn predictionégghodel three) using the

-weighted mean of the two most prominent components gave"
slightly betterlresults than those based oﬁ excitation
patterns or ampiitude sé;étra. However, none of'thé
auditory models;prdvided‘substantially better pesults thén
corresponding anélySes based on 6 dB/octave preemphasiéed.

spectra. Predictions based on a weighting of the two most .

prominent harmonics generally .gave better resdlts than



113

-predictions based'on the frequency,of the single most

prominent harmonic.

FMPH3 hypothesis = e

' Carlson, Fant and Granstrom (1975) con51dered the
poSS1b1l1ty that boundary ShlftS along the /i-e/ cont1nuum
w1th}}ncreaszng fundamental freqoency might beiaccounted for
by an;eoual'wéighting of the three most prominent harmenics
in the'F1xregion. They found“that the weighted mean of the
three most promlnent harmonlcs did not coincide closely: wlth

the nom1nal F1 values, and they noted 1rregular1t1es vhich

Fwere not reflected in the identification data.

.The welghted mean of the three most promlnent harmonics
"waslcomputed for each reference and matchxng stlmulus, u51ng
" the cr1ter1a descrlbed above to obtain the 2 most promlnent
"harmonlcs, and deflnlng the third most prom1nent as the

largervof.the two harmon1cs~ad)acent to the pair. The

‘higher_frequency component was selected in case of a tie,

Predictions'based on threeﬂharmonics led to higher Rﬁs
error_rates than prediotions based on two (RMS=52,8 Hz for
the lower edge condition, 79.5 Hz for the upper edge
condition\ Six dB/octave preemphaSisvof the spectrum
1mproved the predlctlons somewhat (RMS error = 48.9 Hz for
fthe lower edge condition, 54.1 Hz for the upper ‘edge

CQndltLOH).
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.The reason for these'lower RMS values is illustrated in

'Flgure 3.15, a plot of the pred1cted and observed F1 values'

for the upper edge data u51ngvthe wexghted mean of the three
" most prom1nent harmonlcs 1n the Fi reg1on of the ampl1tude
F'spectrum. Predlcted F1s are generally lower than observed

means., The d1screpanc1es are largest in the 4 and 5 -

harmonic cond1t1ons..‘

without preemphasis (panei‘a) the 4 and 5 harmonic

cond1t1ons are pred1cted to have a single dlscrete change as

. the upper edge harmonic is attenuated. .The upper edge

harmonic is not included as one of the three ‘most pron1neht,dl
except in the OldB COndicion.' Predicted Fis are
-substantiallyrlowervin'frequency than obserVed means.  With
preemphasis,ﬂpanel b) the.predicged Fis followhthe oeneral
pattern of gredual changes in‘the matching date, but 511 of
thevpredféfions are too low in frequencyll itiappears.that
“this model assxgns too much weight to the lower frequency

' ‘harmon1cs of the reference stimuli. in the 2 harmonlcs

condition.

T-tests were carried out, comparing observed medians
‘,and-predictions based on the FMPH3 hypothesis. Significant
differences (p<.05) were found for 9 of the 18 upper edge

reference stimuli and 6 of the 18 lower edgepreference
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~=-=-— observed
Fl means

o——o predicted
F1

(aB)

. Model predictions for the upper edge
condition of experiment one based on

the weighted mean of the three most
prominent harmonics. (a) 5 harmonics

(b) 4 harmonics (c) 3 harmonics condition
Dashed lines indicate harmonic freguencies
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’

stimuli, reflecting the discrepahcieé*hgged above.
| ) .

‘Weighted mean in F1 region £

&

If it is assﬁmed‘that all cdmpﬁpents in the region of
the first formant contribute equaliy to the perceived vowel
height, then the centroid computed over the full F1 rahge
maY-provide,accurete predictions of the matching data. The
advantage of this procedure is that there is no need to ]
determine the exact location of harmonics, and that it can
be appliedbto vowels w%th a noise source or mixed
excitation. The main problem with such a procedure is
defining the ranges of F1 and F2; in natural speech

measurements there is considerable overlap (Peterson and

Barney, -1952).

The. F1 range for the present;study was defined to be
0-1.5 kHz, which includes virtually the entire.range of F1
~ values opserved in human speech. This 1imit excludes F2 in
front vowels but not in back and central vowels. |
Pred1ct1ons based on the centroxd of all components in the
,'FI range led to higher RMS values than analyses based on a
small number of harmonics near the formant peak, for both
upper and lover edge condltlons. RMS error rates for,
pred1ct10ns of the upper edge condltlon are shown as a
‘functlon of the number of harmonics used in the ;eightihg

funct;on,ln Figure 3.16. Sguares represent p:ediCtions

based on unpreemphasized spectra, while triangles repreSent

-
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Figure 3.16 RMS distance between observed and predicted
" F1l match values for the upper edge condition.

of experiment one as a function of the :
number of harmonics used to calculate the
-weighted mean.
Squares represent calculations based on
unpreemphasized spectra; triangles,
calculations using 6 dB/octave preemphasis .
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predictions using 6 dB/octave preemphasis of the amplitude
spectrum. As more harmonics are added (in order of
prominence, using the procedure described for two and three
harmonic calculations) the predictions become consistently
-worse. The lower harmonics ofﬁthe reference stimuli appear
to carry too much weight, and the predictéd Flis are
consistently lower than the 6bserved. The best bredictions
(lowest RMS values) were obtained fbr the yeighted mean of
the two most proﬁinent harmonics of the preemphasized

spectrum.

It is'possible that a weighfiﬁg function which
incorporates more than two‘harﬁonics, bﬁt assigns smaller
weights to those further from the peak, may result in
improved prediqtions of the matchingbdata. Further
empirical data are needed to determiné to what extent these
additional components are incorporated in the perception of

vowel height.

Choice of amplitude scale

_An additional variable which affects calculations of
the Centre of gravi£y is the choice of scale in representing
spectrum levels. There are a number of possibilities: e.g.
‘amplitude, intensity, or approximate loudness scales.
Several alternatives were explored in predictions of the
upper edge matching data. Pfedictions based on the weighted

mean of the two most prominent harmonics were little



119

affected by changes in scale (see Table 3.4).

Harmonic selgction criteria

A more important variable than the qice of amplitude
scale appeared to be the nature of the crigeria used in
selecting the two most prominent harmonics. The most
important factor appeared to be the inclusion of the upper
ed;e harmonic and adjacent lower harmonic of the reference
stimulus. With 6 dB/oétave preemphasis of the spectrum,
these two harmonics were sele-ted as the most prominent for
about two- thlrds of the upper edge reference stlmulx. For
the remainder of the upper edge reference stimuli, two
contiguous lower frequency harmonics were selected, with the
result that the predicted Fis were often much lower than the
observed F1 match Qéfb%s. This discrepancy’ was gréatest~in
the 5 harmonics cond1t1on,\a consequence of the fact that
higher frequency compogents are affected to a lesser extent

by 6 d8/octave preemphasis of the spectrum,

S

I1f two harmonics are employed in the weighting
function, it appears to be necessary to include the upper
edge harmonic over a wide range of attenuation levels to
account for the data in both upper edge and lower edge
condltlons Although ihe weighted mean of the two most
prominent harmonics in the preemphasized (on a dB/octave
basis) spectrum provides a reasonable first approximation to

the matching data, it incorporates a frequency dependence in
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RMS error (Hz)

k p o] lower edge uPﬁer edge nominal F1
1 0 1 61.5 50.9 40.3
2 0 1 39.5 66.7 40.0
3 0o 1 52.8 , 79.5 50.7
1 1 1 51.8 49.1 35.3
2 1 1 37.9 46.1 14 .1
3 1 c 48.9 54.1 .20.0
1 0 2 61.5 50.9 40.3
2.0 2 - 40.0 65.6 31.6
3 0 2 50.7 84.2 37.2
1 1 2 51.8 48.1 35.4
2 1 2 38.5 45.2 7.5
3 1 2 43.3 49.9 15.1

k= number of harmonics in weighted mean
p= preemphasis (0= none, 1= 6 dB/octave)
g= amplitude exponent (1= magnitude, 2=power)

Table 3.4. RMS error for predictions of the matching
data in the upper edge and lower edge
conditions of Experiment 1, using the
weighted mean of the k most prominent
harmonics, and estimates of the nominal F1
values of the matching stimuli

rhe resulting predictions which is not present in the

observed data.

LPC analysis and F1 estimation

Most of the measurement procedures consideged up to
this point have involved essentially local operations on the
spectrum, taking into account only energy in’the immediate
vicinity of the first formant peak. An alternative approach

is to take into account the entire spectral shape using a
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global spectral estimation procedure as employed in linear
predictive coding (LPC) analysis (Makhoul, 1975) which 1is
often used in formant measurement (e.g., Markel, 1972;

McCandless, 1974; Christensen, Strong and Palmer, 1976). :

Each of the matching and reference stimuli of
Experiment 1 was subjected to an autbcorrelation LPC
analysis Qsing 12 predictor coefficients, following 6
dB/octave preemphasis of the spectrum (Markel and Gray,
1976). | ‘

The LPC log magnitude spectra foQ~the 18 upper edge
stimuli are shown in Figure 3.17, and for the 18 lower edge
stimuli in Figure 3.18. Several features of these spectra
should be noted. First, each one contains a single maximum,
in the vicinity of the upper edge harmonic. Second,
attenuation of the upper edge harmonic (Figure 3.17) results
in a decrease in peak freguency. In Figure 3.18,

attenuation of the lower edge harmonic leads to an increase

in the peak location, but only in the 2 harmonics conditiocn.

The frequenéy of the largest peak in the F1 region was
determined for the reference and matching.stimuli, and the
resulting measurements were used to predict the matching
data. The predicted Fis and observed means are shown for‘
the upper. edge condition in Figure 3.19. The predictions
are very close in both conditions} The RMS efror was 39.9
Hz in the upper edge condltlon, and 36.9 Hz in the lower

edge condition. A global spectral fitting procedure thus*
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'provides estimates of the F1 peak location which yield very
close predictions of the matching data. in the 2 harmonics

condition,

/
T-tests were carried outhto cempare the observed

medians with predictidns'based ou LPC estimates of F1,

Significant differences (p<;0$) were found for 11 of the 18

ubper edée reference stimuli and 1 of the 18 lower edge‘ |

- reference stimuli. The results areuthus fairly similar to

'predictions‘based on the FMPH2 hypothesis.

LA

Summary of model predictions

| In this section a number'oﬁ,different measures for
predicting fhe matching daﬁa are explored. 1In evaluating
how closely each measure could account for.perceived‘vowel
:helght; three general characterlstlcs of the perceptual data
.were‘cen51dered: (1) the allgnment of F1 in the matching
stimuli near the_upper edge harmonic in the feference
stimuli; (2) fhe'gradual dec:ease in matched F1 with
. attenuaﬁion Qf'the upper-edge'harQOniC°'and (3) the increase"
in.matched F1Qwi£h atteggztlon of the lower edge harmon1c.‘

Predictions based on the frequency of the most promlnent

V"harmonic could not account for (2) and (3). 'Local“centre'éf~~

gravity measures (weaghted mean of the most ‘prominent
“harmonics) provaded more satlsfactory results. Falrly close
predlctlons were provfﬁed by measures based on FMPHZ The

weighted mean of two or more harmonlcs led to predlcted F1s

U'\ o

)
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which were lower thanrébserved F1 matches,

Excitatibn and loudness pattern models did not appear'
to provide‘insights thch were not already evident from
analyses based on amplitude or power spectra. Thgsé modeis
a:é based on place representations of thé auditory,reéponse;
It is possible that a tehporalbcoding schéme may’givé better
results (See‘section 2f3,9)}. | | | |

£~

Accurate'predictions-of’the matéhing'data wvere also
obtained wiéh'LPC based estimates of the ?1.§eék..lThel
iocation of the low freQueﬁcy peak in the‘LPC specter wés'
close to the upper edge harmonic in the reference stimUli,
and the threé\éharactefistics of the'matéhiﬁg data noted
ébdve were well modelled by LPC ahél'..

B

Comparison of F1 measures

‘Several alternative hypbthéses_édncerning the
pe;ception'of vowel height have begntconsideréd, and

measures based on these hypotheses-wgkg used to predict the
vowel matching data. If vowel perception depends on the

estimation of formantxlocations, then it might be expected
that the best predictors of the matching data would also
'WprO6fa€*Ehé“BE§t measures of formant locations.

- —— e —— - . -

'Preliminary attempts were made to model the data using the
DOMIN model of Carlson, Fant and Granstrom (1975). The
resulting patterns did not produce the type of spectral
interpolation which appears to be indicated in.the matching
results; peaks in the DOMIN histograms nearly always
corresponded to the frequencies of.individual harmonics.
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Comparisons were made between the estimates of the
first formant peak provided by several of the measures
considered above and the nominal (or synthesized) first
formant frequency The RMS difference between estimated and
nomlnal Fi values is 1nd1cated for each of the measures in
" Table 3. 4 ‘The first series of ‘measures compute the
welghted mean of the k most promlnent harmonlcs in the F1
"reglon. In add1tlon to the number of harmonlcs, the effects
of preemphas1s (none versus 6 dB/octave) and scale |

(amplltude or 1nten51ty) were 1nvest1gated

ln Figure 3. 26 the estimated peak frequenciesnare'shown ;
as a functlon of nomlnal F1 for the matchlng stlmull used.
in Exper1ment 1. Measures 1nvolv1ng a single harmon1c show
dlscrete steps at 1ntegral*mult1ples of the fundamental
‘frequency Analyses based on 2 harmon1cs gave cons1stently
better estimates of the nomlnal F1 than those based on
elther 1 or 3 harmonlcs, con51stent w1th the results of
Carlson, Fant and Granstrom (1975) and with the predlctlons
- of the matching data. When 2 or 3 harmonics are used,,there
~ is still a step-l1ke effect resultlng from changes in the
fregquency of the most promlnent harmonlc.' This 1nfluence is
reduced when 6 dB/octave preempha51s is applledvprlor to
calculating the welghted mean. The use of preemph351s
(whlch resulted in better predictions of the macchlng data)
also gave better estimates of the nomlnal Fl. Most of the

dlscrepanc1es between nominal and measured F1 values

occurred in the region below the nominal F1 line in Flgure
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3.20, indicating that the nominal F1 was generally being

underestimated,

The“choice of otdiﬁate‘scale didenot have a large*>
effect‘dn the estimation‘of’npminal'Flg. Howevetebit is
,interesﬁing to note that the"intensiﬁy 5} power scale, ehich
provided slightly better‘estimates’of nominal F1, also gave

the best results in predictions of the ﬁatching data.

The Eeéults of thesevanalyses suggest a elose
‘reiatioﬁship betweeh predictiOns of fhe peréeptual data and
estxmates of the nom1na1 F1 of the. matchlng stlmull. |
Measures whlch prOV1ded ‘the- closest estlmates of the f1rst
formant also predlcted falrly accurately whlch palrs of
Teference and match1ng st1mul1 would. be ]udged by lzsteners

to be closest in vowel he1ght

3.3.5 General discussion.

_ Experlment 1 has provided evidence against the
'hypothe51s of Mushnlkov and Ch15tov1ch (1971) that vowel
:helght is determlned by‘the_frequency‘of the‘most p;om1nent_
'hafmonie in the F1 range. Thié”hypothesis predieted at most
“one change in listehers'.metches as the amplitude of the
most proﬁinent harmonic'was reduced. "InStead a gfaduel
Shlft was observed as the upper edge harmonlc was attenuated'

1n small steps.
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It was found-that the F1 region of a synthetic frontp
'vowel could be‘replaced by a small number of harmonics of
u.equal amplitude. The resulting stinulus differed slightly
in timbre from the original, but could be matched in
phonetic quality with a full epectrum vowel drawn from an F1
.contihUum; ‘Listeners aligned the F1 peak of the matching‘
stimulus near the highest component of the F1 region of.the‘
reference. Attenuation of the highest frequency (upper
edge) component resulted in a gradual shift toward—lower
"matched Fis. ‘Attenuation of the lowest'frequency (lower
edge) harmonic d1d not produce con51stent shifts except 1n
“the 2 harmonlcs ‘condition, where 1lsteners selected hlgher
F1 matches. It appears that at least two components are
important in vowel height matching. 1In this experiment it
was found that the upper edge and the adjacent lower
harmonic of the reference stlmulus were generally allgned
with the two most prominent harmenics in the F1 reg;on of

‘the matching stimulus.

a2

:There are several possible explanations for the -
'epparent similarity hetween an "upper edge" and a formant
-peak' One p0551b111ty is that the higher frequency
harmonics of a band of equal amplltude harmonlcs are
perCe1ved as louder. However,rthe frequency dependent
changes in’equal loudness oontours,were not closely ;

paralleled in the overall‘pattern of natching7results;
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A second possibility is that the lower frequency'
components of the reference stimulus were masked by those
higher‘in frequency. Since masking generally affects higher
freqﬁencyvcompoﬁents to a greater extent than lower (Egan
and Hake, 1950), it is unlikely that the the apparent |
perceptual salience of the tpper edge component is due to a

masking effect of this sort.

Lateral suppression may have reduced the relative
ptomihehce of the lower harmonics. Lateral suppression
effects have been reported in studies employing vowel
stimulikas maskers (eQQQ, Tyler & Lindblom, 1982; Moore &
Glaéberg,b1983). Whilellateral suépression could operate to
enhance the "edges” of a spectral pattern (c.f. the
phenomenon of "edge pitch"}investigated by Small & Daniloff,
'1967,»end Rakowski, 1968), it is not clear why F1 matches
are very_rarely found to coincide with the lower edge of the
band of harmonics of the reference stimuli.. However, there
is some evidence (Houtgast, 1974a,b; 1977) that 1aterelv
suppre551on generally-affects spectral components below the
masker to a greater extent than components above. It is |
p0551ble that the upper edge harmonic may be perceptually
more prominent than harmonlcs lower in frequency as a result

of'suppression effects.

Another possible explenation is based on listeners'’

1mp11c1t "knowledge" of constraints on the shape of the
i
~ spectrum, an explanatlon con51dered by Darwin (1984) to
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account for the results of a vowel identification experiment
which closely parallel some of the findings of the present
experiment., Listeners identified vowel stimuli on an F1
continuum in several different conditions in which the
inténsities of harmonics near the formant peak were boosted
by small amounts. Boosting the harmonic immediately above
the first formant led to a shift in the /I-e/ boundary
toward lower frequenciesf boosting the harmonic just below

F1 caused a shift toward higher_frequencies.

Darwin noted that level changes in the harmonic below

F1 bad a smaller effect than changes in the harmonic above’
F1. He proposed that energy associated with the lower
frequency component may not have been fully incorporated in
the vowel percept. One poss1b1e factor cons1dered by Darwin
was the shape of the vocal tract transfer function 1n %he
low frequency region of the vowel spectrum. The low
’freqdency.position of Ehe‘first formant restricts thé range
of intensities which may be assumed by harmonics below F1! to
a much greater extent,than those above F1. Thg boosted
component below the first formaanpeak may héve been
"partially discounted by the perceptual system, or pérhaps
as;ociated with characteristics of the glottal Source. As
p01nted out by Darwin, this effect may not be restrlcted to
»vowels, since other sound production mechan1sms may be

constra1ned,1n a s;mllar manner,
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Darwin‘;‘results indicate larger effects on vowel
identification by an increase in the intensities of
harmonics above the F1 peak than below. 'The results of the
present experiment show that 'similar asymmetries may be
present with harmonic attenuation as well. 'However, the
extent of the asymmetry may have been somewhat larger in
Darwin's study. He found that predictions based on LPC
estimates of first formant freguency or on a weighting of
prominent harmonics could not account for the extent of the
asymmetries. Both of these schemes provided fairly
succ;ssful results in predicting the present matching data.
This discrepancy may be due to differences in stimulus
design (e.g., attenuation)father‘than boosting of harmonic
levels) or to differences in the response paradigm (vowel
matching versus identification). .Further empirical study is
heeded to determine the perceptual basis for these |

differences.

One possibility is that the asymmetrical effects of
changes in harmonic levels stém fromva partitioning of the
signal into components which form part of.the vowel and
others which do not (Darwin, 19845. The lower frequency
components may have been partially excluded 1in ;he
perceptual estimation of vowel height. The perceptual
weighting of F1 harmonics ﬁay be intrinsically asymmetrical.
We have seen evidence that an asymmetrical weighting of
hérmonics can yield accurate estimates of the first formant

frequency; perhaps a similar strategy is employed by the
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auditory system,
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3.4 Experiment Two: Effects of amp! tude, frequency and

number of harmonics on vowel matching

-

3.4.1 Introduction

The results of Experiment 1 are consistenf with the
-hypothesis that vowel height is detgrmined by the two most
prominent harmonics in the F1 region. The reference stimuli
of Experiment 1, which were comﬁrised of a band of equal
amplitude‘harmonics in the Ft! region, were generally matched
with stimuli whose F1 value was intermediate between the
frequency of the highest and second highest harmonics in tﬁe
band. Attenuation of the higher member of this pair led to
lower F1 matches, while attenuation of the lower resulted in
higher matched F1. Additional harmonics in the band had no

significant effects on matching.

Thé present experiment was designed to establish
whether two harmonics are the sole determinants of vowel
height or whether other components contribute to the
perceived guality. The effects of attenuating either the
highest or lowest freguency members of a pair or triplet of
harmonics were assessed using the matching task of
Experiment 1. Comparisons were m%ﬁg at four different
frequencies to determine whether the asymmetries observed in
Experiment 1 are dependent on the freqguency location (or

. harmonic rank) of the individual components.
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Such a dependency might be postulated, for example, it
the observed asymmetries were the result of loudness
dl‘ferences in the indivicdual harmonics. For mid-range
intensities, equal loudness curves (Robinson and Dadson,
1956) ;ndicate a gain of about 6 to 10 dB/octave in the
region below 600 Hz; petween 600 and 1200 Hz the curves are
nearly level. If differences in loudness of the individual
harmonics underlie the asymmetries in matching performance,
it is éxgected that the degree of asymmetry will decrease

with freguency, and will disappear when all of the F1

ha;monics of the reference stimuli are above 600 Hz.

3.4.2 Method

The experimental

for Experiment 1.

Sstimulus materials
(

The reference stimuli were constructed from the
baseline stimulus as described for Experiment 1. Harmonics
pbetween 0 and 1.5 kHz were deleted, and replaced with a band
of either 2 or 3 contiguous harmonics. The spectrum in the
region above 1.5 kHz was identical to the baseline stimulus.

A fundamental frequency of 125 Hz was used.

In the two harmonics condition a single pair of
contiguous harmonics occurred in the F1 region. Both

harmonics were set to the amplitude of the largest harmonic
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in the F1 region of the baseline stimulus. Four harmonic

pairs were used: f2+f3, f3+f4, f4+£f5, -and f5+f6. o

_ In the‘three‘harmonics condition,,fhe E1 region was
replaced by a‘triplet of equal amplitude'harmenics.’ Four
comblnatlons vere again used: f1+f2+f£3, f2+f3+f4 t3+14+£5,
and fa+f5+£6. It should be noted that the highest frequencg
member of each band coincided with the highest member f the

corresponding two harmohic stimulus.

“Three_ampliﬁude conditi@ps were included: a 0 dB or
_control condition, with all harmonics egual in amplitude to
the peak harmonic in the FI1 region of the baseline stimulus;
a "lower edge" condition, wyith the lowest frequency harmonic

attenuated by 9 dB, and an "upper edge condition in which -

tpe highest frequency'harmoﬁic was-attenueted by 9 dB:
. .

Line spectra {ndiéating the F1 region of the reference
stimuli -for the 2 and 3 harmonics cend;tions ere shown in
Figure 3.21. %‘display of‘the,entire spectrum ferAt;o
typieal stimuli in the 3 harmonics Lon&%tioniis given inj

7

[

Figure 3.22.

Procedure

. R
Synthesis of the vowel stlmull,‘stlmulus presentation
and recordlng of responses followed the procedure descr1bed,

in Experiment 1. The same six llsteners determlned the best.

matching vowel pairs as described in Experiment 1, with two

3
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Line spectra of the reference stimuli
for experiment two.

UE: upper harmonic’
attenuated by 9 dB; LE: lower harmonic
attenuated by 9 dB; O: neither harmonic
attenuated ; -
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‘sessions, each comprised of 3 replications of each of the 24
reference stimuli in random order. - Each session lasted

approximately 15 to 20 minutes.

3.4.3 Results and discussion

3.23. 1In all but oné~or two cases (discussed below) the
matches were clustered around a single peak. The overall
pattern of results is similar to that observed in Experiment

1. There is a shift toward lower F1 values in the upper:

edge condition, (relative tQ the control) but little c@é Qe

>

in the lower edge condition. This is consistent with ¢t
‘results of Experiment ‘1 indicating a considerable asymmetry .
in the effects of attenuating the upper and lower edge

harmonics.

Mearis and standard deviati§ns of the median F! matches
from each,listéner (bésed bn e tfiais for each reference
stimulus) are -shown in Figure 3.24. Asymmetricalleffects of
amplitude can be seen in both 2 and 3 harmonics cqnditiohs.
'Attenuation of the upper edgelhad a large effect in both
caées,fwith shifts of apﬁroximétely the same magnitﬁde.
Attenuation'of‘the lower edge harmonic had little effect on
~matching performance, with one exception to be discussed

below.

The 9 dB reduction in amplitude of the upper edge

harmonic led to a-mean shift,of about -80 Hz in matched Fi
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3 Matching histograms for 2- and 3- harmonic

stimul: of experiment two. UE:

harmonic attenuated
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harmoni:c attenuated

by 9 4B;
by 9 dB; 0:
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2_harmonics condition
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3 harmonics condition”

(a) f2+f£3
(b) f3+£f4
(c) f4+f£5
(d) f5+f6

(e) fl+f2+£3
-(£) f£2+f3+£f4 ‘
(g) £3+£f4+f5
(h) f£4+f5+f6

Figure 3.24 Means and standard deviations of matched
Fl values for the two harmonics condition
(left) and three harmonics condition
(right) of experiment two.

Dashed lines indicate frequencies of

harmonics.

UE: upper harmonic attenuated by 9 dB
O: neither harmonic attenuated
LE: lowper 'harmonic attenuated by 9 4B
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- for both conditions, approximately 16 percent of the mean F1

value in the 0 dB condition. Attenuation of the lower edge
5)

- harmon1c by 9 dB led to small positive F1 sh1fts for some of

the stlmull.

The frequency ld¢ation of the pair”or triplet of

harmonics did not appear to affect the size of the shifts

observed in the upper edge condition: the four curves of

Figure 3.24 are nearly parallel. There was a éhall tendency.

for the slopes of the lines to increase with frequencyf!

An analysis of varlance was carrled out on the med1an,

matchlng data, w1th faétors FREQUENCY (of the hlghest )

harmonic), NUMBER OF HARMONICS, and AMPLITUDE (upper edge,

lower edge and control cdnditions) _ Ma1n effects were found
for FREQUENCY (F(3 15)=277.74, p<. 001) and AMPLITUDE

(F(2 10) 424.01, p<.001) but not for NUMBER OF HARMONICS.

Novs1gn1f1cant interaction of any of the variables was

present,

Dunnett's test. for cdmparingAtteatment means with a

cont}ol (winer, 1971) was conducted to evaluate the effects

of AMPLITUDE (see Table 3.%). Attenuatxon of the upper edge

harmonic by 9 dB produce" significant shlfts toward lower
matched Fis, rela;ive tc e 0 4B condition,-in all cases.
This result is consistent -iv  the findings of Experiment 1
which indicate a specialﬂrcAe forithé uppér edge hérmonic‘in

determining vowel height.
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=======zzzzx:z=:==x==a=::zz::z:x==ghn:ags:n:zssst:zas:::g:

A.‘2 harmonics: ‘_ | dpper edge lower edge
1, £2+£3 ’ -50.0%+ _ 20.8
2. f3+£4 ’ -B3,3*= 12.5
3. f4+f5 - =95.8%2 , 6.3
4., £5+£6 E ~106. 3% // -8.3

B. 3 harmonics: upper edge lower edge
1. f1+4f2+£3 - =72.9%x% -8.3
2, f2+£3+£4¢ , -87.5%% -12.5
3. f3+£4+£f5 -100.0*% -6.3

‘ 4. f4+£5+£f6 -62. 5% 54 .2%#

*p<. 01

Table 3.6. Mean deviations from,the 0 dB condition
and significance levels of Dunnett's tests
for the matching results of Experiment 2

.
:================8========8=.====8:z8"88!88288.28883':88838

Attenuation 9f the lower edge harmoriic by 9 dB pfoduced"
small upward shd%ts in matched F! for some of the stimuli,
but only one of these shift; wasAstatistitally*significant.
The highest freguency 3 harﬁchics condition (f4+f5+f6)
showed a large upwafd shift in the lower edge condition.
Closer inspection of the data, however, revealed that this
aifferénce may have been due to changes in matchedUF1 in the
0 4B condition. This stimulus was matched with a mean F1
value louér than expected on the basié.of the other
3 harmonic stimuli, and also lower than'the corresponding
stimulus witﬁ 2 harmonics. The match ;g histograms showed a

larger matching range (see Figure 3.24). The 0 dB stimulus

with harmonics f3+f4+f5 also showed an irreguliar response
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profile, but was not matched with a lower mean F1'.

Statistically significant shifts were found in
‘Experiment 1 when the lowest frequency member of a pair of
harmonics was attenuated, but not when the lowest of 3 or 4

. ¢ i

harmonics was attenuated. Attenuation of the lower edge

harmonic in the 2~h£¢mbnic condition of the presenf‘
experiment did not produce statistically-feliabie shift
althbugh thefe waé‘a trend toward higher matched F1 values
for several stimuli. Both experiments showed that the lower
edge harmdnic had a much smaller effect on vowel matching
than’:he uppér'édge harmonic. The effects of étténuation of
lower Qf hpper edge harmonics were largely iﬁdepgndent of
frequency, making it unlikely that the asymmetric effects of
‘these chénges are due to differences in‘thé relative :
loudness of ?ndividual ha;monic‘cohponents.

' A comparison of thé.data from the 2 and 3 harmonic
\conditiéns,suggests that there may be'é small effect of the
added component: 20 of the 243reference stimuli in the 2
harmonics condition of the presehf experiment were matched
with higher mean Fis than the corre§ponding 3 harmonic
stimuli, with a mean difference of 14 Hz, but thesé{
differences were not statistically significant. It is not
pbssible to condludé_ﬁith certainty on the basis of these
results'that voﬁel height is determined@ by mére'than the two

. - - - —— e — e

'Informal listening suggested that these stimull may have
been somewhat ambiguous in vowel quality, and were 1in fact
occasionally perceived as back vowels. '

o
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most prominént harmonics. A recent‘study by Darwin and
Gardner (forthcoming) presented evidence that additional
harmonics may affect vowel identification. In their
experiment, listeners identified stimuli along an F1

p
continuum between /1/ and /e/. Significant shifts in the
1dent1f1catlon boundaries were found vhen harmonics near the
F1 peak were boosted by either 6 or 12 asB. Increments in
harmonitcs remote from the F1 peak also prodﬁced'significént
shifts, even though the increments wefe not sufficient to
make them more ihtense than the twdlharmonics closest to the

formant peak. However, it 1is difficult to ascertain whether

the boosted harmonics were not perceptually more prominent

than the two components near the first formant peak. It
seems likely, however, that there may be a contribution of
additional harmonics, although this contribution is small

_relative to that of the two most prominént harmonics.
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3.5 Experiment Three: Effects of fundamental frequency on

vowel matching

3.5.1 Introduction

| A number of previous studies have shown that the timbre
of steady staﬁe, periodic sounds depends primarily on the
shépe of the spectrum envelope, aﬁd is largely independent
of fundamental freguency (for a review, see Pl;mp, 1976) «
However, there is evidence that vowel quality may be
afﬁecte¢fby fundamental freguency changes. Several studies
have,{gported boundary shifts in v;wel‘identiﬁication with
changes in fundamental (e.g. Miller, 1953; Fujisaki &
Kawashima, 1968; Slepokurova, 1973; Carlson, Fant, &
Granstrom, !975; Traunmuller, 1981). For a constant
spectrum envelope, an increase in fundamental freéuency
resu.ts in an upward shift 1in vowel boundaries in poth F!
and F2. A decrease 1in fﬁndamental frequency has the
opposite effect. .These boundéry shifts may reflect a
perceptual compensation for apparent vocal tract size
differences: higher-pitched voices are typically associated
with higher formant ranges. However, this correlafion is
not perfect in natural speech (Peterson, 1952; Peterson &
Barney, 1952); and the magnitude of fundamental f requency

e‘fects on vowel perception appears to pe somewhat variable

s
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(Slepokurova, 1973; Ainsworth, 1975).

There are several possible ways to describe how
fundamental freguency or spectral fine structure information
may be incorporated in a perceptual formant estimation ¥
process. One possibility is that formant locations are
estimated by a local centre of gravity procedure which
applies tc a fixed freguency interval around the formant

peak; such a procedure does not depend on the perceptual

resolution of individual harmonics,

A second possibility is a formant estimation process
which depends on the prior estimation of harmonic locations.
In this case, éhe width of the weighti»n function used to
estimate the locations of formant pearx +..1 depend on the

fundamental freqguency. Components which are not multiplegm?

A

cf the same funddmental frequency will not be incorporate

into the vowel percept.

ot

[

s nct clear how the first procedure could account
or the :dentification of vowels in the presence of noise
(Pollack & Pickett, 1958) cor 'simultaneous speech, an ability
which plays an important role in speech communication
(Cherry, 1965). A common fundamental frequency appgarsAto
be impcrtant in determining which spectral components:.form
par:‘of a vowel\gound and whi;h_are(associated with
extraneous scounds (Scheffers, '379; Brokx & Nooteboom,
"982i. Be:tter identification scores are obtained when each

member < & pair of simultaneous.ly presented vowels differs
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in -fundamental freguency (scheffers, 1983). A single
formant, added to a vowel, is more likely to affect vowel
quality if it shares a common fundamental (Darwin, 1981).
This suggésts a pitch-matched (e.g., comb f%}ter)'analysis
whichAallowé COmponentslsharing a common fundamental

frequency to be groupéd together.

S £
However, tbere is evidence that the presence of a

common fundamental frequency is not essential for
determining whether spectra_ components stem frcom a common
source. “Scheffers (1983) has shown that simultaneously
'presented pairs of noisefexcited vowels are identifiable at

better than chance levels.

one source of evidence bearing on the question of the
interaction of fundamental frequency and spectrud envelope
characteristics in the perception of vowel helght is the

Y Lﬂ

effect of harmonic amplitudes on vowel matchlag '?ldlfferent

fundamental frequencies.

on vowel height may be restrlcted to a, fxxed frequency

o7

gion around the formant peak; or te a fixed number of

harmdnic components (suggesting a pltch matched ﬁgocess

‘ ﬁg«- ’ Av\.’fy- B S .,-"'“ o
Experiment 3 involved two stimulus gypgs, ‘one: w;th 16w

pitch (fo=125 Hz, typical of an adult mage{.

l “{

other W1th high pltch (£,=250 Hz, typlcaL} gahrédult\fem&lé-

Py
&

.

i@
b

b* elther Lhe

au_) : oy

irgof harmonlts

v01ce).” The effects of a‘g dB attenuatyor

lower or higher freguency members of a}‘“

were -nvestlgated and compared with a C Vx”l cond&ploQ'



150

comprised of a pair of harmonics of equal amplitude.
However, the control condition differed from that of
Experiment 2 in that both harmonics were attenuated by 9 dB,
relative to the peak inqihe F1 region of the baseline
stimulus. This change was adopted when it was discovered in
post-experiment interviews that some of the stimuli in the
control condition of Experiment 2 had a somewhat muffled
quality, and were perceived as back vowels by some of the

listeners. This was most noticeable for stimuli with

triplets of higher freguency harmonics,
3.5.2 Method

The experimental method was similar to that used in

Experiment 1.

Stimulus materials

Within each f, condition, the mftching and reference
stimuli had the same fdgaaﬁ%ntal frequency. A low pitch
(fo=125 Hz) and a high pitch (f,=250 Hz) condition was
established. In the high pitch condition, the frequencies
of the formants above F1 were scaled upward by 20 percent;

formant bandwidths were identical to those used in the low

pitch condition.

The matching stimuli described in Experiment 1 were
used in the low pitch condition. 1In the high pitch

condition, a matching continuum was produced with F1 ranging
: .
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-from 200 Hz to‘1350 szin steps of 50 Hz. This larger step
size was used to accomodate the‘gider frequency ‘range needed

in matching-the high pitch stimuli.

-

The same procedure was used in producing the reference
.stlmull 1n the 1ow and high pitch condltlons. Startlng with
" a basellne stimulus from the contlnuum wlth F1—500 Hz, all
‘harmcnlcs in the frequency reglon up to and 1nclud1ng 1500

Hz were deleted and replaced w1th a single paxr of adjacent~

harmonrcsv v . r

in the‘reference stimuli of the low pitch condit@cn;
pairs of)Harmonics were included from four frequency
settings: £2+£3 (250, 375 Hz); £3+£4 (375, 500 Hz); f4+£5
(500, 625 Hz); and £5+£6 (625, 750 Hz). In the high pirchl
‘condition, the four pairs vere: fi+f2 (250, SOOVHz); f2+£3
(500, 750 Hz); £3+£4 (750, 1000 #.) ana £4+£5 (1000, 1250

Hz) .

Three amplitude-ccnditions were used: a centrol
Q‘condltlon in Whlch the both members of the pair were
attenuated by 9 dB relative to the 'F1 peak in the baseline
stlmulus, an upper edge condition, in which the lower
harmonlc of the pair was equal to the peak, and»the‘highe;
member was attenuated by 9 dB and a lower edge condition 1in

Wthh the hlgher member of the pair was equal to the peak
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while the lower member was a D

L

Procedure

The syhthesis procedure and stzmulus presentatlon wes
identical to that desc rlbed for Experiment 1. Each of the
listeners (3 men, 2 women) completed 4 sessions comprzsed of
3 replications. of each stimulus 1in the low and b1gh pltcb

conditions. Each session lasted approximately 1/2 hour.

\

3.5.3 Results and discussion

re
o)
"

Means and standard deviations of’mediad matched F?
the low pitch condltlon showed a pattern of resul ts ver,
51m11ar to those of Experlmert 2 (see Figure 3. 25) In the .
present experlment,‘the effects of attenuation of e.ther the
upper or lower member of the’pair of harménics‘were more
nearly symmetrical. Slightly‘higher ma:tﬁed Fis were fcund
in the lower edge condition (a mean shxft of 15.6 Hz or 3.°
percent of the mean matched F1 in 'ne cont:cl conc1t¢or
while a stht toward lower matched Fis was found in the

W

upper edge condition (a mean shift of 50.0 Hz or §}§jpercent

relative to the control). The control stimull were

generally matched with lower F‘ vaiues 1in 'he present

9"

experiment, compaged wlth Expe iment 2; this d:fference may

' be responsible for the ;edﬁCeﬁiaéymmetryw
ARt ;

S

da . - o : )
The matching pattern in the high pitch-congition
closely paralleled tha: cf the low pitch conditicn. The -
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high pitch condition

low pitch'condition

(kHz)

'Matchnd Fl

UE o Lt —UE 0 LE ;
(a) £2+£3 o (e) £l+£2 |
(b) 3+£4 - (£) f2+£3
, - £34
(c) £4+£5 oy - (9) £3+2d

(). £5+£6 o (h) f£4+£5

Fi:urev3.25' Means and standard devs$ations 6f matched

Fl values for the low pitch condition™*
(left) and high pitch condition (right)
of experiment three.

UE: upper harmonic of pair attenuate8
by 9 dB ‘

O: both harmonics attenuated by 9 @B
LE: lower harmonic attenuated by 9 dB
Dashed lines indicate freguencies of
harmonics B

oo
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asymmetrical effects of harmonic attenuatiion vwere less.
pronounced in the high pitch'condition, but were still
present. In the lower edge condition, 9 4B attenuation led
to a mean upward shift of 55.0 Hz -(or 6.9 percent relative
to. the control) was observed ‘while in the upper edge
condition there was a mean downward shift of 86.3 Hz (or

10.9 percent, relative to the control).

To determine whether harmonic amplitude effects were
prdportidnal~at different}fundamental frequencies, each of
the median matched F1 values was divided by the fundamentalf
‘frequenny A comparison was made between stimuli with ‘the
Same harmonic in the high and lpw pitch conditions This
'1ncluded harmonic pairs f2+f3, f3+f4, and f4+f% -- the 3 -
lowest frequency pairs in the low pitch condition, and the 3

highest freduency pairs in the high pitch condition.

The transformed medians were subjected to a repeated
measures analysis of variance for the factors FUNDAMENTAL
FREQUENCY, HARMONIC RANK, and AMPLITUDE: No signifaicant
'main effect was found for FUNDAMENTAL FREQUENCY but there
- were 51gn1f1cant effects of 'HARMONIC RANK (F(; 8) =3, 16 5;
p<.001) and AMPLITUDE e«zgg)—wo4 .0; p<. 001). None of the
two-way 1nteractions Jﬁé gignificant, but there was a small
three-way 1nteractionW(F(4 16)=3.62; p<.03). ”his
interaction appeared to be due mainly to differences between

'the high and'low pitch condﬁt@%ns for stimuli with harmonics

f2+f3 in the lower edge conditien. The reasons for this
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discrepancy are not clear, but‘one poséibility is that this
timulus happenec té occur near a category boundary where
sencitivity tc smal. accu tic contfaszs may be enhanced
(Repp, Healy & Crowder, 1979). In addition, as noted above,
harmonic attehuation led to smailer‘asymmetries in the high
pitch condition. In spi;e of the;e discrepancies, it would

appear that the matching data are nearly parallel in ‘the two

pitch conditions.

The main results cf this expé;imen; can be summarized
i%'terms‘cf three findings: |
(1) Matched Fis typica.ily range between fL, the fregquency cf
the lower harmohi& qf the reference, éna fH; the frequency

of the higher. Attenuating the lower harmonic relative tc

‘the higher causes a shift in matched F1s toward £H, whiie

N

attenuating the higher component relative to che lower

inducegia shift toward fL. .This pattern may be des&ribed as

a local centre of 'gravity effect.

(2) The effects.,of attenuation are asymmetrical: Attenuation

’

Y

of the higher frequency harmen:ic produced larger shifts in
matched F' than attenuation of the lower °.

(3) The ratic of matched F? tc f. was very similar in the
. P

"Compared with the 2 harmonic stimuli of Experiment 2,
listeners matched the control stimuli of the low pitch
condition in the present experiment with somewhat lower F:
values. The reasons for this discrepancy are not clear, . but
the fact tha: -he two harmonics in the controi condition of
the present experiment were attenuated by 9 dB (relat:ive to
the F1 peak in the baseline stimulus) while those of
Experiment 2 were not attenuated, suggests that factcrs such .
as overal.. spectral balance ir the low and frequency regicns
may have ar effect on perceived height.

3
- R

e
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v
two pitch conditions, for stimuli with fL and fH of the same
harmonic rank. It may be concluded that the effects of
ha:moniﬁ amplitude changes on vowel matching are nearly

"constant at high and low fundamental frequencies.
3.5.4 Predictions of the matching data

Wwhat kind of formant estimation procedures would
predict the‘apove results? A local centre of gravity
procedure which calculates the weighted mean of the two most
promineni harmonics might produce fairly accurate )
predictions, as suggested by the results of Experiment 1.
Such a procedure requires that fhe'frequencies and

S o .

amplitudes of the two most prominent harmonics be known in

advance.

_Very close predictibns of the matching data in both
pi:ch‘cénditions were obtained usiTg the weighted mean of
the two most prominent harmonics of the 6 dB/octave
preemphacsized pcwer §pec£rum (Figure 3.26), as described ir
section 3.3.7. The,RMS deviation between predicted and
observed Fls was 37.68 Hz in the low pitch condition and

75.G1 Hz in the high pitch condition.

B glcbal spectra. fitting procedure such-as %5&%

ByrE
ana.ysis effectively excludes the influence of spectral fine-
structure, producing an interpclated spectrum from which

~formant locations can

,‘fjeﬁfima" Jfid PC analyses of the

1%

ﬁﬁ e
b ﬁ}‘e ‘e

©

‘Experiment 1) were
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high pitch condition

low pitch condition

(kHz)
o

Matched F1

UE 0 LE

o f2+£3
_ f3+4f4
- f4+f5
£5+£6

Q0o oo

(e) fl+f2
(f) f2+f3
(g) £3+f4
(h). £f4+£5

}

Figure 3.26 ' Model predictions for the low pitch
condition (left) and high pitch condition
o (right) of experiment three based on the
LI weighted mean of the two most prominent
. - harmonics of the preemphasized power
W Spectrum. Crosses/solid lines indicate

. #mbserved Fl means,
"+ 1ndicate predicted

~UE: upper harmonic

# . C: both harmonics

" ™ME: lower-harmonic

-

L

N
24
l

dots/dashed line

Fl values

attenuatediby 9
attenuated by §
attenuated by Y
R i SR O T
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carried out and the resulting measurements were used to
predict the matching data. Predicted and observed F1 values

based on LPC estimates are shown in Fiqure 3.27.
/

The predictions in the low pitch condition are very .
close, with an RMS error of only 35.7 Hz. 1In the high pitch
condition thg~éredicted Fis generally underestimated the
observed me§n$§'with considegable deviations in the 2
highest curves; the overall RMS error was 90.0 Hz.’ The
discrepancies between observed and predicted‘F1s in the high
bitch condit?on may be due to‘the‘facp that LPC estimates 6f
formant freﬁdencies are generally‘less accurate at high
fundamental freéuencies (Markel and Gray, 1976). However,
predict{ons based on LPC estimétes of the F1 peak are not

substantially worse than those based on a local weighting of

harmonic levels,

Thé chcessful performance of these two procedures may
be due to the precision with which they estimate the
loéation of‘the F1 peak. Further data, possibly employing a
larger range of f, values, may help to determine whether the
perception of vowel height is better characterized‘in terms
of a loca¢ weighting of harmonics or a globax spectrum

“

1nterpbla;1on process followed by peak estimation.
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high pitch condition

low pitch céndition
I _

.2} o
TUE 0 LE UE o LE
(a) £2+£f3 (e) fl+f2
(b) £3+f4 (f£) f£2+£3
(c) £4+f5 _ (g) f3+f4

(d) £5+f6 (h) f4+f5

%gm 5
Figure 3.27 Model predictions for the low pitch 7
condition (left) and high pitch condition
(right) of experiment three based on LPC
estimates of the first spectral peak.
Crosses/solid lines indicate observed
Fl means, dots/dashed lines indicate
predicted Fl values \
UE: upper harmonic atteﬂ%@éed by 9 4B
O: both harmonics attenyated by 9 dB

. . LE: lower harmonic attéﬁ@ated by 9 4B
R . ”f’f B
‘ o

s

e
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3.6 Experiment 4: The effect of filtering on vowel

identification

3.6.1 Introduction

The previous matching experiments have shown that
vowels in which all but a small number of prominent, low
frequency harmonics in the F1 region are deleted can be
matched in vowel height with full spectrum vowels from an F!
continuum, It was not possible‘to establish with certéintyA
that other componerts (such as the lowest member of a
triplet‘of harmonics) affect vowel matching. The two most

prominent harmonics 1in the F1 region appear to be very

important for the perception of vowel height.

It remains a possibility, however, that each of the
remaining harmonics in the F1 fegion also makes a small
contribution to perceived'vowel height. A vowel
identification task may be a more sensltive measure cf this
contribution, for 3 reééons:

(1) listeners are asked to judge only a single stimulus
rather than é pair of stimuli, reducing'the memory load;
(2) responses are in terms of natural categories; and

(3) listeners are less likely to be influenced by
extraneous, non-phonetic aspects of vowél timbre such as
perceived voice quality, characteristics which may add to

the difficulty of a matching task.



161

The contribution of individual harmonics in the F!
region may be determineﬁ by comparing listeners’
tdentification responses to vowel stimuli on an F1 continuum
in different filter conditions. Changes 1in the response
profiles can pe measured in terms of shifts in the vowel ¢
boundaries (defined as the 50 percent crossover’point

between adjacent response cétegories along the F1 continuum)

or vowel centres (defined as the centroid of the

identification function for a given vowel response, over the

entire Fi continuum).

In each of the previous matching ;&periments, the
effects of a small number of prominent F! harmonics wére
investiéated. The present experiment set out to measure the
effects c¢f all remaining F1 harmonics, above of below the
two most prominent.~ Deleting harmorics below the F1 peak
raises thé centre of gravity 1in the F1 region, while |
deletﬁng harmonics aboye the peak lowers 1t, If additionai
harmornics in the F! region can influence vowel height, then
it might be predicted that 1increasing the F! centre of
gravity will result in a lowering of vowel height, while
decreasing the F! centre of gravity will raise vowel height
(consistent with the effects of changes in the levels of the

‘twC most prominent harmonics).

Four conditions were set.-up to test these predictions
using a vowel identification task. The controi condition

was comprised of synthetic front vowels on ar Fi continuum



ranging from 25C to B50 Hz. This range includes typical
measured F! values for the vowels 'i I e ¢ &/ of adult male

speakers of western Canacdian English (Assmann, 1979).

In the high pass conditibn, all harmonics below the two
‘mostypromineﬁt were deleted. Each stimulus iﬁ this
conditiop thus has a higher F! centre of gravity tﬁan the
corresponding contrcl stimulus. Vowel centres and
boundaries in the high ﬁass condition are expected to shift

to lower va.ues, relative to the control.

In the notch condition, all harhonics above the two
most prominent were deleted, up to and including 1500 Hz.
The F1 centre of gravity is lowered, and vowel centres and
boundaries are predicted to shift toward higher freguency
valL'Jes. -

’

In the two harmonics condition, the manipulations of

the high pass and notch conditions were combined, resulting |
in stimuli with only the two most prominent harmonics
remaining in the F! region. The direction and amount cf
shift in thebcentre of gravity is depern -nt on the number
and relative amplitudes of harmonics above and beioQ the twc

mest prominent, and identification functions should reflect

this. -

If the -wo most prominent harmorics in

o
ot
&
4]
'y
Ll
1]
Yo}
bos-
O
3.

are the exc.usive determinants of vowel height, then all
. AL

¥

four conditions are expected to produce identical



identification functions.
3.6.2 Method '

Stimulus materials

‘\ ’ A | ¥
Four separate F1 continua were constructed, as )
discussed above. Line spectra for 3 typical stimuli from

the Centinuum in the 4 conditions are shown in Figure 3.28.

Contrcl condition, Stimulil in the control condition were

identical to the matching stimuli ‘used in earlier
experiments. F! values ranged from 250 to 850 Hz in 50 Hz
steps, for a total of 13 stimuli. The fundamental fregquency

was constant at 125 Hz. The values of the higher formant

freguencies and bandwidths were the same as those in Table

3.5,
Twe harmorics condition. The “wc most prominent harmonics
i, and . were determined from the 6 dB/octave preemphasized

power spectrum using the procedure outlined in section
3.3.7. Freguency values of the two most prominent
harmonics, f.. and f,, are shown 1in Table 3.7 for each

stimulus.

“The amplitude spectrum A(f) for each control stimulus
was modified to produce the spectrum A'(f) for the two
harmonics condition, in accordance with the following

procedure:

- &
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Figure 3.28 Line spectra for three representative

stimuli in the 4 conditions of
experiment four. ‘

(a) CONTROL condition

(b) TWO HARMONICS condition
(c) HIGH PASS condition

(d) NOTCH condition

164
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O, ' f<min(_fi1,f|2)
A'(f) = 4 A(f), . f=f,, or f=f,, or £>1.5 kHz
) 0! ,‘ ' 1.5, kHZZf>maX(‘fi 1'fi2,)

P

High pass c0ndition In this condition all harmonics below

the two most promlnent were deleted The two most prominent
harmonlcs were 1dent f ed as descrlbed above, and the

7follow1ng rule was applied to dersve the amplitude spectrum

A'"(f) of each stimulus in the high pass condition:-

A (e) = o, Cf<min(f, 4, fi2)

A(f);' f elsewhere

Notch conditior. 'Harmonics above the 2 most prominent (up
to and:including 1.5 kHi)vwere:deleted, resulting in a

"notched” spectrqﬁ:'

%

‘»‘A‘Al' '(f) = OI . . ' . 1-5 kHZZf)’méyfllf.iz») .

- < \A(f), .~ elsewhere

D&gltal addltlve harmqnlc synch§51s was used to produce~

r\ - -.
»~‘“the st1mul1 r&;ea;h of the four condltlons as descrfbed in

B ‘ " )

‘\4x; the same abgi?ﬁfe peak lev

v .

eXperiment“one The wavefz/ms were scaled so/;hat each had .
1 All other aspects of the”
1¢synthe51s procedure were. ;dentlcal to those desc1bed for

Exper1ment,1.h“' v
Subgects were individuallyﬂtested in a sound treated

-

r.room, They were 1nstructed £ label each stlmulus as one of

b

the 5 front vowels of Cahadlan English, /1 I e e w/ A
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ﬁfs

TEE

T===Zc=

LPC es imated Fi:

The -abels contalned a phonetlc symbol and a keyword below

it:

/i/

w

héed
¥

-~

e

s

‘
.

N

/1
hid’

¥

e/

oo
. hayed

‘/G//

_tbead'

R74

Qe

/=/
‘had

4

Each stimulus was" repeated with a 5 seCanfaneriaékmulus

response by pres51ng a dlfferent button 1mmed1ately

»multzple ch01ce SWIuCthX was used to record. the responses.

interval, untll a response button was p“essed ?f a wroﬁg

‘button was pressed by mlstake, llsteners 3éuld cancel the

- Nominal F1 11 i2 FMPH?2 o 2H HP N
250 2 3 257 270 267 271 258
300 2 .3 28¢C 320 305 327 302
350 3 2 356 381 362 380 363
400 3 4 391 398 ~ 394 . 410 394
450 4 3 456,476 ™ 164 e 462 - .
500 4 3 491 U506 4 497k S®e 495
550 s s 544 540 “5ag %y 97 ¢ 540
600 5 4 608 €17 605 627 61 .
650" g 6 644 634 . 640 646 636
700 6 5 708 711 707 723 706
750 6 7 758 760 765 7€5 78"
800 & 7 798 788 ° 797 IR 78€
850" 7 6 860 ‘866 858’ 865 - 852
"Table 3:7. Harmonrc rark and welghted mean frequency of
, " the twb most promlnen* harmonics (in He) and
- and LPC based F1 estimates (in Hz) for the
Ca 'srl u11 of Experlment 4., FMPHg.values are
B ’ 3ge for correspondlng stlmulﬁ.ln the &
#»gm Wcm ons» i)
_.._@..z::::::::::::::::::::::::::::::==================:==::
' %
o s

"14:

-i‘
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afterwards. Otherwise, the response was recorded and the

next stimulus item was presented.

. Each of the 13 stimuli in the 4 conditions appeared in
'lvh_\ o ) . .

4 successive random order1ngs (for a total of 208 items) in

each session. Listeners completed 5 sessions, eachilasting

il

approximately 25 minutes.
_isteners S .

4 +

Nine pnone*lcally tralned '1steners (graduate studeﬁts,
and spaff in the Department,@K*Llngu1s ics at the Unlver51ty
© ¢cf hlberta) participated in the'experiment. All had normal

hearing.’ . . . . W

3.6.3 Results and discussion

- \ ? .
v :
B L : N _
. The idertification functions (pooled across liSteners)
. fior the control, high pass and notch conditions are shown in

) . - b : o

Figure 3.29. ' Each point on the curve is based on 20 trials-

‘from each of the 9 subjects. It is apparent that the

) : T <’
. ;’- . ) :.. ) . '\'..
identification functions are very similar 1in each of thesge

conditions. This 5uggests that 1nformat10n quﬁlfylng vowel

helght d&fferences is largely prov1ded by the” -3 most .

romlnent harmon1cs. - _ : ' : c

s
< s é?J .

Accordlng to the FT/centre of gravkty hypothesgs

a4t
)

dlscussed above, the response curves may be expected to
&

shlft,ﬁeward lower F1 values in the high pass C%ﬂ&itlon
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1

relative to the control, and toward higher Fis in the notch

cordition. Vowel response curves did not shift to lower F!
values in the high pass condition; in féct, there was a
small shift in both curves toward higher Fis for some of the
vowels. Rather then a shift in F1, the identificatiqn
functions for some of the vowels appeared‘to“shift elbng the

¢

vertical axis, partieularly‘for the vowels /I/ and /e/. In

Lt

the‘ﬁighkpass condition th‘ik.Were more /1/ responses, and

‘fewer Je/ responses, than in the control condition, &A- #

sxﬁllar change appears for /1/ and /e/ in the two harmonlcs

condltlony relative to the control (Flgure 3'59 ©One
fx

possxblllty ﬁs gpat filtering had an effect on J%wel

1dent1f1caa;on which wa$s dl§SOClated to some extent from
changés in F1. o ﬁi L . | ‘ o
o . A SR
The vowels /1/ and /e/ did not appear to be fully .?
sgec1f1edlon the F1 &ntinuum, since thelr‘ldentlflcatlon ® |
curves Svenﬂapped con51derably and\ghelr peak values did ;qi';
txceed.morewthan.ss percent. Natural tokens of /1/ and /e/ .

in western Canadiar English &lso dlffer in F2, duratlon and

»diphthengization which may help to distinguish these vowels

peyceptually (Assmann, Nearey and Hogan, 1982; Nearey &

Assma n;*1984). <

- 3

' In a perceptual study u51ng natural tokens of/asolatea.*,
vowels &NEarey & Assmann, forthcomyng) these dlfferences o

were neutrallzed by gatlng 30 ms segments from near the

bnsetnand offset of each~VOWel.- It was: found that” thesertwo -



Figure 3.30 Pooled 1dent1f1cat10n functlons for the
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P ¥
i

seonents (separated by 10 ms of sxlente) vere suff1c1ent fOr.
accurate vowel_ldentxtlcatxon.. Rever51ng the temporal order
of the segments,.or presenting-the 1n1tlal'portlon twice,
‘resulted in an increase in conflision erTors. Thq{vowels /I/

and /e/ showed the largest increase 1in errors. 1ndzcatvng

the po*ent1al 1mpdltance of dlphthongxzatxon. In the oy %}}f
present experlment, the effects of dlphthong1zatlon and

other varlables were excluded by us:ng a constant

%

,lundamen al frecuency and .dfmant pattern. This may have

been the reason for lower Kdentlflcatlon scores for these
’ a?‘ .

twe vowelfcategor;es.'f ‘; 9

2

~ To determine thé digection and magnitude of ghe shifts

‘ge 1dent1f1catlon functzons, an aWsis of vowel
ie :

cen res and vowel bOuﬁdarles was Earr out.

o

"Vowel Centres. The centroid or weighted mean of each vowel

response curve was calculated from the identification data
from each llstener Means and standard dew1atlons (across
llsteners) are shown,in the top portion of Figure 3.31.

\

'Vowel centres do noﬂﬁﬁlffer substantlally in the four

‘conditions, The mean inter-vowel dlstance is approxlmately

125 Hz. The largeSt shift is only 27,Hz, a‘llttle more than

one fifth of thlS range; most vowels dlffered by lesq,than

g

15 Hz from the-control condltloh All of the shlfts in the

' three filter conditions were in theﬁ§arectlon of higher F1

. . : 'v.
values." : v
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A repeated measures analysis of variance was conducted
with the factors VOWEL, CONDITION, and LISTENER.
Significant main effects were observed for the factors VOWEL
(F(4,32)=760.6; p<.001), CONDITION (F(3,24)=4.61; b(.OZ) and e!

for the interaction of VOWEL by CONDITION (F(12,96)=2.59;

I

p< 01). Dunnett's test for comparing treatment means with a

’# ¢0ntrol was applied, and the result® are shown in Table 3.8.

\,

’»’Ihe& filter co‘ndxtlons differed significantly *:rom‘the
#%ﬁngmog for the vowels ‘I/ and /e/. Statistically
sxgnxf?%ant but smallec effects were found in the high pass

;?éé&;wo harmonics conoitions for the vowel /c/, and in the
gt

:‘ﬁharmonics condition for /#/. These data do not provide.

2]

’ z%crong suppert for a formant estimation process based the
¥ v .

. ¥ weighted mean of 3 or more harmonics. The shifts were

s

;;. 'lgenerally quite small, and were not present for each vowel
%ﬂ "category, as mlgh* be expected. . The shlfts in the high passf/ﬂ’

?” ’Wﬁqnaitnon were in the opposite direction to those predicted

éaqp the ba51s of a change in the centre of gravity: : instead

of louer F1 values, the response curves shifted to higher
valuesn : A\ o
LA ¥ " ' -

Vowel bonndaries. Vowel boundarles were estlmated by problt

analysis (Finney, 1971) A sequential approach was- used to

estimate boundarles on the high frequency slopes of the

curves, as follows. The vowels were flrst ordered accordlng

N

to their distribution along the oF 1 scale in natural speech

™
1—/1/' 2=/1/, 3=/e/, 4=/¢/, 5=/2/. The first boundary was

estlmated as the 50 percent® p01nt on the. ‘fitted curve for



\ i 1 JSe/ "€/ =
C 305.7 442.9 . 488.1 659.2 " B03.8
HP  307.2 464. 1% 507.5%% 670.5% 807.6
: N '310:6 458.6%» 505.0%%» 666.9 808.8
. 2H  308.0 470, 1% 501,9%% 669.7% 815.0+%
4 ) w

\.

C= control, HP= high pass, N= ‘notch, 2H= two harmonics
*p<.05 sxp<, 01 )

i

Table 3.8. Estimated vowel cen res for the 1dentxf1catlo"
data of Experiment 4. Means and significance
levels for Dunnett's test comparing each of the
three filter conditions with the control

/1, respanses. 'The second boundary was estimated for the -

p001edi/l/ f./I/ response curves; the third was based on the

,\‘t‘,

i Combahed /i/ % /1/ + /e/ response curves, and the fourth, oR

PUY

i+ /17 + Ve, + /e’ response curves.

The four boundary values were calculated for each
lgstener in each of the four conditions. Means and standard

deviations are shown at the bottom of Figure 3.31. The -

results are fairly similar to the'vowel'centre data. There

is,again a tendency for hlgher F4 boundaries 1n¥%ll filter

condltlons, relative to the control The lardest, shlfts
e’

took place 1in the high pass and two harmonlcs condltlons
\

A Eepeated)measures.analysis of variance was carried ~]
out on the vowel boundary data. A significant main effect

was found for the factor VOWEL (F(3,24)=193.,75; p<.001) but
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o

‘not for filter CONDITION. The interaction of VOWEL x

CONDITION was significant (5(9,’2>;5.29:1b<.01).

Dunnett's test (Table 3.9) indicated significant shifts
toward higher F: valuesmin the high pass and two harmonics
conditions for the two "internal” vowel boundaries, -
delimiting the ‘e response. Shifts toward higher F1 values
were also found in the notch condition, but these were not
statistically significant. Table 3.9 indigates the means in
éach condition., The mean shifr 4n the high pass condition

Ed
was 17.1 #8; in the notch condition, 7.6 Hz; and in the two

~

~harmonics condition, 13.1 Hz. As in the previous analysis,

the results in the high ,ass conditioh were opposite to

¢

those predicted by a broad F! ¢ gravity hypothesis,

; ] . R . o . . e .
The ahalyses* of swbwel centres’ and boundaries presented

above have measured shifts in the identification curves inew .o
terms of tne nominal F! values of the stimuli, the formant

values 'specified prior to filtering. If listeners estimate

spectra. peak locations in determining the identity of a

vogel, and if they are able to recover nominal F1 values

from the {}Atered vowels, then the identification curves

»

should be identical in each of the four conditions.

)

If an alternative peak estimation procedure could be

devised to accurately determine the perceived or effective:
. - ’ .-

.F1 for sach s-imUlus, then a projection of the

identifi-ation curves along this scale should produce a
’ LY

close alignment of the four curves. (It would not, however,
- , ‘ ‘ v . : -

. . .
Y \

- : \ \



*
i 141 j+1+e jelrere
C 3766 466.5 558. 4 761.7 |
HP 3777 508.8x% 586.2%% 758.8 wn
N 382.7 473.3 573.7 764.0 pen
2H 381.9 487. 4 579, 9% 766. 4 P

"

C= control, HP= high pass, N= notch, 2H= two harmonics e
*p<.05 xxp<, 01 oL T
Tab.e 3.5. Estimated boundaries for the identification
data.of Experiment 4. Means and significance
levels for Dunnett's test comparing each of the
tnree filter conditions with the control

I RS R Y S N Y T T it st  E E R R R R R - 4 2

remove differences in the overall shape or height of the

LPC based pred;;tions

Since the identification functions differed‘slightly in
the 4 conditions, it appears that the FMPH2 procedure (as
formulated above) cannot account fully for the
, ldentification results{! 1t was shogn earlier that‘LPC based
estimates of the F1 peak gave fairly good predictions 6flthgi
matchingldata of experiments one and three. It is of
interest to determine the extent to whiéhiLéc based

estimates of the F1.peak can be used to reduce the

|

discrepancies between the response, curves in the four

-

gond;tlons. RS - i @gﬁi_a
‘ . - ) | ‘“%k&,

@~ LPV ana%xses were carrled out for °ach s*igu

.3, K3 .
folur condltlons, an@ the first formant frequency was . .
: .\ % g

L4
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estimated using the procedure described for Experiment 1,
>

The LPC estimated F1 values in the high pass condition were

most.y nhigher than those 1in the control condition, V1§N~a

mean increase of 7.1 Hz. In the notch condition th

measured values were mostly lower than those in the
. —_ . N

with a mean differencé of -8.0 Hz. Stimuli in the
: e
harmonics condition with low nominal F1s generalls Rad LPC

estiméted'F1 valyes which were lower than thoseu >lthe
i ) k

contfol condition, while those withthigher nominal F1 hag
, | )
thigffer LBP€ estimated Fls. The mean difference over the
~ /’., .
s
entife set was -4.1 Hz.

Vowel centres and boundaries were re-calculated, along

e

v a fregquency scale of LPC ‘estimated Fls rather than nominal

Fi. 1If the perceived difference between stimuli 1in the four
, .
conditions is based on peak locations, estimated in a m%nner-~

a3

anatogous to the LPC procedure, then it may be expected that
the identification functions will be even more closely

aligned when plotted along a scale of LPC estimated F1

/

rather than nominal F1. The degree of élignment can be
e . .

assessed in terms of the 51ze of ' shifts in vowel centres or

»

A boundarles in each filter condltlon relatlve to the control.
: . %
Replottlng the identification functions along‘a Scale

;i of -LPC estlmated F\ led to a c¢closer allgnment of the

£
R

1dent1f13%t1&mhﬂ‘ "ps 1ﬁ each of“tbe notch”épd two® hamenlcs
{

,""b

2

N condltlons tdvthe control COﬂdlthﬂ, but ? poorer f:t of the

¢

hlgh pass to the control conditions. 1In the analysls based

ren senaieiene e e
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G

on nominél F1, a\méan @vﬁft of +11.5 Hz in vbwel centres and
+17.1 Hz in vowel b&undé;ies was obse;&éd in the high pass
condition. These shiftjﬁ%ere even l%rgér when LPC estimated
F1s were uéed (+17.3 Hz‘fof vowel centres, +25.1 Hz in vowel
boundaries). Thus an LPC based me;sure of the first formant
peak éoes not account for observed shifts in the high passaf

condition.

In the two harmonics and notch ;onditions, vowel
centres and boundaries calctlated along & scale of LPC
estimated F1 values were closer to those in the control
condition than in the original analysis along a scde of
nominal F1. On average, the identificétion ?:nctions were
still shifted toward higher frequencies, relative to“the

control condition; but these shifts were smaller in

magnitude.

+

The degree of mismatch between the identification
fuhctidgs was calculated in terms of a summary statistic,

the RMS difference between vowel centres or boundaries in
A

each filter condition and the control. Table 3.10 presents

the RMS values fdér, vowel centres and boundaries for each

A e

fllter condltlgﬁ using nominal F1 and LPC estlmated Fi &
scales. It can be seen that the LPC estimated scale has

smaller RMS values for the notch and two harmonics

ikl
L

_;Qndﬁgggns, but higher values in the high pass condition,

indicating a poorer fit.
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"X Vowel centres - ' Vowel boundaries
" Nom F1 LPC F1 Nom- F 1 LPC F1
ﬂ.—‘ - - - » . - i - . .
HIGH PASS- 31.6 . 36.7 19.9 23.7
‘NOTCH o s 24.0 - 5 -0 14.9 10.5
THO HARMONICS - 30.1 /15\] -~ 22.8 )

Y
N ======z==z=z===:=k===:==:- =====8============_=8"==8==»I=I==;=
. v . B s c.

20.0

\

Table 3.10. .RMS distance (in Hz) between the control and
filter cond1t1ons in estimated vowel centres

and boundaries, along a .scale of nominal

(Nom) F1 and LPC estlmated F1

¥

-

What kind of measure would lead to a\closer alignment ]

:of the responses profiles in the h1gh pass and control

]
i

\
,cond1t1ons7 ‘A stimulus in the h1gh pass cond1t1on has the

same nom1na1 F1 value as a correspondlng stimultis in the

control conditiong even though its phonettic quality or

To. allgn stimuli with the same effect1ve F1, identification

~ curves in the high pass condltlon must be shlfted toward

values to stimuli 1n the high pass condltlon relatlve to.

those in the control w1th the same nominal F1.

the hlgh pass condition, listeners Tespond to these stlmulx

‘as if they had lower effective.Fis than corresponding

. control stimuli. The centre of gravity measures discussed -

Q.

€7earlier’in this chapter will therefore ot work either.

-

.effective F1 may be differentv.due to the'filtering process.

,lower frequenc1es. This will take place only.if the measdre

\USedfto estimate the effective F1 assigns lower frequency

" m——

Even though

-

the centre of gravity of F1 components is actually h1ghe in S
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'Upward spread of masking by low frequency\harmonics

might have the effect of reduc1ng the aud1b111ty of

con;onents on the low frequency sxde of the F1 peak When

the low. frequency harmonmcs are removed By hzgh pass

fllterzng, a releaSe from maskzng may enhance the relat1ve
prominence of spectr;) conponents at or near the cutoff
frequency The perceived he1ght or: effect:ve F1 is, ﬁbereby
lowered jresultlng in shxfts of th@ 1dent1£1cat1on fUnctlons -

toward hxgher frequency values. ;A 51m11ar argument_could

apply to changes in theatvo harmonics condition. However,

7
/

; deletion of the firSt‘and secénd harmonics did not have a

51m11ar effect of lower1ng the F1 value of best matches to
7
reference st1mu11 in the 1ower edge condition of Exper1ment

1. It is not clear why thls effect should be present in a

. vowel 1dent1f1cat10n task but fiot in matchlng

v -

Further emp1r1ca1 data are needed to determlne how high
pass fllterlng affects the perceptual prom1nence of
harmonlcs in the F1 region, and whether'these effects are
responsible for uﬁe observed shifts. Hewever, some
additional poznts must be borne in m1nd\ One is ghat the.
effects of f1Lter1ng were apparently not constant across all
st1mu11 in the continuum. The largest effects were observed
for the response categorles /1/ and /e/. At most S

harmon1cs were deleted from st1mu11 w1th F1 values near the

means fpr the vowels /I/ and /e/ in the hlgh pass cond1t1on-

~wh;lefup.to 7 harmonics were deleted at the hlgh frequency

endpbint of the continuum. Evidently, the number of deleted

;o \ -

Iy

4

7
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harmonics does not detertine the size of the shifts.

'_‘.
There is some evidence that the perceptual role of low

frequency harmon;cs may be sen51t1ve to context. Sundberg
and Gauffzn (1982) found that the effects of changes in the
amplltude of the fundamental component on vowvwel
identification were larger when stimuli with dlfferenth
source characteristics were randomized within the same
“listening session; stimulus presentation in a 'blocked' mode
,(i.e,\with\eacﬁ\listening oession comprised of,o single
source type) reduced the effects of f, amplifude.‘ Tho
icon;ext.sensitivigy found by Sundbo:g andoGouffin may result
from changes‘in“voioe qualityLA Sundberg and Gaoff;p (1975)’
showed thét the amolftude of the<fitsf,hormonic'may vary 59‘
more than 15 @B in spokén'voweis from one utterance to
another, depending .on the type'of phonation. It is posoible
that the perceptual weighting of harmonicé may be adjusted
to some degfee,‘dépending on perceized voice quality or
glotial Source charactef@ptics suggosting an adaptive
leterlng process (see also d1scu551on of the findings of

/

L1ndqu1st and Pauli (1968) below). Slm;lar adjustments are

suggested by the finding (Darwin, 1981,  1984) that a

harmonic which starts or stops at a different time from the

)
e

remaining harmonics of a vowel is not fully incorporated

into the perceptual estimation of vowel quality.

To this point, discussion has focussed on differences

between the control condition and each of the filter
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conditiens. It was noted above that vowel centres and

boundaries in the three filter conditions all shifted to

| higher.Fl values relative.to the control, with heans ranging
from 10.1 to 13.0 Hz for-vowel centresqwhnd from 24.0 to
-31.6 Hz for vowel boundaries. Comparisons,among the three
filtef conditions show that these shifts are very similag in

extent.

Considering the fadical nature of the filtering
operationo, it is perhaps surpri;ing that the identification
curveo are so siniiar in the four conditions. The mean
shifi'in vowel centres ranged from 1.4 to ?.9 Hz, and the
meon shift in vowel boundaries ranged from44 0 to 8.9 Hz.
Each’ filter condition\thus differs more from the control
than from any other filter condition; and the shifts are all
in the same direction._ This result is difficult to
reconcile with a local.centre of gravity ncoount. The
identification profiles in the high paos and notch .
conditions.aré vefy simi;a;; vowel centres’differ by less
than 1.5 Hi and vowel boundaries by less than 8.9 Hz, on the‘
Aaverage. Yet stimuli in these two conditions are the

furthest apart in terms of a looal"contre of gravity in the

F1 region.

‘Rather than local changes in the spectrum near the
formant peak listeners may be attending to changes in the
overall spectral balance, resulting from the removal of a

number of harmonics from the F1 region. Theso.changes may
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be peﬁbexved as a owerxng of the effective F1, resultxng in

shlfts of the 1dent1f1catzon ‘f.unctxons touard h1gher F1s, ,

relat1ve to the controL

.To 1nvestxgate th1s idea further, the centre of gravity
(centroxd) of the amplxtude spectrum vas computed over the
region 0 to 4 kHz. The global centre of gravity was h1gher
in each of the ‘three fllter cond1t10ns, relatlve to the
-control, at every p051t1on along the contxnuum The global
ce;tre‘of gravity was, moreoveI, a monotonlc function of the
nominal F1. If llsteners use an acoust1c parameter of this
sort, then a ra1s1ng of the global centre of gravxty must be

interpreted perceptually as equxvalent to a ower1ng of the

effective F1. _ ' !

Some evidenceﬂthat overall spectral'balance may play a
‘role‘in vowel perception is provided in a study by Lindquist
~and Pauli. (1968). They presented data from an
1dent1£1cat10n experlment wlth stimuli on an F2 contlnuum. ﬁ_
Swedish listeners identified the stlmull as /i/, /y/, or
/u/. A 12.5 dB attenuation of Fi relative~to higher
formants led to shifts in the 1dent1£1cat1on functions
toward higher F2 values,,compared w1th 12 5 dB attenuatzon
of higher formants relqtlve to Fj., L1ndqulst and Pauli
(1968: p. ‘14) suggested that spectral balanqe.may be a

contributing factor in vowel perception:.

"Evidently we .use the ‘overall change in the
d1str1but10n of spectral energy as an
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important parameter in the decision
mechanism. In connected speech with
constant source spectrum, the spectral level
change is correlated with the changes in
formant frequencies so this can be used as a

. complement :to the tracking of the peaks in
the spectrum.

'
- Lindquist ‘and Paulx found that £11tering had a larger
,ef‘ect when £1ltered stimuli were randomxzed rather than
presented together in meparate blocks. Since the "blocked"
»condition presents a more natural context (i.e., spectral
baiance does not var§¢}en§%nly'in natural speech) it might
be of interest to investigate the effects of filtering
obtained in the present experiment in a "blocked” rether
than a,"rendomized"presentaﬁion mode as in the present

experiment.

3.6.4 General discussion

The present exper1ment 1nvestzgated the hypothes1s that
vowel he1ght is determined by the two most promlnent
'harmon1cs in the F1 region. The 1dent1f1tation function§ 7
were generelly quite similar inveach of the four conditigns,‘
suggesting that a great deal of information may‘be provided
by the 2 most prominent harmonics. éowever, some

statistically Significant differences in vowel centres and
boundaries were present, 1nd1cat1ng that add1t1ona1

harmon1cs in the F1 region can have an 1nfluence on vowel

identification.
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Some of the observed sﬁifts in the identification

functions are aensistent with local centre 6ﬂ¥:r5vity

ndg;peyond

the two most prominent harmonics. In many cases, hovever,

predictions, éqggesting an influence vhich ex

these predictions were not borne out. Shifts did not

wvith every response category; the magnitude of the shifts
was variable, and onvthé average Quite small. Most shifts
were associated with the vowels /1/ and /e/, catgories which
may not have been adequately represented along the P!
continuum. Furthermore, the identification functions in the
high' pass condition did not shift in the direction predicted
by the local centre of gravity hyp@the51s- vowel centgis and
boundaries were higher, not lower, than those in the control

condition.

An attempt wvas made to reduce the discrepancies between
the identificatioﬁ functions in the 3 filter conditions and
the control by replétting them along a scale of LPC
estimated F1 values. This strategy did lead to a slightly
better alignment of the curves in the notch and two

harmonics cond1t1ons, but a worse fit in the high pass

cond1t1on T

\ e
It was noted that the identification functions
associated with the three filter conditions differed less

from one another than from the control. Shift in the filter

conditions was in the direction of higher Fis, suggesting

that the filtering opera‘fons may have affected vowel .
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quaiity in a similar,manggr in each conditi?n. One
possibility is ﬁhat listenefs vere attondiﬁg to the change
in global Spectral balance reuultxng from the deletxon of
low frequency harmonxcs, rather than to the change in tbe
local centre of gravity. Previous studies have shown that
the overall spectral balance of a vowel can affect i s

a B :ﬁf;,l,.,r‘ *‘ b
;

perce1ved quallty, but its influence is hxghl}g'

sensitive. | ' ) T

Additional experiments ar? needed to investigate the
perceptual basis for these effects And to determine their
context sensitivity; for example, by coﬁﬁaring randomized
and blocked presentation modes. It is worth pointing out
that the effects of filtering on vowel perception are often
larger in a randomized than in a blocked presentation mode
(Lindguist and Pauli, 1968; Gauffin and Sundberg, 1982). It
seems likely, therefore, that the perceptual conseguences of
filtering explored here are relatively small, second-order
effects; the global similarity between the identification
functions suggests that listeners attend primarily to the
two most prominent harmonics in the F1 region when
determining the phonetic idengity of steady state front

vowels.
3.7 Summary and conclusions

The experiments described in this chapter have provided

evidence that vowel height perception is determined largely

B
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‘by the frequencies'and amplitudes of the two most prominent
harmonics {nythe P1 region. The major.tindings can be
gummgrized as follows: |

(1) Wwhen.a band of 2 to 5 adjacent hn}monics of equal
amplitude was subtituted for componentn’iﬁ)tne P! region,
listeners aligned the F1 peak of a matching stimulus with
the highest frequency harmonics in the band. The presence
of ;dditionnl low trequencf harmonics had little effect on
matching.

(55 Attenuation of the highest frequency mémbpr of the band
raised vowel height -(over a range of at least 9 88), and
listeners selectedxlovgt‘r1 matches. Small shifts in
matched F1 were observed as the harmonic was attenuated,
rather than a single large discrete change, indicating that
Sudgements were not based exc}usiveiy on the most prominent
harmonic. | |

(3) Attenuation of the lowest frequency component of a band
nf 3 or 4 contiguous harmonics did not lead to significant
shifts in matched F1. |

(4) Attenuation of the lowest frequency.membet of a pair of
harmonics lowered vowel height, leading tn higher F1
matches. The size of these shifts was typically smaller
than those obtained ii;n attenuationqu:the highest
frequency componenti Several possible explanations for
Athese asymmetrical effects were considered, including
masklng by adjacent components, lateral suppre551on

frequency-dependent changes in loudness, and lzsteners
!
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expectations'of the shape of the spectrum in the F1 region
of front vowels. Although more t%an one factor may be
involved, the laé;er hypothesis provides the most plausible
éccountvforythe overall pattern of results.

(5) The efféctsof harmonic level changes on vowel matching
was constant with changes in rank numbers of a pair of

- harmonics; no significant interaction’of harmonic rank and
harmonic attenuation was found in the matching data.

(6) The effects of harmonic attenuation were similar when
the fuhdamen;al frequency vas raised by an octave (from 125
to 250 Hz). The ratio of Qﬁtched F1 to f, was nearly the
~same in th two pitch con;itioﬁs, for corresponding stimuli,
of the sahe harmonic rank. (7) Spectral distanceAmeasures
were investigated for predicting vowel matching data. The
best p;edictors were thdse which also provided good |
estimates of the nominal F1 of the matching stimuli. A ~
local peak estimation procedure (weighted mean of the two \\\
mosg‘prominent harmonics in-the F1 region of the | )
preemphasized spectrﬁm) gave the best overall predictions.

Similar results were obtained using LPC-based estimates of

§h6 F1 peak,ﬂexcept in the high fundamental frequency

/condition of Experiment 3.

(8) An identification task was used to assess the hypothesis

that vowel height depends ph a local peak estimation process
involving only the two most prominent harmonics. Results

indicated that front vowel identification is largely

unaffected by the gross changes in spectral shape resulting

T
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from the removal of all hatmonics above and/ot below the two
mogt prominent. Howgver,‘;here were some differences in ﬁhe{‘
identification functxons which vere not fully accounted for -
by either an LPC -based F1 measure, or a local centre of
gravity measure incorporating energy in a wider frequency
interval around the first formant peak. Bach of the filter
conditions’appeared to have a similar effect on vowel
height, possibly the result of the change in spectral

balance in the low and high frequency regions of the

spectrum.

Tﬁese résults, taken in conjunction with the
asymmetrical eﬁfects of harmonic levels in matching, suggest
‘that a local peak estimation hypothesis cannot account
entlrely for vowel height perception; additional aspects of
spectral shape may influence vovel height under certain
conditions. ‘As a measure of perceived vowel height,
hbwever, a local peak estimation procedure provides a close

approximation to the pexceptuai.data.



CHAPTER FOUR

A PERCEPTUAL STUDY OF BACK VOWELS

4.1 Introduction

The evidence from matching andfidéntification»
experiments presented in chapter three iﬁd{c;tes that heighi
differences in front vowels are determined largely by a
small number of prominent harmonics'in"the first formant
region. Vhile front vowel spectra are characterized’by\a
broad valley separating the first and second formant peaks,
in back vowels these peaks can be very close togegher.
Consequently it may be difficult to identify two éequate'5
peaks in the low frequency region. This raises a problem
for the formant hypothesis of'yowel‘perception: How cén,the
formant locations be determined when the line spectrum

contains only a single maximum?

-

One possibility is that the two formants are not
resolved; two formants in close proximity may be effectively
"merged” into a singlelspectral prominence whose centre of
gravity determines the vowel quality. This 'formant centre
of gravity' (FCOG) hypothesis is ev#luated in the present

chapter by means of vowel matching and vowel identification

190
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experiments, examining the effects of Fi1-F? proximity and

formant amplitude.

-

Two alternatives to the FCOG hypothesis can be
envisioned. The frequency locations of the first and'second
formants may be estimatea by a process which is based only
in part on information given by the locations of formant
peaks. Other cues, such as formant amplitudes, overall’
spectral balance and spectral slope in the region above the
formant cluster may provide additional information. Another
po éibility is that the locations of the two formants are

estimated as peaks in a "sharpened" version of the spectrum.

L

An illustration of the problem. Figure 4.1 indicates the

“changes in the spectrum which occur when the separation of
F1 and F2 is reduced. Line spectra are shown for three
vowels calculated using the cascade synthesis model
described in section 3.2. In part (a), the formgnt pattern
is éppropriate for a front vowvel (F1=500 Hz; F2=2560 Hz).

In (b) and (c) a back vowel is shown’(F1;464 Hz; F2=863 Hz!.
In (a) and (b) the vowel is produced with a high fundamental
frequency (fo,=250 Hz) while in (c) a low fundamental is used

(fo=125 HZ)

The béck véwel with a high fundamenﬁal frequency shown
in (b) does not have separaté peaks corresponding to F1 and
F2; a simple peak-finding algorithm, applied to the
amplitude spectrum, would be unable to determine that two

formants were present rather than one. By contrast with the

-
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front'vowel inb(a), however, . there are several'indicators
that two formants are present in the low frequency region.
The high frequency side of the peak represeni:ng the F1-F2
cluster is steeper, and the levels of all components in the
fhlgh frequency reglon are reduced The d1££erence,1n
spectral patternvbetween (a) ‘and (b). might be.described in’
terms of a shift in,spectral balance. _Listeners have no.
difficulty in separating these vowels: (a) is perceived as a
front vowel similar to /e/, while (b) and (c) are heard as a

back vowel similar to /o/. -

4,2v¥ea§9g;ng"two formants in close proximity

' Several techniques have been proposed for_iso;ating/two
formant peaks in close proximity ‘If the locations of,//
formant, peaks are 1mportant 'in vowel percept1on, as /
suggested by the data on front vowels,vlt may be 1n§truct1ve
to compare the methods by which these techn1ques estlmate

. the locations of two formants in close prox1m1ty.

~ One approach to the measuremenf of F1 and-F2 in close
prox1h1ty involves spectral envelope estlmation in
conjunqtaon with analysis procedures which enhancerthe
degree.ofvcontrast in the spectrum. A peak-picking
'algorithm is applied to the fsharpenedf spectrum to
determine the'frequency locations of F1 and F2. ;Thie‘
includes techniques based on the chirp Z-transform (schéfer,

3

«and Rabiner, 1970) and the related method for identifying
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peaks in 116g3r brediction spectre computed at raddit inside
the unit circle (McCandless, 1974). Another proposal
involves a lateral imhibitory network based on a neural
model for'enhancing pe;ks (and edges) in the spectrum
(Weston, 1974; Ujihara and Saka1, 1974 Karnxckaya,
‘Mushnikov, S}epokurova and Zhukov, 1975) . Chrlstensen,
Strong and . Palmer (1976) suggested'that an examlnatfoﬂ of
the negatlve second oerlvar1ve of the log spectrum (whlch

i

provides a measure of spectral curvature) mlght help to

‘resolve ﬂmerged',formant peaks.

A second approach compares the vowel spectromﬂwrth a’

series of 1nternally generated spectral patterns based on}?

the model of speech productlon. This approach knoWn as

' analys1s by~ syntheszs, incorporates falrly detalled |

" information about the speech spectrum; however, 1t prov1des
very robust estimates of the formant frequenc1es, and does

‘not depend or. the presence of distinct peaks in the '?%
spectrum. Bell FU]lSakl, Heinz, Stevens and House (1961)
proposed an analy51s by-synthesis scheme which- uses an
1terat1ve technlque to adjust the parameters (formant
frequencies and bandwidths) of a model of speech production
to determine the best'match (using a minimum mean squared
error criterion) to the inout speech spectrum. Since the
crnterlon of fit is based on the entlre spectrum, the
proxxmlty of F1 and F2 does not present a difficulty for
‘this model. A related approach was suggested by Coker

(1965). This procedure locates the absolute maximum in the
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'spsstrum and then by'inssrse filtering effectively removes
tﬁe formant resonanse (using an.idealized'fbrmant-shape
-based on the speech prdduction model, positiohed at'the
frequency of thé maximum)'from the input speech spectrum.
Repeared applicarion allsws~merged formants to be identified

_ ki . :
and measured fairly accurately.

\

Yet another‘spproach, which does not ihyolve the use of
a @odel of speech production; estimates the freguency of a .
formant in terms of the spectral centre sf gravity\witﬁiﬁ.a
selected frequency region. 'Shiuki,‘xadokawa and Nakata
(1963) used the first moment of the!ehtire vowel spectrum to
séparate F1 from the ranges of the ﬂigher formants. The
' first formant.was then estimated as the first spectral
moment,’ calculated over the low frequency reglon bounded by
the global moment.‘ This procedure d1d not give very
'accurate results for back vowels, vhere the prox1m1ty of F2
resulted in estimated F1 values which were biased toward

hiéher-frequencies.

Thsse techniques suggest seversl possible mecﬁanisms by
which formant information could‘be'eitrécted in back vaels.
First, it is possible=that thezaﬁdrtory projection of a
vowel stimulus ihvolves a_sharpened versiqn of the inpur
spectrum, allowing a simple peak extrsction_proqedgre to
determine the formant freqUenciesQ’ A sécond_possibility is
that the formant locations are_determiﬁed'on'the basis of an

“” ‘ . . I3 .
auditory spectral matching process which compares the input
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’speéch spectrum with internally generated Spectral batterns,
It is difficult to see how such a model could aééount for
 ‘thé effect5 of fundamental ftequency-on‘vowel perception,.
héwevef; particularly if spectral fine structure is removed

by an interpolation process.

It is possible, howeve;,.that otﬁer cues are present in
..the spéctrum thch help td specify the frequency loéations
of\@1o5e1y spaced formants. If so, we might expeét to find
that ¢hanges in F1 and F2 have independent effectg;gp the
fpercebtioh of back vowels. This hypothesis depends ;;‘éha

éssumption‘that F1 and F2 are inaependentiy resolvable by

the auditory system,

4.3 Auditory resolution of F1 and F2 in back vowels

In this section th%.abilitf of the ear to discriminate
or resolve forﬁant chahges with F1 and F2 in close proximity
will be considered. Although very few psychophysical
studies have investigéted‘voweisvwith close spacing of ;F1
ti;;d F2, the available evidence suggests a high degree of

sensitivity to formant changes in back vowels.

Discrimination studies. The data on fofmant detection
suggest an increased seﬁsitiQity to small changés ih fbrmant
frequency for back voﬁels with'é}ose spacing of F1 and F2.
Flanagan (1955) measured difference 1imen5'(DLsi for the
first and second fofmant freQuencies in sYnthetic»vowels./

The test conditions for F1 involved only $timuli with wide

Y
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separations of F1 and F2. However, ohe réference stimulus
ﬁsed_to measure DLs for F2 wés a back vowel, with F1=500 and
F2=1000 Hi. An asymmetrical(pattern'of results was
obtained: smali decreases. in F2 were Qbre readily defgcted'
-than small increases of the samelmaghitude. This asymmetfy
,debreased uiﬁh larger formant separations.

. .

Formant frequenéy and formant amplitudé are not
independently manipulated by the vocél‘tract during.vowel~ 
production (Stevens and House, 1961). The-dSYmmetry in
."fptmaht ffeQuency DLs may thus be due in part to detection
of formant amplifudc‘changeé. This is'reflected in cascade
formant synthesis in that changes in the frequencies of
- closely spaced formants result in simultaggous changés in

formant amplitude.

Carlson and Granstrom (1976) measured DLs for amplitﬁde
and spéctral slope /in synthetic vowels with formant patterns

5 . .
typical of /i/, /d/, /u/ and the neutral vowel, schwa. Two

of thesé vowels (/u/ and /a/) had closely spaced formants.
These stimuli showed largef DLs for’bverall amplitude and
spéctral siope (bpth with and without a correction for
differéﬁces in o,erall'amplitude). Carlson‘ahd‘Granstrom
suégested that etection thresh&lds for spectral slope’
changes might depend on changes in spectral levels near the
formant peaks, ;atﬁer than a sensitivity to spectral slope
per se. Thes¢ results inditéte that although listeners may

be more sensitive to formant frequency changes in vowels

o
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‘with closely spaced formants, their sensitivity to formant
amgl1tude changes may be decreased because of the proximity

of the formants.‘

Klatt (1982a) compared 'phonetic' and 'psychoacoustic’
distange judgements for two reference vowels, one similar to
/e/ (with relatively wide seéaration of F1 and F2) and the
other similar to /a/ (with dlosely spaced tormants{. Th?re
- was no evidence for a difference between the two vowels in
the apparent sensitivity to formant frequency and Efndwiath
changés; however, éhe»intfoduction-of a spectral nﬁééh
between F1 and F2 had a larger effect on judgemengs

involving the vowel /a/.

Kakusho, Hirato, Kato and Kobayashi (1971) ihvestigafed
DLs for individual harmonic levels in steady étate
approxlmatzons to Japanese mowels /i e a ou/. For all of
these vowels, DUs were smallest near formant peaks
(1nclud1ng both F1 and F2 in the back vowels /a/ and /u/)
DLs for an increment in harmonic amplitudes tended to follow
a curve similar to the 1nverted spectrum envelope DLs for
harmonic attenuation were often so large as to be
unmeasureab}e, particularly in the broad spectral valley
between F1 and F2 in the front v ls; this was not the case
for the back vowels. Evidently, changes in the levels of
spectral components in thé F1-F2 region of back vovels cén_

be readily detected by listeners. - -

Masking studies. Masking studies of auditory ffequency
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selectivity provide another source of evidence conéérning
the perception'of F1 and F2 in close proximity., Houtgast ]
(1974) obtained pulsation threshold measurements for
synthetic vowel maskers /i a u/ with 32 harmonics of a 125
Hz fundamental frequency. Peaks were present in the
resulting masking patterns for both F1 and F2 of /a/, and
Qere in fact more prominent than those present in one-third
octave band spectra. Tyler and Lindblom (1983) compared
simultaneous and pulsation threshold masking patterns for
vowel maskers. Although both procedures generally showed
distinct peaks corresponding to F1 and F2, the pulsation

threshold method resulted in sharper peaks in the formant

regions, possibly reflecting lateral suppression.

)_ Sachs and Zurek (1979) used contrﬁlatéral probe
measurements of Qowel spectra in which subjects were asked
to centre the tonal image by adjuseiﬁg the amplitude and
phase of a probe tone corresponding to each of the harménic
components of a test véwel presented to the pppositevgar.
The data for the vowels /i € a u/ indiCafe clear resolution
of the formant peaks, in fact resulting in enhanced
peakfto-valiey differences,»relative,tobthe_physical
spectra, in the low freguency region, .These :esﬁlts provide
further inéications that F1 ana.FZ are independenﬁly

audible, even in close proximity.

Dichotic studies. Another source of evidence concerning the

auditory resolution of F1 and F2 comes from dichotic -
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¥
listening studies which deliver separate formants to each .,

ear. If there is an interaction or fusion of spectral peaks
in close proximity which occurs at a peripheral level of the
auditory systém, it may‘be expected that dichotic
presentation will prevent this interaction and cause a loss
or change in vowel quality. Several studies comparing
dichotic and binaural performance have failed to show
disruptive effects of dichotic presenti;ion (Ladefoged &

Broadbent, 1957; Carlson, Fant'& Granstrom, 1975).

One possible exception was a study by Ainsworth (1981)
who compared normal and short duration vovels using dichotic
and binaural presentation modes. In the dichotic condition

. *

Pt

. F1+F3 were presented to one ear, F2+F4 to the othér; No
}Mfmﬁﬁghanges in the identification matriqes vere obgerved for
normal duration vowels. However, there were some
différences between the frontﬁénd back vowels at durations
cf 50 and 100 ms. Under dichotic presentation, the;e.were
frequent:donfusions of the vowels /I/ and /U/ which did not
aﬁpear at normal durations. Ainsworth suggested that tﬁe
"F1+F3 pattern by ‘itself might be perceptually similar to the
F1+F2 patternvof another vowel. This situation is analogous
to a "formant slotting error” in automatic formant
measurement in which one formant peak is missed and its
'slot' is filled by}a higher frequency formant (McCandless,
1974). ‘Such errors are relatively uncommon in the )

identification of natural vowels (Assmann, Nearey & Hogan,

1982). Ainsworth attributed these errors to a failure to
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integrate the inputs from eachiearﬂat short durations,
resulting in the disappearance of the auditory image ﬁrom

short term memory. The absence of a disruptive effeck of

vowels depends critically on fusion or integration o}

closely spaced formant peaks at a peripheral levi{ ofgﬂ L

LU
e b v

auditory system. | i

Auditory nerve responses. There is little evidence in the

series of studies by Sachs and Young (1979), Young and Sachs
(1979) or Delgutte and Kiang (1984a) for qualitatively |
different behaviour in front and back vowels. Sachs and
Young employed synthétic tokens of the vowels /i e a/, with
formant frequencies adjusted to coincide with harmonics’
,while Delgutte and Kiang used a larg;r samﬁle of vowels
whose formant frequencieé vere not constrained to coincide
with harmonics. In the rate-place representation (discussed
in section 2.3.8) separate peaks appeared corresponding to
F1 and F2 fbr,all vowels at lov presentation le&els. " At
higher intensities, because of rate suppression and two-tone
suppfession; the formant peaks wére no longer discernible in
the rate profiles. This occurred at lower levels for the

back vowels than for the front vowels, possibly because of

the proximity of F1 and F2,.

- - —— - - -

' This tends to result in "peakier" spectra, with the most

~ prominent harmonic in the region of the formant peak at '
least 5 dB higher than either of its neighbours. (See Figure
3.1)
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At high ievels, however, all vowels showed a loss of
contrast and a disapbearance of the formant peaks. Temporal
responses, measured as the average magnitude of each
éomponent of the Fourier transform of the peribd histograms,
retained peaks correspond1ng to F1 and F2 and low order
harmonics even at the highest’ presentatlon levels, These
findings suggest that components in the F1 and F2 regions of

back vowels may be resolvéd at the level of the auditory
nerve,

4.4 Determinants of phonetic quality in back vowels

- ’ The evidence revie9§d4£d'tﬁis point suggésts that F1
'and F2 are independently resolved by the auditory system and
that small changes in formant frequency can be read1ly
detected. This conclusion, however,,does_not imply that F1
and F2 have independent Qhonetic qbnsequences. A number of
recent stud{es,have challenged thé hypothésis that the
‘phonetic quality of back vowels is pased on an independent

contribution of F1 and F2.

Formant centre of gravity (FCOG) hypothesis

Delattre, Liberman, Cooper and Gerstman (1952:p. 201)

advanced the hypothesis that

"+he ear effectively averages two vowel
formants which are close together, receiving
from these two formants an impression which
is highly similar to that which would be
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heard from one formant placed at a position
somewhere intermediate between them."

<
This statement was based on the observation that a single
formant could substitute for both F1 and F2 in back vowels
with little apparent change in vowel quality; and on the
qualitatively different effects of a reduction in formant

amplitude in‘ftoht and back vowe%gi

4.4.2 Single formant approximations to back vaels
. - .

Delattre et al. (1952) synthesized a series of 235 two
formant vowels covering the F1-F2 plane, to obtain best
approximations to each of the 16 cardinal voﬁels. ’
Fundamental frequency was fixed at 120 Hz, and formant
locations were adjustéd by changing the ssvelé of three
prominent harmonics in the desired formant region.
Listening tests showed that selected combinations of F1 and
F2 values could be obtained to produce ail of the desired
vowel gualities. Delattre et al. then attempted to replacé
each of the peripheral vowels intthe F1-F2 plane with a
single formant, whose freguency was intermediate betwee;.s1
and F2. 1t was found that the cardinal back vowel series
could be matched with a single, relatively low frequency
formant placed between F1 and F2; closer to F1 of the
original for /u/ and /o/, and progressively closer to the

midpoint of F!1 and F2 for more open vowels. The remaining

(non-back) vowels cguld not be satisfactorily‘approximated
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by a single formant, with the exception of /i/ which was

matched with a high frequency formant at or above F2',

4.4.3 Effects of formant amplitude

Delattre, Libefman, Cooper and Gerstman (1952) also
investig;ted the effects of redu;ing the amplitude of the
first and second formants in small steps. Their informal

‘observations on the effects‘of these changes suggested a
qualitative difference between back vowels with F1 close to
F2, and front or central vowels with wide separations of F!
and F2. Non-back vowels did not show a gradual shift in
quality as formant amplitudes were lowered. A decrease in
the level of the first formant reﬁulted in a "dulling”
effect on the quality of the vowel, followed by a.complete
loss of vowel colour. Lowering the second formant level
also causeé a "dulling” of vowel guality; with considerable
attenuation there was a ift in phonetic‘quality.to a back
vowel. These results sugg@sted to Delattre et al that the
second formant was no longer audlble, and that the stimuli
with attenuation of F2 were effectively single formant

vowels for listeners.

A different pattern of results was found in the back

vowels. A reduction in first formant amplitude for the
"The vowel /i/ can be separated from all other English
vowels on the basis of its extreme F2 value; it is rarely
confused with other vowels in identification experiments
(e.qg., Assmann, Nearey and Hogan, 13982). /i/ may have a
somewhat special status in vowel perception because of its
extreme formant values (Nearey, 1977).

.
-
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vowels /u/, /o/ and /a/, for example, resulted in a gradual
shift in the direction of a lower vowvel quality. Reduction
in the amplitude of the second formant in back vowels

generally led to a higher vow 1 quality.

Delattre et al. suggested that.these effects could be
explained by a centre of gravity or formant averaging
mechanism. They proposed that phonetic guality in back
vowels depends on the location of the formant cluster rather
‘than on individual formaht locations. However, they did not
'present detailed results in supéort.of this hypothesis;
their report was largely anecdotal. Furthermore, there were
some aspects of their reported findings which are not
~consistent with this hypothesis. For example, they also
found shifts as a function of formant amplitude for /&e/,
whichvhas a relatively wide separatioh of F1 and F2, and is
not a back vowel. :

ﬁiller (1953) also reported shifts in vowel quality as
a function of second formant amplitude ir back vowels. He
noted that the amplitude of the second formant was
'COnsiderably 1dwer than that of the first in naturally
'spoken ‘high back vowels /u/ and /o/. More open vowels such
as /a/ had nearly equal formant amplitude levels. The best
single formant approximations for /u/ and /o/ gad
frequencies close to their typical F1 values, ;hile for the
low back vowels, the best approximation was close’to the

midpoiht or centre of gravity of F1 and F2.
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‘quality whenfET?and F2 are in close'pfoximity.< However,

-
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4§@rnste1n (1981) obtalned audltory dlss1m1lar1ty
judgements of vowel stimuli and attempted to model the data

in terms of an add1t1ve comblnatlon of scaled formant ' '

,frequencies._ It was not p0551ble to obtaln satlsfactory

results u51ng a metr&c based solely on formant frequency

'valqes. However, the inclusion of formant amplitudes led to

a marked imprgvement in the predictions.‘ Although listeners
may not have responded in a 'phonetic mode', the results

suggeSt that formant amplitude may play a role in the

~auditory coding of vowel/sounds.

N
The studies reviewed above suggest that formant

amplitude may have an important influence on back vowel

9

_ ‘ e :
there is one study which suggests that formant amplitudey

effects are minimal, even in back vowels. Ainsontb_and

—

Millar (1972) reported a vowel 1dent1f1catlon experlment in

which F1 and F2 were varied in. small steps to create a

contlnuum spannlng typlcal values for all of the Engllsh

‘vowels» A set of standard vowels was also produced as

| exemplars of each vowel category; their F1 and F2 values

[ 4 . .
were based on measured formant means from natural speech -

data. The level of the‘second formant was reduced in 5

steps: 0, -14, -28, -42 and -= dB, relative to that of F1.
In each.listening sessionvonly one of the five amplltude
condltlons was presented,“i.e., sessions were 'blocged' with
‘respect to formant amplltude changes“

' Range, effects on the identification of a continuum are
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Ainsworth and Millar (1972) mé@sured vowel centres
(centroids of the identification:fgnctio%sﬁ for F1 and F2 in
each amplitude condition. Tﬁgy found that F1 centres were
nearly constant across all conditionsg Listeners did not

appear to compenséte for attenuation of the second formant

.

by a éhift in‘responée curves toward highér F1 véiues, As
predicted by the formaht centr of g;av&ty hypothesis of
Delattre, et al. (1952). Vowel centres for F2, however,
showed fairly'systematic'changes as the amplitude of the
second foEmant was reduced. For low F2 values, F2 centres
increased siightly"as_ﬁhe level of the second formant was
reduced. Some cf the frontﬂyowels'(with highQFZ values)*

showed a small decrease‘iff;z centres.

¥

One possible explanation for these results is a general

tendency'fof~F2 centres to shift with decreasing amplitude

sy

toward the middie of\the_FZ range,varound 1.8 kHz.

Ainsworth and Millar stated that most listeners heard only

-

back vowels with more than 28 dB attenuation of the second
formant. They suggested that this value is close to the F2

detection threshold. F2 centres did not appear to depend
------------------ ¥ _
‘(cont'd) occasionally observed when speech stimuli are
presented in a 'blocked’' mode (Brady & Darwin, 1978).
Differences between blocked.and randomized conditions have
been reported in vowel identification experiments .for the \
effects of changes in speaker identity (Assmann, Nearey &
Hogan, 1982); high and low pass filtering (Lindquist &
Pauli, 1968): and changeg in source characteristics (Gauffin
& Sundberg, 1982). Perce tual’ compensation may take place in
a blocked presentation mode, reducing the effects of the
experimental variable under investigation. The blocked mode
of presentation may be more representative. of natural
speech, since formant amplitudes do not vary randomly over
the course of an utterance. . N
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substantially on second formant amplitude providgd that the

amplitude difference between the first and second formants
was smaller than 30 4B, a value which appears to represent
the detection threshold for the second-formant (see also

Nearey & Levitt, 1974).

These results leave a number of unresolved questions.
_Ainsworth and.Millar((1972) argue in favour of a
peak—picking mechanism in vowel perception, on the strength
of the evidence that vbwgl identification is unaffecﬁed by
formant level over a broéd range. The gradual shifts iﬁ\\
vowel quality reported'by Delattre et al. (1952) and Millér
(1953) are’'not evident in the identification data presented
by Ainsworth and Millar. It is possible that their measure
. of vowel identification (vowel centres) may not be sensitive
enough to detect‘the'efgects reported by belattre et al.
Although both studies useé identification responses, the
Ainsworth and Millar study présented each amplitude
condition in a blocked presentatioﬁ mode which hay have

reduced the influence of formant amplitude.

4.4.4 Single formant matching studies

The forﬁant averaging or centfe of'gravity‘hypothesis
deanced py Delattre et al..(1952) suggests that a single
form&nt can substitute for both F1 and F2 in back vowels.

It should therefore be possible to adjyst the fregquency of a

. single formant to match a two. formant or multiformant back
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vowel in phonetic quality.

Ce’ (1974) presented data from 3 listeners on single
. formant «.tching of two formant reference stimuli, Paraliel
formant synthesis was used, with noise excitation of the
filters. The two formantsewere equal in amplitude. F1
ranged from 200 to 100 in' F2 was positioned near F1, with
a 100 ‘Hz 1nterval in most stlmull. The best match alvays
occurred in the reglon spanning F1 and F2, with about half
of the matches coinciding with either F1 or F2; the
remainder occurred in the region between F1 and F2, with no
cbvious pattern to account for this veriability. It was
reported that listeners could not obtain satisfactory

 matches for stimuli with F2/F1>1.5.

. .
!‘.

The high‘numbef>of"mé£ches to F1 or F2 mightﬁﬁave been
- the result of a percelved pitch correspondlng to the: peaks
in the filtered noise spectrum, accordlng to Cohen (1974)
Steeply filtered noise bursts may give rise to the
perception of an "edge pitch“‘(vo@é?ekesy, 1960; Small &
Daniloff, 1967; Rakovski, 1968). The varigbility in
responses may have been the result of different matching
criteria, 1nvolv1ng both pitch and vowel quality
differences. Cohen's results therefore do not clearly

support a formant centre’'of gravity hypothe51s.

A detailed investigation of the formant centre of
gravity hypothesis was conducted by Bedrov, Chispojich and

Sheikin (1978), Chistovich and Lublinskaja (1979), and.
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Chistovich, Sheikin, and Lublihskaya (1979). BedroJ:g; al.
reported an experiment in which the frequency of a single
formant was adjusted to find the best match to a two-formant
reference. ‘The amplitude of the first formant of the
reference was either 5 dB below or 5 dB above that of the
second formant;,FZ'was fixed at E1f350 Hz. The frequency of .
the best matching singlé formant, F*, generally occurred :
‘between F1 and F2, closer to the more intense fOrmant. No
indications of bimodal matbhing were found in the data from
the tw& listeners.  when the listeners matched for pitch, on
the other hand, Fx was placed néér-F1 in all cases. Bedrov
et al. éoncluded:tﬁat matching depends on the alignment of

the spectral centres of ‘gravity in reference and matching

stimuli.

Chistovich and Lublinskaya (1979) reported a matching .
expg:iTent‘in which listeners adjusted the amplitude ratio
A2/A1 in a two formant vowel to match a single formant Qhose
frequency was set equal to the midpoint of F1 and F2. A
continuous relationship between Fx, the frequency of the
best métching single formant, and the formant amplitude
ratio was reportea for small separatiéns of F1 and F2. As
the séparation between thé fdrmantsywas increased there was
a point beyond which satisfactory matches in vowel qualié}
could not be obtained by amplitude fatio adjustments. This

critical separation of F1 and F2 was estimated to be between

3 and 3.5 Bark.
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in a subsequent experiment the effects of formant
amplitude were invéstigated using single formant matches ﬁd
two formant vowels. The formant amplitqde ratio A2/A1
ranged from -20 dB to +30 dB in 10 dB steps. A nearly
continuous shift was observed for vowels with a small
separation of F1 and F2. Unsystematic results were'obtainea
for reference vowels with iarge separations of F1 and Fé. |
One of the two listeners showed a bimodal'gattern of
,matchingp with Fx positioned neér F1 for -20 and -10 dB, and
an abrupt shift,tb Fé witﬁ higher ratios. The other
listener showed a continucus shift but with increased
variability near the middle of the range, suggesting a
degree of uncertainty in the decision~process. Chistoyich
and LﬁblinskaYa argued that the inc:ease in variability and
the discontinuitf in matching as a function of formant level
was evidence that tﬁe phonetic quality of vowels with a
large separation of F1 and F2 Eould not be adequately

reproduced by adjusting the frequency of a single formant,

and hence a centre of gravity characterization was not
appropriate fo; such stimuli. They claimed that vowel
quality in stimuli with greater than criticél Separafion of
F1 and F2 is largely independent of formant amplitude,

provided that neither forméht»is attenuated below threshold

levels!,

—— - — - - ——— = — - - .

the. range, however, the matching data from the second
subject shows a systematic dependence on formant amplitude
which-is not accounted for by their hypothesis. In later
sections an alternative possibility will be considered."
Formant amplitude may provide a secondary source of vowel

1
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Some of the effects of formant amplitude changes
observed by Delattre et al. (1952), Miller (1953) and
Ainsworth and Millar (1972) are suggestive of a formand
'ﬁhreshold effect. For example, cons1derable attenuation of
F2 in the1r front vowel stimuli caused an abrupt shift to
the\aercept1on of a back vowel of corresponding vowel
he1ght On the basis of matching experiments using
reference stimuli with large separations of F1 end F2,
Chistovich and Lublinskaya (1979) estimated that F1 and F2

could be detected over nearly a 50 dB range of formant

amplitude ratids.

Chlstov1ch et al. summarized their main_findinge ae
follows: H
(1) in stimulj with more than 3 to 3.5 Bark separation of F1
and F2, vowel quality is independent of changes in'the
amplitude ratio of the two formants, over a wide range.
bouhded by the detection thresholds for each formant .
(2) in stimuli witn less ‘than the critical seperation of F1
and F2, vowel qualify is shifted by changes in the formant
amplitude ratio. A gradual shift in vowel quality occurs as
the formgnt ratio A2/A1 is altered, until one formant or the
other is longer detectable; the stimulue is then effectively

a single formant vowel.

Beddor (1984) and Beddor and Hawklns (1984) presented

"(cont'd) information whose role is 11stener- and and
task- dependent .
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replicated the’findihg of Chistovich et al.j fhdicating that
‘ : 3

the best‘single formant match to a back-vo;él,is positioned
between the F1 énd F2 Values.‘ However, thé frequéncy of the
best matchiqg}sihgle formant was closer.%gJF1 than predicted
on the basis of centroid calculationé sp;nning the F1-F2

region.' In section 4.5.4 several alternative modeisvfor

predicting centre of gravity effects will be éxplofeg.»

- Critical:disténce between F1 and F2

4

- Fant (1983) proposed that a 3-3.5 Bark separation ofi%1
and F2 might acéount for the universal class of back vowels. .
He suggested that the perceptual differences beéween vowels
with less than and greater than this éritical formant
separation might correléte directly with the phonological

vowels.

distinction between back and non-bac
. v | | g | |
Figure 4.2 is a graph of the ten fowels of western.
Canadian English in the F1-F2 plane (in Bark units; c.f.
Schroeder, Atal & Hall, 1979). The plotted values are
average values from 5 female and 5 males speakers 6btéined
in a previous study (Assmann 1979). The solid and dashed
lines represeht F1 and F2 separations of 3 and 3.5 Bark,

!

respectively.

It can be seen that the 3 Bark line does not clearly
-~ ) " a
separate the vowel set into two phonological classes, back
versus non-back- vowels. A number of tokens of the vowels

/o/ and /A/ occur on both sides of the F2-F1=3 Bark-line.
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Figure 4.2 Formant frequency méans for Western

Canadian English. Male averages are
indicated by triangles, female averages
by crosses. Solid line indicates

F2-Fl=3 Bark; dashed line indic¢ates

F2-F1=3.5 Bark
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The Yowels /u/ and /U/ have relatively high F2 values in
this dialect and often show greater than 3 Bark separation
of F1 and F2. Similar violations of Fant's hypothesis were

reported for American English by Syrdal (1982).

It seems unlikely that different perceptual>processes
are involved when listeners attend to diff?rent tokens of
the same vowel, uttered by speakers with slightly different
vocal tracts sizes. There does not appear to be a
difference in phonetic quality or timbre between tokens of
the same vowel thch happen to occur on different sides of
the F2-F1=3.5 Bark line. The phonetic relevance of'the‘
notion of a critical 3-3.5 Bark distance should therefore bé

examined very closely.
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4.5 Experiment 5: Effects of formant amplitude on matching

in back vowels

4.5.1 Introduction

The evidence for centre of gravity effects in back
vowels is based almost exclusively on experiments in which

single formant stimuli are matched to multiformant stimuli

with altered amplitudes of the first and second formants.
Single formant stimuli are differe': in several respects
from multiformant stimuli, a; discussed in section 4.1,

They share with low back vowels the characteristic that most
of the energy is located in the low frequency region of the
spectrum, exhibiting only a singleApeak;_but they differ in
other characteristics, suéﬁ”és the amount of energy in the
hlgh frequency reg1on, the slope 6f the spectrum on the h1gh
frequency side of the peak, ,overall amplitude, etc. These
differences make it importanf to verify the fésults with
matching experiments in qhiéh both matching and reference
stimuli are multiformantLEtilei. A second reason for
investigating the effects of formant amplitude on the
matching of multiformant vowels is that aﬁ least two
previous studies have indicated only minor effects of
formant amplitude on'phonetic dissimilarity judgements
(Klatt, 1982a) and back vowel identification (AinSworth and

Millar, 1972).
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e spectral centre of gravity is the exclusive

oo

determih;nt of vowel quality when F1 and F2 are close
btogether, it should be possible to manipulate formant
amplithdes to produce multiformant stimd&us pairs which
differ in their respective F1 and F2 values but have the
same centre of gravity, or vice versa. It is important to
determine'whethe; such pairs are judged as more similar (in
a matching task) than pairs with identical formant

frequencies but different formant amplitqdes.

A matching task was used to evaluate several
predictions of the formant centre of gravity hypothesis
concerning the perception of multiformant vowel stimuli.

One aspect of the FCOG hypothesis discﬁssed by Chistovich
(1985) is that formant frequency and :ormant amplitude trade
off against each other when the formants are in close
proximity. An increase or decrease in the frequency or
amplitude of either formant will result in a lowering or
raising of the centre of gravity which in turn determines
the identity of the vowel. This hypothesis was tested using

multiformant matching and reference stimuli.

Fixing the position of F2 in back vowel matching.- One
problem‘which arises in the design of back vowel matching
experiments concerns the constraints,on forman; movement
when F1 and F2 are in close proximity (assuming that
formants are not allowed to cross in frequency). 1If F2 is

set to a constant value, F1 is constrained to vary over only
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" a small frequency range. Similarly, if F1 is fixed, F2 will
be adjustable only over a narrow frequency region. One
possible solution is to allow listeners to ;djust each
formant separately. This task may be somewhat more
difficult for the listener and requires a longer time period

to arrive at a satisfactory match.

A second alternative (adopted in the present
experiment) is to ask listeners to covary F1 and F2 in the
matching stimuli. A fixed separation of F1 and F2 may be
used in both matching and reference stimuli. Listeners
adjust F1 and F2 simultaneously to compensate for changes in
the ampiitude ratio of F1 and F2 of the reference. 1In the
present experiment it was decided to use a 250 Hz separation
of F1 an@ F2, a frequency distance less than 3 Bark at all

positions along the matching continuum’'.

\ A schematic diagram illustrating this paradigm is shown

7

in Figure 4.3. Part (a) represents the single formant -
matchiﬁg paradigm used by Chistovich, Sheikin and
Lublinskaya (1979). In pért (b) both matching and reference
stimuli are two formant vowels, and listeners adjust F1 and
F2 togéther to match ehanggs in the amplitude ratio of the

formants in the reference.

' 250 Hz represents approximately 2.4 Bark separation of FI1
and F2 at the low frequency endpoint of the stimulus
continuum, (F1=175 Hz) and approximately 1.4 Bark at at the
high)frequency endpoint (F1=950 Hz) (Schroeder, Atal & Hall,
1979). s : .

.



219

I (a)

i (b)

CAMPLITUDE—

FREQUENCY —
> o

Figure 4.3 Schematic amplitude spectra for vowel matching
experiments. (a) 2 formant reference, 1 formant
matching stimulus (b) 2 formant reference, 2
" formant matching stimulus
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The decision to covary F1 and F2 can be,ﬁustified on
two grounds. ?irst‘ there is a correlation of F1 apd F2 in
measurements of natural back vowels. higher F1 values are
assocxated with hlgher F2 values (see”F1gure 4.2). Second,
‘by varying F1 and F2 together llsteners are effectlvely
controlllng the arlthmetlc mean of the formant frequenc1es
1f matchlng depends on @ Centre of grav1ty or formant
averaglng process, a change in the formant amplltude ratlo
should be phonetlcally equ1va1ent to a shift along the
f(F1+F2)/2 dimensiori. A shift in both F1 and F2 will affect
the centre of grav1ty in the low freguency reglon in a
'51m11ar manner to a change in the formant amplltude ratlo.
“Formant amplltude changes are expected to produce changes in
. matchlng even if these changes result in mlsallgnment of the

formant peak locatlons in the matching and reference

stlmu11;

!

Formant‘amplitude manipulation.b\A second'problem concerns
the nature of amplltude manlpulatlon in the reference
stimuli. -~ When formant amplltudes are manlpulated u51ng
paréllel formant synthesis, there are correlated changes
throughout the spectrum (Klatt 1980; Holmes, 1983)' A
change in second fogmant amplltude, for example, may alter
the levels of prominent harmonics in the F1 reg;on,
particulariy if the formants are very ciose/together in
'frequency Experlments one to three have indicated that

vowel he1ght may be altered by changes in the levels of

promlnent F1 harmonlcs. It is important to keep the levels
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of these components fixed while manipulating the amplitudes
of the peaks. | ‘
In the present experiﬁeﬂt, amplitude was manipulated by
directly altering the levels of individual harmonic
components u51ng addltlve harmonic synthesis. Components in
the_reglon 8f F2 and higher formants were elther raised or

lowered relative to spectrum jevels in the unmodified or

control condition. ) _

S
@

According to the FCOG hypothesis the.best match will be
the one closest to the reference in terms of the centre of
gfavity of F1'and F2. The centre of gravity in the
'reference stimuli will increase'monotonically,as‘tﬁe
amplitude level of the second formant is raised, ana
decrease when it is lowered. A limit may be reached when
one formant is substantiaily hiéher in level than the other;
the vowel is then effectively comprised of a single peak in

‘the low frequency regio Fo ~ant amplitude changes are

expected to result in phoné&gic changes which are eguivalent
to alterlng the frequenc1es of both formants. 'Réising or
lowering the second formant amplltude should lead to.

parallel changes in the F1-F2. values of the preferreﬁ match

Alternatively, the twohspect;ai peeks:may have some
independent effects on vowel guality. One possibility is
‘that llsteners disregard peak amplitude changes'entiﬁely,
selectlng the same matchlng stlmulus in each formant

amplitude condition. We will ;efer to this as the 'no

v;)‘
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change' hypothesis. A second possibility is thép formant
amplitudes méy affect'vowel quality, but as a supplemental
or secondary cue; Some conflict between the two cues may be
present and the matchlng data may show an 1ngrease in
varlablllty or multimodal match1ng patterns. A third
p0551b111ty is that formant amplitudes may have minimal
effects until one ‘of the two formant peaks is no longer

audible. Masking of one formant by the other will then lead

to an abrupt changé in matching performance.

4.5.2 Method

J1~S§imulus matefials

B °

‘The stimuli were generabéd using digital additive
harmonic sythesis. Amplitude spectra fpf the matchihg
stimuli and reference stimuli were calculated using a
cascade formant synthesis procedure 2as in‘Experiment 1. The
bandwidthé of the formants and the higher formant |
frequencies were identical with fhose indicated in Table
3.1. A constant fund?mental frequedcy oé 125 szwas used
for.all stimuli..‘Adgﬁtional p§§gmete§s (higher pole
correction, glottal source and radiation characteri;tic)

were as described in chapter three.

A\
- . «j.‘\\’
g

Reference stimuli. Three baseline stimuli dere produced,

with F1 = 350, 450 and 550 Hz. F2 was fixed in all stimulil
~at F1+250 Hz. The amplltudes of harmonics were altered to

p:oduée five cohditions for each of the 3 ba%g&ine stimuli.
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The Qeighting functions used to produce each of the,
amplitude conditions are shown in Figure 4.4. For each
stimulus, three constraints were def.néd:

(1) componenté lower than or equal to the freqﬁency value
S .

CF1 + 125 Hz Jere unmodified. This condition ensures that
the two components of largest amplitude in the viginity of
F1 will not be altered. |

(2) components above F2 were altered by ?20,‘—10, 0, +10, or
20 dB.

(3) components in the intermediate rggion were linearly-
.interpolated in amplitude to avoid edges or discontinuities

in the spectral envelope. The amplitude of each harmonic A;

was multiplied by a scale factor-§,, compu’as follows:

.

T N f, < fc
S;—'—: ((f.—fC)(M_l)/(FZ"fC))+1, fc < fl < F2
M, £, > F2

where f, is the frequenéy in Hz 6f ﬁhe‘ith‘harmonic
component;

fc = F1 + 125 Hz

M ___‘ 10(d/20)

a reéresents the change in amplitude leveli(—20, -10, O,

410, or +20 dB).
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Figure 4.4 Experiment 5. Weighting functions and line spectra
' for reference stimuli.

(a) F1=350 Hz, F2=600 Hz

(b) F1=450 Hz, F2=700 H:z

(c) F1=550 Hz, F2=800 H:z



225

Matching stimuli. A continuum of vowels was construqted

with F1 ranging from 175 to 950 Hz in steps of 25 Hz., F2
was }ixed at 250 Hz above F1 as in'the reference stimqli. ‘
Figure 4.5 indicates the F1 and F2 values, in Bark ﬁnits,
for each of the matching and‘fefergnce stimuli, All stimuli

had less than 3 Bark separation of F1 and F2.

Digital additive harmonic synthesis was used to produce

N

the stimuli as described in section 3.3.2.

Subjects

Five phoneticaily trained listeners completed the task.
All had participated in one or more of the experiments
descibed in Chapter 3. All of the listeners had normal

hearing, and all were native speakers of Canadian English,

Procedure
Stimulus presentation, instructions to the subjects,
and the recording of responses followed the proceduré

described in Experiment 1, section 3.3.2.

4.5.3 Results and discussion _ 5%

The data from each listener was summarized in terms of
the median F1 value of five matches. Means and standard
deviations of these medians are shown in Figure 4.6. The

lowest curve represents reference stimuli with a nominal F1
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i? 1;0 kHz

F2-Fl= 3 Bark

L 1.0

- kHz
)
1
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£

N ~ .5

Fl1 (Bark) , ‘

Tigure 4,5 Experiment 5. Formant frequencies of matching stimuli
(o) and reference stlmuli (o)



(kHz)

MATCHED F1l

e - e a

-20 -10 0 +10 +20
. AMPLITUDE CHANGE (dB)

Figure 4.6 Means and sgandard deviations
- of median matched Fl values for
experiment five. Dotted lines
indicdte nominal Fl values.
(a) F1=550 Hz; F2=800 Hz
(b) Fl=450 Hz; F2=700 Hz
(c) F1=350 Hz; F2=600 Hz
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and F2 of 350 and 600 Hz; the middle curve; 450 and 700 Hz;
and the top curve, 550 and 800 Hz. “The dotted lines at 350,
450 and 550AHz indicate the frequency locations of the
nqminal'F1 values for stiﬁﬁii associated with each of the 3
cﬁrves. "These lines indicate the expected F1 matches under
ihe 'no change' hypothesis o¥|formant amplitude.effects.
There are substantial deviatiors from these lines in the two
‘highest amplitude condition527+10 and +20 dB, indicating
that a change in higher formant amplitudes does affect

matching.

The mean match in the 0 dB condition is near the
nominral F1 vélues { all three cases, as expected. 1In the
+20 dB condition, the mean matched F1 has shifted to a
vhigher fréquency, just below F2 of the referencé, Métches
in the +10 dB condition are intermédiatefbetweén ﬁhese'tQO,
suggesting a continuous change as a fﬁnétion of formant
amplitude. 1In the oppositg direction, comparing the 0, -10
and -20 dB conditions, amplitude does noﬁ a?peaf to'ﬁave.an

effect on matching performance.

An analysis of variance was performed on the median
matchéd F1 data. A‘significant main effect was found for
the factors AMPLITUDE (F(4,16)=87.05; p<.0001) and FORMANT - -
FREQUENCY (F(2,8)=152.22; p<.0001). ‘The interaction of
FORMANT FREQUENCY and AMPLITUDE was also significantv
kF(8,32)=3.04; p<.02). Each of the conditions ﬁiﬁh modified

/ .
amplitude were compared with the control or 0 @B condition
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using Dunnett's test. Means and significance levels for
each of the modified amplitude conditions are shown in Table

4.1,

None of the stimuli with attenuation of higher formants
was significantly different from the control, although there
appears to be a small_trend toward lower F1 matches with
attenuation of F2 and higher formants in the 2 loweét curves
of Figure 4.6. The absence of a significant shift to lower
F1 matches with a decrease in the amplitudes of higher
harmonics is inconsistent with the predictions of the
formant centre of gravity hypdthesis. ﬁaising the levels of
higher formants dfd lead to significant upward ghifts ip
matched F1, except for the +10 dB stimulus with the lowest

formant values (F1=350, F2=600Hz).

Histograms of the'individual matches from each subject
are shown in Figure 4.7. A élearly‘multimodal matching .
pattern can be seen for the reference:s;imuli'with F1=450
éhd 550 Hz in the +10 dB condition. This result:is
difficult to reconc1le with the formant centre of grav1ty
hypothe51s which predlcts a continuous shift in vowel
quallty as the amplitude of the second formant is raised

felatf?e to the ahplitude of the first.

This'finding indicates an important difference between
single formant and multiformant matching. Chistovich,
Sheikin and Lublinskayé (1979) reported that single formant -

matching was a continuous function of amplitude over a range
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)

-20 -10 0 ’ -10 +20 dB
F1=550 545 560 550 660=x 745%x%
F1=450 440 435 470 600=«x 675%x%
F1=350 310 300 ) 345 395 565%x
*xp<.01

Table 4.1. Mean matched F1 values and significance levels
‘ for Dunnett's test comparing modified amplitude
conditions with the control or 0 dB condition

TSRSz ====== =

of approximate¢ly 40 dB, provided that the F2-F1 distance in
the reference was less than 3 Bark. Their reference stimuli

(Figure 4, p. 148) were altered in 10 4B steps from a 0 dB

baseline condition with equal amplitudes of F! and F2. In

the present experiment, 0 dB was used to describe the
relative formant amplitpdes given by the cascade formant
syntheéis model without any filtering. This procedural
difference is unlikely to be fesponsible for the discrepancy
in results, since the amplitudes of the first and second
formants in the 0 dB condition of the present experiment
differed by less than 10 dB. The formant amplitude ranges
in the present study and that of Chistovich et al.
overlapped to a large degree. It seems more likely,
therefote, that the difference in results is due to the use
of multiformant rather than single formant matching'stimuli

in the present experiment.
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The absence of significant changes in matching
performance with attenuation of F2 and higher formants
suggests that it may be important to align both F1 and F2
wvhen both formants are present in the matching stimuli;
amplitude differences are largely ignored. Yet substantial
shifts do occur in the +10 dB and +20 dB conditions. Why
should vowel quality be affected more by an increment than

by attenuation of the higher formant amplitudes?

One possibility is that the first férmant,in the +20 dB
condition is masked by energy at highér frequenciés..
Masking of F1 by higher formants may also have affected
matching performance in the +10 dB condition, where
éxtremely variable matching behaviour was pbserved.@ The
reference stimuli with +10 or +20 dB boost of higher
frequency components might then be perceived as having only
one low frequency formant. The result is that F1 of the
matching stimulus is often aligned by listeners with F2 (or

with a frequency value just below F2) in the reference

stimulus.

4.5.4 Predictions of the matching data

Several procedures for bredicting t?e matching daté
were investigated. The first stage of é%éh analysis
involved the computation of spectral measures for each of
the reference and matching stimuli. For each reference

stimulus, the closest predicted match along the formant
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continuum was determined, using spectral measurements in
conjunction with the distance model described in section
3.3.4. The degree of fit of the predictions was summarized
in terms of the RMS distance between observed median matched
F1 Qalues, using the procedure described in Experiment 1°'.
The first set of analyses was based on measures of the
centre of gravity of the F1-F2 cluster. The frequency
iocation of the spectral centre of gravity was estimated
using procedures based on the results of Chistovicﬂ and

Lublinskaya (1979). Estimated centre of gravity locations

ranged between F1 and F2, and shifted continuously as a

formulations of a moael outlined by Chistovich, Sheikin and
Lublinskaya (1979) were first considered. This model
involved the summation of energy over a series of highly
overiapping 3 Bark regions of the §Pe¢trum. T%e centre
frequency of the 3 Bark channel with the maximum summed
output in the F1-F2 region was used as a measure of the

centre of gravity.

"It should be pointed out that the median matched F1
coincided in most cases with the largest mode in the
matching histograms. A multimodal pattern of matching was
present for two stimuli in the +10 dB condition (F1=450 and
550 Hz). In such cases, the median may not adequately
characterize the matching response profiles. No attempt was
made to,predict the entire vector of responses (the
proporfion of matches drawn from each position .on the
continuum, rather than just the median response). Further
refinements of the model might attempt to account for the
major modes of the matching response profiles in cases of
multimodal matching.
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One possible shortcoming of this procednfe lies in its N
lack of sensitivity to cnanges in the distribution of energy
wifhin»the 3 Bark range. A second procedure, which is

sensitive” to such changes, used the first moment or centroid
(calculated over the frequency region spanned by the 3 Bark

channel with maximum output) as a measure of the centre of

gravity'.

An additipnalirefinement of these centre of gravity
measures may result from a consideration of the
fransformation ef the spectrum in the auditory system. The
guestion pf'g spectral representation compatible with
psychophysical data on ffeQuencf'resoiutién and loudness has-

‘been addressed in‘earlier cnaptegs; In fne present analyses
centre.of'gravity'measures nege'obtained'using either the
power spectrum or transfo;mations of.the‘spectrum using the
excitation'énd loudness éattern models described in section *
3.3.4. o . o |

) el

Three pairs of analyses were conducted. The first

member of the pair employed the centre frequency‘measure,
. the second employed the centroid to estimate the centre of
gravity of the F1-F2 cluster. The‘first:pair.(anagyses 1

iR

and 2 in Table 4.2) used measurements derived

from the power

spectrum. The second pair "(analyses 3 and 4) .used
"1 Chistovich (1985) e€mployed such a measure for estimating N
the spectral centre of gravity from the tauditory' spectrum,
but used an integration range spanning the entire spectrum.
‘Ranges wider than 3 Bark were also investigated in .
attempting to account for the present matching data, but
these led to poorer results. J - Sy

v
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excitation patterns computed using the critical band
filterbank model proposed by Sékey and Hanson (1984). The
bfinal‘pair (analyses 5 and 6) employed the excitation
pattern modél.of Moore and.Glasberg (1983). Further details’

concerning the auditory models are given in Chapter 3. -

Excitation patterns calculated according to the model
of Sekey and Hanson (1984) are shown in Figure 4.8 for each
of the 15 reference stimuli. Excitation level (in dB) is

plotted as a function of critical band rate (in Bark)

i «
'

spanning'the 0-10 Bark (about 1250 Hz) rénge. One important
feature of these patterns is the presence of 3 to 6 peaks
corresponding to low—ordgr harmonics of the véwels. The
excitation pattern fpr’tﬁeio dB stimulus in the bottom row
"(F1=350 Hz) has its maximum ﬁea: 4 Bark; which reflects the
présence éf the third harmonic (375 Hz), close to the first
fofmant frequency. Harmonics in the vicinity of the second
formant are not clearleresolved; there is little evidence
for two distinct formant peéks. The same appears to be true
A for the 0 dB stimulus in the two higher rows. It would be
difficult to estimate the location of F2 from these
péttérns. However, there are other aspects of theée
pattefns (such as the overall spectral balance and the slope
above and below the pgak) which may convey information

-

concerning the location of the second formant.

Attenuation of higher formants leads to a decline in

the slope of the excitation patterns above F1. An increase
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! (a) Fl= 550 Hz, F2=800 Hz
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Figu:e,@& 8 Excitafionupatterns~for the fifteen

reference stimuli of experiment five
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" in amplitude has a different effect: additional harmonics - - -

above F1 appear as distinct peaks. In the +10 dB condition
the patterns are less 'peaky' inJappearance, although there
are distinct maxima corresponding to harmonics near both F1

and F2. 1In théeﬁzp_yﬁwgaﬁﬁition there are strong peaks

corresponding to ptofiivem

harmonics are poorly resolved.

Table 4.2 presents the RMS deviations between observed
and predicted F1 values according to each of the centre of
gravity models. . Kkuseéul comparison is provided by .the "négff,
change” hypothesis which states that all matéhed F1s are ﬂgg

positioned at the nominal F1 in :he'reference stimulus.

Predictions based on the nominal F1 resulted in an RMS value

of 113.91 Hz, almost twice the values for the other
analyses. The centre of gravity measures thus appear to

account for some aspects of matching performance.

The degree of success in predicting the matching data
is fairly similar in each of the models. The centroid
measure led to smaller RMS values than the centre ffequgncy'

measure. Predictions based on auditory models (analyses 3

\

to 6) yieldéd marginally better results than those based on

comparable measures-applied to the pover spéctrum (analyses

1 and 2).

The lowest RMS values were obtained using analysis 4,

the centroid of the maximum 3 Bark region of the excitation

pattern. Compagable results were obtained by using a
T o ‘ :

5@ ETR '



-

238

ANALYSIS : ' RMS (Hz)
~ v ,
"\ Nominal F1 (no change hypothesis) 113.91
1. :Centre Frequency: Power spectrum 69.28
2 Centroid: Power spectrum 48.64
3. Centre Frequency: Excitation pattern (1) 48.57
4. Centroid: Excitation pattern (1) ) 44.45
5. Centre Freguency: Excitation pattern (II) 54.34
6 Centroid: Excitation pattern (11) 47.07
7 weighted mean of LPC estimated F1 and F2 47.34
»

mable 4.2. RMS deviations (in Hz! between observec and
predicted matching data for fxperiment 5
based on centre of gravity measures

========================m===:==::===t:zzx=:======z====:====

loudness preemphasis function (Hermansky, Hanson, and
wakita, 1985) and/or & subsequent .3 ppwér'transformation
o

(Stevens, 196€). ‘
. . oy

Centrevof gravity locations based‘on analysis 4 are
shown’ig.Figure 4.9. The nominal F) values for the vowel
continuum are indicated by the sclid line along the
d&agdnalf F2 values coincide with the dashed line. - Fmean
valﬁes;are close to F! in the low frequéncy range, but move

progressively closer to F2 at higher frequencies.

Observed and predicted Fls based on analysis 4 are
shown in Figure 4.10. The 3 curves from lowest to highest
represent stimu%i with F1=350, 450, and 550 ﬂz. The
predicted values are if mOSt cases fairly cicse o observec

mears. The largest discrepancy Occur ir the 10 dB
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{kHz)

F

A A

b
oF

.8 1.0
Nominal Fl1 (kHz)

Figure 4.9 Formant frequencies and measured centre
of gravzty, Fm , based on analysis four
(centroid of the maximum 3 Bark region
of the excitation pattern, using the model

. proposed by Sekey and Hanson, 1984), for

the matching stimuli of experiment five.
Solid line indicates Fl locations, dashed
llne 1nd1cates F2.
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Figure 4.10 Mean matched Fl values (s0lid lines) and
predicted Fl values (dashed lines) based.
on ahalysis four

(a) F1=550 H- F:=800 Hz
. (b) F1=450 Hz : . =700 Hz
(c) F1=350 Hz; ¥:2=600 Hz
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condition, for a stimulus with Fﬁ = 350 Hz; the predicted F1
value is 55 Hz higher than the observed mean. Reference
stimuli in the +10 and +20 dB conditions were predicted to
have highér values than the control; in the +20 4B condition
~this value is near’FZ‘of the reference, Th'gyaspect of the
data is vell modeled by the ceﬁtre of“gravity'predictioﬁs.
Attenuation of the second formant does not lead to
‘substantially 1ower\predictéd Fis; 'this is also consistent
with.observed“means. The reason for this appears to be the
small influence of F2 on the excitation patterns; as noted
above. Ip fact, F2 lies just above the upper cutoff of the
maximum 3 Bark region for all attenuation levels, even in
the 0 dB condition. A further problem is that F1 occurs
below £he lower cutoff of the maximﬁm 3 Bark region in the
+20dB condition.ﬁ—éimilar problems emerged with other
centre of gravity measures as wEll. A wider integration
range wouwld ensure that béth F1.and F2 were included, but it
was found that matching predictions based on a wider

integration

‘Weighted mean of LPC estimated F1 and F2. Another type of
propedure for estimating the formant centre of“grayity is an
averaginé process which is applied only at tﬁe ffequencies
of peaks corresponding to formanﬁ locatid@s'(Chistovich,
1885). A simple version of this model was implemented using
LPC estimates of the frequencies and amplitudes of the
spec;ral-peaks. LPC épectra were computed as' described in

‘section 3.3.7. Formant frequencies (F1 and F2) and
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amplitudes (A1 and A2) were measured from the LPC spectra
using a peak estimation procedure based én the nggative
second diffegence method of ChriStensén, Strong and Palmer
(1976). The weighted mean of F1 and F2 was calculated as

follows:

B F = [(F1-A1)+(F2-A2)]/(A1+A2) | /

- Predictions based on.the weighted mean of LPC estimat4;
.formant‘fréquencies (analysis 7 of Table 4.2) are shown in
Figure 4.11, While this procedure ensures the centre of
gravity is determined by both F! and F2Z, it was found that
this formant estimation procedure did not.giVe accurate
estimates of the formant locations_in‘some of the amblitude
" conditibns. In the +20 dB condition, F1 was invariably
'missed‘_and its 'sloﬁ' filled b& F2. This also happened at

the two highest frequencies in the +10 dB condition.

It may be that more sophisticated procedures will
pro?ide more accuréte ﬁeasurements of the-formants. Even
so, it is not clear how ‘such a proéeaure is to operate vhen
there is only a single peak present, as in the matching '
stimuli used by Chistovich et'él.‘(1979). In the light of
these difficulties, an explicit formant-averaging procedure
does not seem well-motivated. Predictions based on centre
of gravity measures in the region of highest energy
concentration providéd fairly accurate predictions, but it

was noted that slightly better predictions could be obtained
o
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Figure 4.11 Mean matched Fl values (solid lines) and
- predicted Fl values (dashed lines) based
on analysis seven (weighted mean using LPC
estimated formant values).
(a) F1=550 Hz; F2=800 Hz
(b) F1=450 Hz; F2=700 Hz
(c) F1=350 Hz; F2=600 Hz
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by calculating the centre of gravity over a range smaller

than 3 Bark.

Comparison of line spectra of best matches. A comparison of
the line spectra of 'best match;s' suggests tﬁétvmatéhing
may be based on the alignment of a small number~6f prominentM
harmonics in the reference and matching stimuli. Figure
4.12 shows line spectra for each reference stimulus (quer
plot) and its 'best match' (i.e. the mafch most frequently
selected by listeners). It should be noted that the single
most prominent harmonic in the spectrum of the reference
stimuli occurs near the F1 peak for stimuli. in the O, 210
and -20 4B conditions; and near F2 in ghe +20 dB condition.

In the +10 dB condition the most prominent harmonic occurs

near F1 for F1=350 Hz, but near F2 for F1=450 and 550 Hz.

It can be seen that the major peaks in the spectra are
closely aligned in the best match pairs. All of the
reference stimuli haQe in common with their best match the
frequency location of the mos& prominent harmonic. However,
“this @id not appear to be the eXcluéive basis for matchirng
judgements. It was noted, for example, that althoﬁgh the
most prominent harmoﬁic may occur at the same frequency
location in a number of potertial matching stimuli, some are
selected by listeners more often than others. Fdr example,
ﬁsing-a single harmonic matching criterion,-all of the

" stimuli in the region from'F1=325 Hz to F1=425 Hz should be.

equally good matches for the reference stimulus with F1=350
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- front vowels in section 3.3.7. The exponent g determmnes

‘the choice of scale (1=magnitude, 2= power)

v 246

Hz and a +10 dB change in amplitude, since they have the
most prominent harmonic (at 375 Hz) in common. Yet there is
a definite preference for matching stimuli with F1=400 or
425 Hz. The levels of harmonics adjacent to the most

prominent alsc appear to- be important in matching.

In Ch;pter 3 éevé;ai ldcachentre of gravity measures
were inveét;gated in the‘prediction of front vowel matching
data. It was found that the weighted mean of tﬁe leQels of
the two most brominent harmonics could account fairly well
for the seléctidn of matchingfsciﬁuii by listeners. A
further series df analyses was carried out to determine how
well the local centre of gravity measures based on the
weighted mean of prominent harmonics can predict the back

vowel matching data, and to compare the resglts with the

R4

predictions of the centre of gravity models compdré@;ﬁn

Table 4.2.

The weighted mean of the k most promlnenb harmonlcs, F

was calculated according to the procedure descrlbed fﬁr

.

i)

pgde_termmes the
degree of preemphasis (0O=none, 1=6 dB/octave§ ;
g

The effects of the parameters k, p, and}qucan be seen

. e

in Table 4.3, which presents the RMS error raq&s for several'f

different analyses.
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ss==ssssssss=ssssssssscocomMossssscosmsmocm—csmmsssrscccmes
p=0 p=1
k g=1 g=2 g=1 g=2
1 63.4 63.4 80.9 80.9
2 41.4 42.0 65.8 66.4
3 63.6 51.0 50.4 48.6

7
Table 4.3. RMS distance (in Hz) between observed F1 matches
and predictions based on the weighted mean of
the k most prominent harmonics; q represents

the amplitude exponent, p represents the
degree of preemphasis

Predictions of the back vowel matching data based on 2
harmonics (k=2) yielded the smallest RMS values, consistent
with the model ofFCarlson, Fant and Granstrom (1975) and the
results of the front vowelgmatgping expefiments. The lowest

5 @) s

RMS value (41.4 Hz) was obtained with k=2, p=0 and g=1.

The relationship between nominal F1 values and F., the
weighted mean of the tﬁo most prominent harmonics (k=2, p=0,
q=1) is indicated in Figure 4.13., F, follows F1 closely in
the low frequency region, with discrete steps at intervals
separated by the fundamental frequency. Thfs tendency was

also observed in Figure 3.20 for the front vowels. For the

‘back vowel continuum, however, F, values were higher than F1

(close to the midpoint of F!1 and F2) at higher frequency

positions on the continuum.
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[N] J

Figure 4.13

1.0 ,
Nominal Fl1 (kHz)

Formant freguencies and measured centre
of gravity using the weighted mean of the
two most prominent harmonics (p=0,g=l),-
for the matching stimuli of experiment S.
Solid line indicates Fl locations, dashed

line indicates F2.,

@
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model are shown 1in

Matching predictio?s based
Figure 4.14. Erédicted Fi1s for .the lowest curve (F1=350 Hz)
are somewhat nigher than the obsefved means. IIn Ehe middle
curve'(Ff=450 Hz):predicted F1 values in the +10 dB
condition are somewhat lower than observed means.  The
minimai effects of a decréaSe‘in ampligude andithe lérge
effects of ah‘increase in amplitude are evident in the model

predictions and follow the observed data fairly ciosely.

\

" Table 4.3 indicates that predictions based or
preemphasiied spectra (p=1) were'generally worse than those

based on unpreemphasized speétra (p=0), unlike the results

for front vowels for which weighted mean calculations based

- on preemphasized spectra\géve better results. The effects

of preemphasis were discussed in section 3.3.4, where the

_poésibility was raised that preemphasis may prévide'a better

characterization of the relative auditory prominence of
harmonic components than the raw spectral magnitudes. Why
then does preémphasis not result in improved predictions of

the back vowel matching data?

It was found that weighted means based on preemphasized

spectra (k=2, p=', and g=1) were generally higher than the

4

nominal F1. The two mdst prominent *harmonics were often

-

3 e | e
closer tco the nominal F2, partigulgrly with higher forman:

. . ) N ' N i . '
frequencies. F1! harmonics were ‘thus-excluded from the
. e, g
calculations; these components may play an important rcle :n
the perception of back vowels.

SN -



FREQUENCY (kHz)

R AP 250

A A - A

Figure 4.14

/

-10 0 +10 +20
AMPLITUDE CHANCE (dB)

G

¥

N
e

Mean matched Fl values (solid lines) and

predicted Fl values (dashed lines) based"

on the weighted mean of -the two most

prominent harmonics (p=0,g=1).

(a) F1=550 Hz:; F2=800 Hz

(b) F1=450 Hz; F2=700 Hz , 2

(c) F1l=350 Hz; F2=600 Hz '
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One factor to be considered is the shape of thevvocal
tract transfer function in the low frequency region (Darwin,
1984\ In chapter three it was noted that harmonxc levels
below F1 in front vowels are much more constralned in the
.range of intensities they ‘can assume than those occurr1ng
above the peak. In back vowels, harmonics around the Fi
- peak show smaller var1at1ons in 1nten51ty,<;;;\:he dégree'of
contrast in this region of the_spectrum 18 duced ‘relativer
to front vowels. If the perceptual system assigns a weight
to each harmonlc reflectlng an 1mpL1c1t knowledge“of ‘

constraints of this kind, the effectlve contrlbutlon of

harmonics below and above F1 may be more nearly symmetr1cal.

oo

1 b

A second possible factor is a masking effect of
harmonics in the vicinity of F2 on lower harmonics near F1.
The masking effects of F2 harmonics on those near the F!
peak region can be determined to some extent from an

examination of the excitation patterns, as discussed

ear.ier. The degree of resolution of individual harmoni¢
s - . . B 0

N . o
components 1in the F? region may vary considerably §epend;ng

on re.ative formant amplltudes and the distance between F1

05"' )

S

nd Fz2.

To investigate these‘%ffects, the most prominent

narmonics were esclmated from exc;tat1on patterns calculated

o]

..
ceral

[+Y
O}

g te 'he crocedure of Semgg?and Hanson (1984).

‘beaks were identified using the criterion §,., < §;, > S....
where S is +he intensity cof the ith frequency bin; each bin

“ ™
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Up to 8 peaks were located in the frequency region hetween (
and 150C Hz. The frequencies of the peaks were in all cases

.close to the expected harmonic frequencies. Next, a search

Y was‘made.for the most prominent peak'énd the larger of the

‘vtwo adjacent peaks, correspon&ing to the most prominent and

second most prominent harmonics.

The.weighted meen of the two most prominent peaks in
the excit;tion pattern was calchlated for each of the
metching‘and reference stimuli. In some cases there was
oniy>a ;&ngle harmonic in the peak regidn. For these
stihuli, the freguency of the peak was substituted for the
weiéhted mean. The RMS value'forppredictiens based on this
analysis was 50.42>H;.-‘This value is somewhat higher than
‘tragipbtained using the weighted-mean of the two most
promlnent harﬂonlcs of the amplitude spectrum. ?igure 4.%5'
presents the predicted F1 ‘'values and observed means. It can
be seen»that the predlcglons are falrly close, except in the
+10.dB condition where predicted F1s are consistently higher

*han observed means. Ahthough predicticns based on

excxtatlon patterns were not better than those based on

ma§nitude spectra, the results were fairly close, suggesting.

tnat the measurement - procedure is insensitive to the effects

"(cont'd) was separated by O.TlBark. L&

e

oy
e
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Figure 4.15

8 P
.6 P
N
.2
@
a a a A A
-20 -10 0 +10 +20

AMPLITUDE CHANGE (dB)

Mean matched Fl values (solid lines) and
predicted Fl values (dashed lines) based

on the weighted mean of the two most
prominent harmonics estimated from

excitation patterns based on the model

proposed by Sekey and Hanson (1984).
(a) Fl=550 Hz; F2=800 Hz
(b) Fl=450 Hz; F2=700 Hz
(c) F1=350 Hz; F2=600 Hz

Sy
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of critical band filtering.

] 4,5.5‘ngeral discussion

The effects of formant amplitude on back vowel matching
with F1 and F2 in ciose proximity were qualitatively
different from those reported by éhistovich and Lublinskaya
(1979). In their study, listeners matched the frequency of
a single formant tc a two formént stimulus whose F! and F2
‘values were appropriate for back vowels. The single formant
was positioned between F1 and F2, and its preferred location
depended on the relative amplitudes of the two formants.
Chistovich and Lublinskaya proposed that the phonetic”
qualitonf back vowels is determined by the centre of |
gravity of the F1-F2 cluster. Chistovich (1985: p. 793)
suggested that "a change of relative formant ampli;udes in
;wo—formant back vowels should‘be eQu%yalent to a

dispiacement of the formants along the fteguency scale.”

The present experiment tested this hypothesis using
mul{iformantlmaiching and reference stimuli. Listeners were
required%to'adjust'F1 and F2 simultaneously (with a fixed

. ‘ B3 : . ! ’ .

‘requehcy separation) to compensate for an increase or

decrease in the amplxglﬁes of F2 and higher formants. _If N

]

the cent*e of grav1ty ES] the sole determlnant of back vow

cua11ty,'1ﬁ should not'hatter y% the formant peaks are‘

e

P 2
mi 1gned grov1dec ;ha* the cemtre oﬁ gravxty 1ocatao'

the ref erence - and matchlng Stzmull s th@@ﬁame.f

L
. g

A
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It was found that listeners'did not select
significantly lower frequency matches as F2 was attenuated.
Ar increase in amplitude did:lead to shifts toward higher
F1-F2 values. For the largest increment (+20 4dB) F1 in the
: msgqhing'stimulus vwas positioned near F2 of ﬁhe reference.
with,a +10 4B intrqmeg;, inc:eased variability and a
multimodal matching‘pSttern was observed. One possible
explanation for this finding is a masking effect of F! by
higher freqguency components. The F1-F2 centre of gravity
cannot be the exclusive determinant of back vowel matching:
alignment of the féfmants, or cf prominent harmonics near

the major formant peaks, also appears to be important.

Centre of'gravity measures based on the centroid of the
maximum 3 Bark region of the excitation pattern resulted in
fairly accurate predictions; however, similar results were
obtained using the.weighted mean of the two most prominent
hérmonics. The overall pattern of results does not support
the proposal that back vowel quality is determined by the-
frequency location of the centre of gravity of the spectrum.
Insteadt it suggests that listeners align major peaks in the

spectra when matching stimulus pairs which are both

multiformant vowels.
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4.6 Experiment'six

4.6.1'lntroduction

l/gpé{ov, Chistovich and Sheikén (1978) reported ﬁhe'
results of an identification expériment as further evidence.
for the operati?n’of a centre of gravity mechanism in back
vowels. Two formant vowels with close spacing of F! and F2
were used, with three conditions of relative formant
amplitude: the secon® formant was eitner (:) boosted cy
S dB, relative to the first formant; (2) attenuated by 5 dB,
relative tc F1; or (3) attenuated to silence.
Identification functions were shifted in each of the
amplifude.conditions. Howeve}, these shifts were not simply
changes 1ir the category boundaaées; khere were also radica:
changes 1in the shapes and heights of the curves. It is nc:
clear that a linear shift in F1 of the identification
functions presented by Bgdrov et al. will result in a

satisfactory alignment of the identification curves. é@%

These results were interpreted in terms of the FCOG
hypothesis, which predicts an effect of amplitude on the

phonetic guality of back vowels when the formants are
i

separated by less than an estimated critical d%%%ance of

‘tHese estimates
W

. . . . ] .
on matching data; nc evidence for critical distance was

3-3.5 Bark. Chistovich and Lublinskaya base

presented using identification data. ke

iy

i
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It is difficult to reconcile the findings of Ainsworth
and Millar (1972) with thié hypothesis.' Théy investigated
“he effects of formaht amplitude on vowél identification,
_using a larger sample of vowels covering the entire F1-F2
plane. Their data show relatively minor effects of formant
,amplftude chahges; however, only the_effecté of F2
attenuation were investigated. There was little evidence
that only vowels with very close séacing of F1 and F2 were

s

affected by formant amplitude changes.

The present experiment was designed to investigate the
effects éf formant gmplicude‘changes‘on vowel identification
as a function of the frquépcy separation of F1 and F2.
According to the FCOG hypothesis, the phonetic quality of
vowels shohld be unaffectéd by changes in the formant
amplitudes unless théy are separated by less than 3-3.5
Bark.  The resulting shifts in phonetic guality are
predicted to follow the‘cbange.in centre of gravity. It
should be possible to project the identification functions
specified in a two-dimensional plane whose coordinates are
F1 and F2 onto a single dimension specifying the centre of

gravity location, with no loss of phonetic information.
4.6.2 Method
Stimulus materlals

m™he vowel stimuli formed a two dimensional continuum as

showr, in Figure 4.16. There were B steps in F1 (440, 480,
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520, 560, 600, 640, 680, and 720 Hz) and 3 steps in F2 (850,
1000 and 1150 Hz). Close to half of the stimuli had more
than 3 Bark separation of F1 and F2; about one-third had

greater than 3.5 Bark separation of the formants.

The amplitude spectrum for each vowel was calculated
according to Fant's (1960f cascade formant synthesis model
as described in section 3.2. Two sets of vowels were
produced. The firét set was synthesized with a fundamental
frequency of 125 Hz, typical of an adult male ﬁoice; the
second set had a fundamental of 250 Hz, characteristic of an

1

adult female voice. In the low pitch condition, formant

bandwidths.and andg nt frequencies (F3 to F6) were

identical to those ¥dicated in Table 3.1. In the high
pitch condition, formant zrequencies above the second were

scaled upward by a factor of 1.2, to take into iccount the
i

{
|

observed association between f, and formant freqpencies in
natural speech (Peterson and Barney, 1952). Formant
bandwidths were identical with those in the low‘pitch'
condition, as it was found that wider bandwidths did not

result in more natural stimuli.

The amplitudes of components in the region abovéﬁ&he F
péak were manipulaﬁed to ﬁroduce 3 different conditions
(-6 dB, 0 4B, +6 dB) for each vowel, using thewproceduré,
described in section 4.5.2. Figure 4.17 illustratés the
weighting functions used to produée the 3 amplitude

conditions for a typical vowel from the continuum
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Figure 4.16 Experiment six. Formant frequency -
values for vowel continuum. S6lid
line indicates where F2-Fl=3 Bark,
dashed line, F2-Fl1=3.5 Bark
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Figure 4.17 Experiment 6. Weighting functions and line spectra
for a typical stimulus from the continuum
(£0=250 Hz, F1=600 Hz, F2=1000 Hz)
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(fo=250 Hz; F1=600; Hz; F2=1000 Hz). The middle figure

. Ly , ' !
represents the 0 dB®or "no chan;g" condition; on the left,
all components above F2 are attenuated by 6 dB; on the

right, theyrﬁre raised by 6 dB.

Digital additive harmonic synthesis was used to produce
steady state stimuli 250 ms in duration, with a 15 ms
rise/fall as described in section 3.3.2. Phase angles were

specified as follows: ’

g, = m-3j*/n

A

where @ 1s the phase angle, in radians, corresponding to
the'jth hhfm9nic component, and n is the total number of

o
harmonics (Schroeder and Mehrgardt, 1982)'.

A

“Listeriers
N ‘:‘ ﬁ

Eight:listeners (4 men, 4 women) took part in the

N Y;£~~ vﬁ : » - . » . .
- experinment. All had received prior training in phonetics

g

¢

fCénadian.Engliéh.

--and had participated, in one or more experiments involving
A " ._—\ o L

natural and synthetic speech sounds. None of the listeners

‘exhited any hearing loss, as determined by audiometric

o

afgéfipg, - All of the listeners were native speakers of

Procedure

' This formulation avoids the strong peak factor arising
from all-sine or all-cosine phases, and produces a mellower
quality when used as an excitation signal for a
source-filter vocoder. .

- 78k
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Listeners were tested individually in a sound treated
room. Stimulus. presentation and response coliection were/k

both condu:ted on-line uging the procedure deecribed in
experiment 4. A multiplevchoice ehitchbox cas used to

. record listeners" responses.; A five—alternative forced

'choice task was used. Beside each button vas a label with a

phonetic symbol and a keyword in standard Egglish

- .

orthography:
/a/ B2y .-V AV,
"pot™ "hook' ‘cup' "boat'’  'tool'

Each se551on ‘was comprlsed of . 144 items'(a Steps in F1,
3 steps in F2, 3 amplltude cond1tlons, and 2 repllcatlo s).
‘The 144 items were-randomlzed with a. dlfferent \V4/

Jrandom;zatlon ‘list for each subject.: Each 1i stener
completed 4 se551ons,u2 for the low b;tch ondltlon and 2

#

fqr‘the hlgh p1tcn‘ﬁkhd tlon Four. of the llsteners o

N ’ - o
completed two se551ons of the h1gﬁ pltch condltlon/{cllowed‘
byttwo sessions oé:the low pltCh for the other f&ur
R ¢
listenegs thls order was reversed. ‘Ind1v1dual sessions:

lasted about 20 minutes: o ‘ : ‘ S

None of he listeners had:ahy:difficulty in labellinq

7e~—~¥ft T g—the*ﬁ'avaiiable r@sponse categorles'

»
—— e ———— - -

One of the subjects reporte&*occa551onally hear1ng a

stlmulus which sounded like a front .vowel but had no oo

“7?»§d1if1culty assigning it to one of the five back vowel’
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.
,33. S

2

' 4.6.3 Results and discussion

Voda

1£ the primary cue‘?B?‘vcuei\identification in stimull

with close spacing of Fi and FZ l1s the ‘o'mant center of

grav1t ' OI‘ some weighted average of "he energy aS?bC ted
'3

‘with each formant peak, then it should be p0551blg%¥o ﬂake’ :

-

some general p:edicrions abqut the effects of formant
. . . .

: - amplitude changes on vowel identification. _An increase in
. the level owaZ, forvexample,_bi}l lead’:o'an dpward shifc
;ﬁ the centre of gra&ity, and a decrease in ?Z‘level will

. pullhthe cenrre of gravity to a lower frequency Qalue;

‘changes in F1 level will have the opp051te effect. As rhe
P “ © e

;formantwg m&r of r '1S decreased e may expeg an ¥
Tmant Te. gafﬁg 3y expecy

increase -n_the propmrtlon ofgresponses to vowel categories
) Tk . '
associated with a lower centre of gravity, and diminished

¥ .

responses: to vowels characterized by a higher centre of
. . . / ) S .
- . . oy
. -gravity-. : .. : |
. '/. » ) - 4
J . “ o ‘ ,
As a first approximation to tre centre oft gravity
' ) N '
associated with each vowel category, a set of measurements
. ) ' ] - »Q—vo . n . oy .
was carried out: . ﬁ'»r ;

o -

N

used to produce synthetlc vowels 51m11ar to each<cfuﬁﬁ Qgg

A/. Separate spectra were calculated for adult maledﬁkﬁ§';

w7

adult female averages. %%,

— - . M

(2)3F1 and F2 values were transformed to Bark units

e = o e e e - e b A -

R ‘(CQnt‘dj’CQtegcries. SR iy o
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Ata. and Ha.., ‘976 and the. vowels were

tC W +hcse w:th 1ess than cr:itica.

wn
1]
o)
o
AR
o))
(&4
(1
0.
’
> |

c.asses;

-ne formants (F2-F'«<3 Bark;, anc¢ those with

.the formants (F2-F1>3

spacing cf

3 ‘ .
(2} The centre cf gravity was calculated as the weighted
F

using LPC ana.ys.s tc estimate F', F2Z,

in Table 4-27.

fema.e averages for -u. both showed

more than ark separation of F'

‘A had less than 3.5 Bark separation.
. P I3
female averages, the following relationship betweer the
- . . .

.

vowel centres of gravity .was obtained:

wo : reo < e/ < /A0 o S o

- .
s
A}

(where }x<y' means y has a higher centre cf grav: ty than

¥

X irn ail- cases, these d fferences exceeded 100 Hz.)

’

‘; .
Co ] -
A stimulus in the -6 dB condition has a lower centre of

gravity than a corresponding stimulus in the 0 4B condition;

"~ “the same stlmulus with a +6 dB amgiltude

centre of gravity. Thus we nght expect

changechas aghigher
‘ {
that a number of

0 Q§ condltlon wlll

/A/" tesponses to a given stlmulue in the
P , :

‘

cﬁange"to /a/ or /o/‘responseSJin the *6 dB condltlon' and.

& X . .
that some /a/ responses will be replaced by /o/ . The S
reverse is predlcted to occur in the +6 dB condltlon*E y@w

changes gpe gﬂpected for any stlmulus with more than 3"*&b :
. / SR

4]
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Bark separat:on cf the formants.

Modal vowe. resporse prof‘ees Figures 4.18 and 4.9
presert the moaa-, or most frequentl reported, vowel
fesporse for each of the 72 stimuli in the low (125 Hz) and
- nigh 12564H2i pitch conditions. Each cell is identified by
a number trom * te 24 above:the vowel symbol,.to facilitate
comparisons émong;:he»three amplitude conditions. ‘Below
each vowe.l symnc* is. the percentage of responses a551gned to

B 2

:he-mocal cazeghsiilhthese perﬁen*ages are based on 4.

X '

lléﬁsff.éée In most cases the modal

- : £
rep..caticecns IT

‘responge was a.so .m;j@ri:y re;>onse: the stimulus was

A >

ass: Q ned ‘tc the modal response class on greater than 50

pe:cen: cf all trlals. : ‘ ‘ o
R s : 3

»

-

In the low pitch cond tlon amplltude changes had
litrle effe »t,or shg\soda‘ responses. Only o \hedof ‘the
p ed'c ed cnanges was observed\ a sh;ft of /a/ to /o/ in the
-6 éB condition (IEiT 20). Stlmulus 1tem013 shlfted from
/A/ in the 0 db condition to /a/~1n the.+6 dB concltlon; ii
/»as predlcted to changetln the opposxte dlrectlon.. Seberai
other changes 1nvolfed strﬁull with more than 3 to 3.5 Bark-
Q@parat¢on of I and F2. For- example, stlmulus 1tems 4 and’
12 shlfted from /A/ in the 0 dB condltlon to /u/ 1n both -6
and +6 dB condltlgns, contrary to-the centre og,grav1ty
pfedictions. - | : ’ - =1: ?
« The high pitch condition produced'gome Sf ehe predicted
: ' §

changes (for example,/A/ changed to /a/ in the -6 dB~

@
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'suggested that high pitched vowels are more frequently_
‘) N . .

.in ‘natural high- pxtched_vowels.

T

condition (items 6 and 24)'; /a/ went tb‘/A/ﬁin,the.+6 dB

condition (items 7 and 8); and /o/ became /a/ in the +6 dB

PRI

condition (item 13), s

It may be noted that the percentages are geheralryu :
lower in the hlgh’pltc}’condxtmn than in the low pxtc;h~
cond1t1on. Some of*the listeners also reported greater -
uncertainty in labeTling the high pitched vowels. Ryails
and Lxeberman (1982) have presehtgd evidence that synthetic*
vowels with hxgh tundame"ta- fré@uency are identified less

accurately than vowels withalowagupgamenta; frequency. They

&

misidentified because the speftrum envelope:is not as well

defined a#-that of a low pitched vowel sin&here are fewer

-
o

Jharmcnics in the regions of the formant peaks. In natural
speech,-%owever, voweld with h1gh fundamental frequency do

P

not eppear to be less 1ntell1glble than those with low

pitch. Changes in fundamental and formant freguencie$ over

the course of a vowel, and the presence of aperiodic vocal

S
source components (Makhou%V Viswanathan, Schwartz & Hugglns,

v

©1978) may 1mprove the spec1f1catlon of the spectrum envelope.

Individual vowel tesponse profiles.* Although the medaiV~&§ .

"It surprising that item 24 was’ classﬁfled .as /A/ in the
0 3B condition, since its formant frequencies are more .
appropriate for an /a/. This stimulus has very close spacing
of the formants (F2-F1=130 Hz), which resulted in a somewhat
shrill quality. The second highest response was /d/ (41

percent), as might be.expected on the basisjof its formant

pattern.

2
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response plotszprovxde a convenient summary of the

“identification data, it is necessa{y to examlne the complete

!

response. proflles Lor a more detalled pxcture of the pattern

of amplltude effects on vowel 1dent1f1catlon. Individual

"response curves for g@e vowels /u U o a A/ are shown in

"&

‘Flgures 4- 20 to 4 24. -The .top part of each flgure depxcts

m&*

Grepresents the high pitch data. Each curve is plotted as

g*datﬁ for the low pxtch cond;t1on,=wh1le the lower part

the pe*centage of responses versus the frequency of the
Co -, "l‘d' N S gt C S e
& X
fxrst formant, agh of the 3 rows presents a d;fferent F2

value, while the columﬁ. present the 3 amplltude conditiens.,

Effects of fundamental frequency. A comparison of the upper

and lower panels indicates that fundamental frequency has an

reffect on vowel identification, consistent with the findings

of Miiler (1953) Fujisak: =nd Kawashima (1968 Slepokurova
(1973), éarlsbn, Fant and Granstrom (1974) and Ainsworth .
(1574, 1975) The 1dent1t1cat10n curves appei; to shift to
higher valyes of F1 and F2 from" the low to the hlgh pitch
condition;, These shifts may be attributed to a change 1in

perceived spfakeﬂfidentity: in natyral speech, an octave .

increase in voice pitch is associated with an upward shift

of about 15-20 percent in F1 and F2 (Peterson ‘and Barney,

-

B

e

Effects of formant amplitude. If thf centre of grévity in

the F1-F2 region is the perceptual variable determining .

maximum response regions and boundarigs when the two
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formants are close together ‘then a hor1zontal shift along
either or both of the F1 and F4 axes 1is e»pected as the
amplitude relations between thé formants are altered.
Natural ﬁack vowels typically differ in ‘both F1 and F2 (see
Figure 4;2%. A lowered centre of gravity may come about as
a fesult of a lower F1, a lower F2, or both. It might be
expected that changes in the centre of gravity resulting
from‘altered férmant amplitudeé affects the locations of the
1dentification functions along both F1 and F2 dimensions.

These changes should only appear in regions where the °

stimuli have less than 3-3.5 Bark separation of F1 and F2.
.

The effects of formant amplitude chénges are difficulg
to assess by visual inspection of the respbnse curves.
While amplitude is clearly.having an effect in some cases,
its most salient characteristic is a change in the overall
height of the curves rather than a shift along the F1 and. F2
sca}es.' Examiping the regions where boundary shifts are
predicted (e.g, the high F1 slope of the identification
functions. for ghe vowel /o/ and the low F1 slopes for /a/
and /A/), it does not appear that the response curves are
shifted toward hlgherixrequeﬂc1es in the -6 dB condition or
‘toward lower frequencies in the +6 dB condition in any
systematic fashion. However, it is difficult to estimate,

e
N;ﬂpg%fgynpoundgrées under .these conditions, since there are

"many cases in which the maxima on the response curves do not

exceed 50 percent (i.e., there are no majority responses).

¥
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These results raise an 1nterest1ﬂg p0551b111ty. If the
(Eﬂree ampl1tude conﬁ1t1ons dre pr1mar11y affectlng the shape
and helghts of the curves (rather than thelr locat1on along

the F1 and quscales) it may be that amplltude effects on

vowel 1dent1f1cat1on are to some degree 1ndependent of
B ¢ N

changes in F] and F2. - This is in direct oppos1t10n to the

hypothes1s of ChlStOVlCh and Lubl1nskaya (1979) whlch states

‘that F1 and-F2 and thelr amp11tudes Al and A2 do not act

1ndependently but have.a combined 1nfluence on the centre on

.gravity, which determlnes the perceived vowel qua11ty.‘

The number of responses to each vowel category was used.

wr

'as a measure by which changes in the he1ghts of the response]

curves in each amplltude cond1t1on was est1mated Means for
- each vowel'are shown 1h Figure 4.25., Analyses of varlance
© were performed on the data from the low and high phtch |
conditions.A For the ®ow pitch oondltlon, a s1gn1f1cant main

Veffect.was found'for.thelfactor VOWEL (F(4,28)=8.06; p<.001)

but not for AMPLITUDE, or. the interaction of .

VOWEL x AMPLITUDE. In the high pltch condltlon, there was a

significant AMPLTIUDE x VOWEL 1nteractron (F(8,56)=5.97;

p<'001) Inspectlon of the data in Flgure 4.25 reveals that -

a

more /u/ and /o/ responses were g1ven as the amplltude
'changed from +6 to 0 to -6 dB; “while fewer /0/, /a/ and /A/
responses were given. The direction of these changes ‘was
’con51stent across all vowel categorles '1nd1cat1ng that
“amplitude has'a systematlc ‘effect on the heights of the

nresponse curves in the high pitch condition.

s
-

Vo

»
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i for the identification data of
- experiment six.
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Although for. reasons discussed ab0ve, it was not |
p0551ble to estimate vowel boundarles accuratelyq an attempt
'was made to estlmate shzfts in focatxon of the e
1dent1f1catxon functlons along the F1 and F2 scales by
,calculat1ng vowel centres, u51ng the procedure described for
.Experlment 4. This measure was also used by Alnsworth and
Millar (1972). Vowel-centres were’ computed for both F1 and
F2 means are presented in Figure 4.26¢.

Con51s*ent with the f1nd1ngs of Alnsworth and Mlllar
(1972) vowe;.centres‘do not change'substantially as a
function of amplitude; In some cases vowel centres shift in

v

opposite d1rect1ons for F1 and 'F2. This appears to conflict 7

w1th centre of grav1ty ptedictions that loverlng the centre
_vof gravity Wlll result in upward shifts in the
1dent1f1cat1on curves for both F1 and F2, while raxszng the
centre of graV1ty will Shlft ‘the curves toward lower F1 and
- F2 values. Some of the observed changes are in the
direction‘predicted'by tﬁe qgntre of grgvity hypothesis. for
example, there are shlfts toward lower F1 and F2 values for
)the vowels /o/ and /a/ as the amplltudé of’ thher components
is 1ncreased However,pthe shifts for the vowel" /A/ are not
in the expected dlrectlon. Substantlal changes also occur'

with the vowel /U/; these changes are unexpected 51nce thlS

vowel has. a wide separation of F1 and F2.

Four separate analyses of variance were conducted on

‘the vowel centres' for F1 and F2 in the low and high pitch
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) condxtzqns. In the low pltch condzt1on, only the factor
'VOWEL‘!Ed to sign1£1cant F~!atlos (F1 vowel centre8°

F(4, 28)=182 05: p<. 001; F2 cehtres: ru zs)-u, 29 p<. 001)
~ No: s1gn1t1c&nt effect was found for either AMPLITUDE or for
‘the VOWEL x AMPLITUDE 1nteract1on. Qig the high pitch
cond1t1on F1 centres resulted in s1gn1f1cant mazn effects
for.AMPLITUDE (F(2,14)=23.8; p<.001) and VOWEL
(F(G,ZB)-83.18: p<.001); and a signifieaht iﬁte;actien of
VodéLax’AMPLITUDE (F(8,56)=2,20; ﬁ?.OS). F2 centree in the
high pitch condition fesulted in a significant effect only

for the factor VOWEL (F(4,28)=8, 82 p<.001); ne1ther“

AMPLITUDE nor VOWEL x AMPLITUDE effects were significant.

Table 4.4 shows the means and s1gn1f1cance levels
result1ng from the appllcat1on of Dunnett s test (Winer,
1971) comparing the -6 dB and +6 dB condition with the
control, for FI_VOWellcentfes in the high pitch condition.
Significantvdifferences vere foupd9on1y for /U/ in the -6 4B

condition, and for /o/ and /A/ in the +6 dB condition.

Shifts in the +6 dB condition were genetallf'larger.
(with a mean upward shift of 17.7 Hz) than shifts in the -6
dB condition (with a mean ddvnward'éhiftvof 9.8 Hz). This
asymmetry in the effects of;raisihg\or lovering the
amplitude of higher formants is similar to that observed in

Experiment 5.

A consistent trend toward higher F1 centres in the

-6 dB condition and lower F1 centres in the +6 dB condition

L

¥
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«

| 048 -6 dB "~ +6 dB
/u/ 475.9 O aB1. o 470.8 /
/u/ .. 5B31.1 . 568.3es - 514.0 :
/0/ 571.0 - 569.0 542.6%%
/a/ 673.6 . 677.8 656.2 ’
/N 653.5 ~~ - 657.9 © 633.2%
A . .pé 05 ssp<.01

Table 4.4. Vowel centres: means and signifcance levels for
. Dunnett's test cogggrang amplitude conditions
(-6 and +6 dR)lwikh the control (0 dB) for F!
in the high pitch condition of Experxment 6

*Sts;llﬂl;lk'-I.-B';.‘I‘-.-I.‘.-‘.-.SU‘BI.----I...-.........-.-
o ‘ E .
can be observed in Fxgure 4.26. Such a trend is abgent in
- the F2 centres, although it is. predxcted by the centre of

gravity hypothesxs.

Ainsworth (1975) argued»thattvowelncentres (estimated
as the Qeighted means of the response profiles’along?tﬁerfi
and F2 scales) may not gzve accurate estlmates of the ’
effects of a variable on vovel 1dent1f1cat10n if the-e
complete response surface for a given vowel cetegory is notﬁu
represented in the stlmulus contlnuum. Thls difficulty,
‘which Ainsworth referred to as the w1ndov problem“ may be
severe 1f the response centre occurs near the edges of the
sampled stimulus continuum. The effects of fundamental
freqnency (aiso investigated by Ainsworth) provide an

illustration of this problem. Figure 4.26 indicates that

‘'vowel centres for F1 and F2 shift to higher frequency values
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in most cases, from the lowv to high pitch conditiéns. The

shifts are largest for the vovel fo/ vhose estimated F1 and

'F2 centres lie neaf the mxdpoxnt of the contxnu .‘ F2
centres for /U/ and /A/ arge actually lover in the hiéh pitch
‘cond1txon than ih the low pxtch condxtxon. " This ﬁay be
because the actual' response centre occurn at a higher P
value than the highest value sampled in the ;ontxnuum (1150
Hz).' Listeners ‘may adjust the criteriﬁ by which they select
a partxcular resppnse category, resultlng in range irequency

effects (Brady 3 Darwxn, 1978)
.

Even though vovel ceﬁires may underestimate the éffedgs

-

'of”qmplitude for the "peripheral” Voyel‘categories,.iﬁ'is

. ,"' ) . ' . ! .
apparent that no vowel shows a very large or systematic

o effect.of fofmant amplitudé. There are some clear

o v1olat1ons of centre of graV1ty predlctlons, and it appears

'that.fo;mant amplxtude effects are not restricted to stimuli

with closely spéced formants.

*

 F1-F2 separation and the effects of fo;mént'ggg%jtude. The
ef{ggﬁﬁ.ofiamplitude’can be described in terms of .a distance
~ megsﬁré based on the deviations between the identification
 £;EEfisnsLY Distance (Betveen‘the -6 or +'6 dB and the 0 dB
~condition) for the jth stimulus on the continuum, D;, is

defzned as follows:
(,/4 Dj'zivlpbij—Q_lj [

where P}j is the number of responses- to stimulus j for vowel

Q :
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response category i in the -6 or *6 dB conditions; and Qi

'is the numbgr of responses to stlmulus j for response’

category i in the 0-dB qond1txon.

¢

'mFigﬁrqf4.27 demonstrates the effe§£3 of the amplitude
changes as a function 6f formant sepatétion in Bark Qnits.
‘sttance D; between the response profiles is taken asosgwu #W
index of the size of ‘the formant amplitude effect on J&m‘ifffu
identification prolees; The distances between -6 4B gpd
0 dB conditions are indicated with squares, while the
distances between +6 dB add‘p dB‘condition are indicated
with triangles., The larger)the effectsiot amplitude on the;
response profiles, the gfeater the expected @istances will
be. |

Formant amplitude'effecfs should 6n1y be present for
stimuli.wéth less than the critical separation of F1 and F2.
A step-liﬁg decline isfexpected vhen the critical separation
is exceeded. The dashed line in Figufe 4:27 indiéates a3l
Bark separation of the formants. it i; apparent that the
distances do not show a sudden decline, even in stimuli viﬁh,
more than 3.57Bark separatxon. Amplitude appears to have a

arger effect on st1mul1 with more than 3 Bark separation. of
the formants in the high pitch condition. There appears to
be a systematic trend in the high pitch conditipn for -
distaﬁtes‘to get progressively lirger as the formant
separation increases; amplitude appearS';é have,it$~iargest
effects at the widest separations of F1 and F2, close to 5

< 4
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Figure 4.27. Experiment 6. Distances between response profiles.
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*

" Bark or about 700 Hz.

The size of thé formant :mplitude effect (expressed as
the eummed'absolute déviations between the response
. profiles) is shown in Table 4.5 for each stimulus in the -6
and +6 4B cpnditions. The effects of amplitude on the
tesponse profiles are somewhat unsystematic, but several‘
trends are apparent. Distances are larger in the high pitch
cond1txon, on the average, than in the low pitch cond1t1on.
N6 such dependency cf formant amplitude on fundamental
frequency is postulated by the centre of gravity hypothesis
of Chistovich and Lublinskaya (1§79). The;effec;s of
ﬁﬂb amplitude are largest for stimuli with wide separation of
ct\i formants, and become increasihgly smaller as the
formants approach one another. There is thus little

ev1dence that formant ampljtude effects are restrlcted to

Istimuli with less than a critical separation of F1 and F2.

There is Qne,possible objection’which’mighﬁ be raised
to the use of this measure of diifance as an index of the
sige of amplitude effects on individual stimulus items.

i}e a 6 dB change in formant amplitude mayvheve
approximately theqsame psychophySical effect on stimuli from
two different positions along the vowel continuum, the
changes in the identification.p;ofiles.may‘diffe: depending
on gbe proximity of each stimulus to a category boundary on
the continuum. Larger shifts may be expected for stimuli

occurring near vowel boundaries; and smaller shifts for
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F2=850 8 4 6 12 - 8 6 2 o2
' 1000 ¢ 6 8 12 12 8 8 20 +6 4B
1150 6 10 4 6 6 4 8- 4
F2= 850 12 4 6 12 22 8 8 -4 :
1000 6 20 2 14 10 8 8 4 -6 dB
1150 6 12 14 8 16 8 6 6
f°-250 Hz
Fi= 440 480 520 560 600 640 680 720 Hz
" F2=850 16 2 14 22 12 10 6 8
1000 26 16 16 12 14 10 4 10 +6 dB

1150 20 24 18 16 1€ 10 14 12

- — g - e e o A - W v Y A -

F2=850 8 6 10 6 6 8 10 6

1000 16 12 22 10 6 12 6 10 -6 dB
1150 12 14 14 22 14 24 8 14

Hz o S o - o —— - —— - — - — - — G " m - . - — e . =

Table 4.5. Amplitude effect (summed absolute deviations
between the identification functions) in the
+6 and 0 dB conditions, and between the -6 and
0 dB conditions, for Experiment 6 :

R R S X E R E S A E A N E E R E N AR R A A RS E I N E X I M ERNEEERRERE T

those locgted'in 'plateau’ (8? st?ble) regions, where one '
category dominates over the others. If the proportion of
stimuli from 'boundary regions' and 'plateau regions' is
evenly distribu;ed across the F1-F2 continuum and on either
side of the F2 - F1 = 3 Bark line; then this effect may be
negligible. waever,'if there are fewer stimuli from
'plateab }egions' on one side or the other, the size of the
estimated amplitude effect may appear to be larger even

though in perceptual terms, the effects are similar.
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One indicator of the relative proportion of stimuli
from 'boundary regions' and 'plateau regions' is the
percentage of responses to the dominant or modal response
cqtegbry. A stimulus near the boundary between tvo '
cateqories will generally have fewer responses to the
dominant or modal category than a stimulus situated in a

stable or plateau region.

Figure 4.28 indicatés the percentage of responses to
the modal category for individual stimuli, plotted as a
function of the separation of F1 and F2 in Baqk‘ugiﬁs. 1t
is clear that the stimuli with less than }uBQrR~Separa;ion
of F1 and F2 are not characterized by shgller‘percentagés qf

A

responses.
°f : .
.4.6.4 FCOG predictions

I1f F1 and F2 both exert an influence on the perception
of back vowel dlfferences by means of alterlng the centre of
gravxty of the formant cluster, then a progectxon o‘ the
response profiles along a‘scale of Fm,.the-estxmated F1-F2
centre of gravity, should result in a cioéer alignment of
the identification functions'than a projection aloﬁg either

F1 or F2 or both.

' The centre of gravity was estimated as the centroid of
the maximum 3 Bark region of the excitation pattern,
calculated according to the model of Moore and Glasberg

(1983). Excitation patterns for a typical stimulus
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(f°-250 Hz, F1 600 Hz, F2=1000 Hz) are shown for th‘ three
amplitude condltlons in Figure 4. 29 The dashed lines on
‘ each curve 1nd1cate the upper and lower cutoffs of the 3
Bark reglon with max1mum sum$2§ 1nten51ty. F1 and F2 |
locations are indicated with arrows on the 0 dB plot. ﬁote
the abrupt ohange from‘the -6 to 0 dB conditions in the
max imum 3 Bark reg1on. In the ;6 dB condition this regionn
1ncludes the second and thlrd harmonlcs (note that F2 11es‘
| out51de the 3 Bark interval), while in the 0 dB and +6 dB
condltlons it 1ncludes the third and fourth harmonlcs., As
bnoted earller, 1t is difficult to see how F1 and FZ‘

2 ;locatlons could be estlmated from these patterns..

t T

Flgure 4, 30 1nd1cates the.centre of grav1ty locat}ons,
(crosses) along wzth the flrst and second fbrmant
N /frequenc1es. The centres of grav1ty range between F1 and
Fz.h For hlgher F1 and F2 values, Fn is dlsplaced away from
“'F1".In the high p1tch§cond1tlon, 'stimuli with F2=1000Q Hz
f show a decrease in Fm as a function of 1ncrea51n§ F1. This
is because hmgher F1s ‘have an 1ncrea51ngly larger,effect on-
the centre of grav1ty, pullrng Fm away from F2. Theseb
effects are falrly complex . and appear. to depend on the

relative amplltudesvof 1nd1vrdual harmonics in the,v}c1nity

“of F1 and Fz;

*

Response plots for st1mu11 1n the hlgh p1tch condltlon

v

“,c,w1th less‘\han 3 Bark separatlon of F1 and F2 are shown as a

e

function of the nomlnal F1 and Fm, the frequency of - the

&
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estimated centre of gravity location (Figure 4.3f).'
Included in this set are all 3 levels of amplitude and the 3
F2 cohditions;‘ The upper plots'indicaté'the propprtion of
/o/ and /a/ respoﬁses as‘a function of F1. Squares indicate
stimuli in the -6 dB conditioﬁ, wvhile triangles represent
the +6 dB condit:ion.‘k The data are quite variable, '
‘particularly for the high F1)values. The bottom plots
repre;ent~/o/ and /a/’;esponses as a function of Fm. Even
greater scatter in the identification data can be observed,
and some noh—monotonicities in'th; response curves ‘are
present, ‘especially at high Fn values for the vowel /o/.
Clearly, this méas%re cannot substitute for F1 and F2, nor
does it appear to éharacteriZe‘;he effects of amplitude
changes accurately. | |

Y
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4.7 Summary and conclusions
o ' ' - \

This chapter investigated the hypothesis advanced by
Chistovichvand Lublinske}a (1979) that‘beck vovwels (with a
small separation of F1 and ﬁé) ){{xdifferentiated
perceptually by the ffequehcy location of the centre of
gravity (FCOG) of the F1-F2 cluster. Two aspects of eheir
FCOG hypothesis vere investigated in thisychapter:‘the
effects of formant amplitude and the effects of“freqdency

separation of F1 and.F2.

Experiment 5 employed a matching taek in which
reference and matching stimuli,wefe both muitiformant baek
‘vowels, with a fixed, 250 Hz .separation 9f_F1 andefz in all
stimuli. Listeners adjusted both F1 and F2 simultaneously
as a function ofvfhe relative amplitudes of F1 and higher p—
formants. significantlyilowe: frequency matehes were not a
selected when the'highef formants of the reference were
atten ated‘by either 10 or 20 dB, even though this operation
lowered the centre of gravity. Boosting the amplitudes of

the

igher formants did result in upward shifts in Fi1-F2
“matches; however, the shifts were not continuous. In the
+i0 dB condition, matching histogfams showed a large amount
‘of/variability, while in the +20 dB cohdition matched F1
values were generelly positioned very glose tovF2 of the
eference stimulus. The cehtre of gravity therefore cannot
be the sole determinant of back vowel matching judgements in

/multiformant stimuli with close spaciné of F1 and F2.
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- : o
the +10 and +20 dB conditions were £o6nsidered. Matching may

Two possSible alternative expi:zftionsfor the shifts in
‘'be based on the alignment of detectablewformant peaks; when
in2 and higher formants are increased in amplitude, Fi may be
mésked; A second possibility i§ that both formant peak
locations and their'amplitudes"ére perceptually important,
but that formant &mplitudg.has the role of a secondary
variable whiéh is only of_importance when F1 is much higher
in amplitude than F2 or vice versa. Large aSymmetries in
formant amplitude may fesult‘in a matching strategy ofA@
aligﬁihg the largest peak in the matching stimulus wifﬁ the

largest peak in the reference.

'

A second as@ec; of the centre of gravity hypdthesis .
proposed by Chistévich and Lublinskayd (1979), the concept
of critical distance, was assessed in Experiment 6 by means

of a vowel identification task.f;thstovich and Lublinskaya

., Postulated that changes in the relativé amplitudes of F1 and

@

. 'i of a single formant,  provided that F1 and F2 were less than

3;3.5 Barklabatt. They found that stimuli with more than
3—3;5.Bark¢separation of F1 and F2 cbuld not be matched in
phoﬁetic guality with a single formant, and changes in
formant émpli:ude did not ha?e a systematic effect on

matching. .

Experiment 6 set out to determine whether formant

amplitude has a systematic effect on vowel identification,
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‘and whether this effect is restricted to stimuli witn.
closely spaced formants. The stimuli formed a\continuum in
F1-F2 in the back/central region with a range of‘formant
separations spanning both sides of the F2-F1=3 Bark line.
The amplitudes of F2 and higher formantspwere either
}ettenuated or boosted by 6 dB, relative to a control
condition. Two sets of stimuli were used° a h1gh pitch

condition (f°-250 Hz) and a low pitch cond1t1on (fo-125 HZ).

Formant amplitude changes resulted in small shifts in
some of the identification functions. However, no
compelllng evidence was found for a cr1t1ca1 distance
constraint. Systematic effects of formant amplxtude were
found only in the h1gh pltCh condition, Rather than
egklu51vely a displacement of the 1dent1f1cat1on functions
along the F1 or F2 axes, however, formant amplitude changes
frequently altered the heights of the identification curves,
which suggests that its effects are not equivalent to
formant frequency chenges. A larger effect ofyformant
amplitude was found in the +6 dB condition than in the -6 ds
Acondition,‘consistent with the findings of Experiment‘s.
Significant changes nere observed in»the proportion of
responses to each vowel category as a function of formant
amplitude. " With increasing higher formant‘amp}itude, there
were more /U/, /a/ and /A/ responses but fewer /u/ and /o/

responses,
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The size of the formant amplitude effect on vovwel

identification was assessed in terms'of the sum of the

. absolute deviations between response profiles. The effects

of formant amplitude were not reduced in stimuli with more
than 3-3.5 Bark separation of F1 and F2. In fact, there was
a tendency in the high pitcn condition for stimuli with more
than 3.5 Bark separation to show highef deviatipn scores.
The largest effects were found for stimuli with close to 5
Bark separatlon of the formants. Predictions of the -
1dent1f1cat1on data based on estxmates of the centre of
gravity did not lead to encouraglng results. Plotting

responses as a functjon of the estimated centtg of gravity

,llocat1on did not reduce the scatter in the 1den€qupat1on

o wu
SR R VO
datay”

These findings, taken together, provide further
indications that\the)centre of gravity hypothesis does not
successfully acconnt for phoneticvdifferences between back
vowel stimuli. The effects of formant amplitude on vowel
identification were not limited to stimuli with less than
3-3.5 Bark Separation of F1 and F2. The nature oflthe
shifts observed in th1s experlment suggests that this
formant amplitude has a fairly small, context- dependent
influence on vowel quality. Since formant freguency and
formant amplitude are correlated in natg;al speech (Fant,
1956), the latter may function as a secondary cue to vowel

identity. The perceptual system may attend to relative

formant amplitudes to determine the locations of formant
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peaks; e.g. the relatively low spectral energy above the

F1-F2 cluster may indicate a back vowel, and the degree of

U

.

asymmetry in spectrum levels in the region of the F1—F2‘\
~cluster Tay~provide a clue to the locations of F1 and F2.
The present experiments suggest, however, that formangl.:‘
amplitude effectssane fairly small, and are generally (

overridden by changes in formant freqguency.

It is of interest that only the high pitch™f

LY

. ‘ b
Experiment 6 indicated substantial effects of formant
amplitude. One possibility is that formant amplitude serves
as a supplementary cue when the vowel spéctrum is not well

specified, as in stimuli with high fundamental frequencies.

Natural back vowels differ in several respects. from
singlé formant stimuli, some of which mayyﬁe perceptually
important. Although two distinct‘peaks do not necessarily
'appear'in éhe line spectrum wheh F2 is close to F1 there‘are
other potential cues, such as the oyerall spectrai éhape and
the slope of the spectrum above Fz, which may convey
phonetic information, Furtherwpéychophysical eiperimentsl
are needed to evaluate the conﬁ;ibution of these additional

cues.



CHAPTER FIVE

SUMMARY AND CONCLUSIONS

=

+5.1 Introduction

The present study has investigated severai aspects of
the auditory pattern recognition process which enable a
listener to (1) assign a sound stimulus to a vbwel class
(using vowel identification responses); and (2) judge the
relative similarity of pairs of stimuli in terms of
perceived'vowel quality (using a vowel matching fask). The
close correspondence between;thé perceptual dimensions of
vowel guality and the fréquencies of the lowest 2 or 3
formanté suggesté the possibility that the auditory system
may be abie to infer the freqﬁencies of vocal tract
resonancés frpm'the acoustic signal. Several problems

stemming from the formant hypothesis of vowel perception

were investigated in the present study.

The overall éatterﬁ of results was generally compatible
with the formant hypothesis, although it seems likely that
some chqracteristicé of ovérall spectral shape also‘
contribute to véwel‘perception under certain conditions. It}

was found that predictions of the experimental data based on

299



300

excitation and loudness pattern models did not offer a
significant advantage over predictions based on
pfeemph#sizeé power spectra. The findings are consistent
with the results of éarlson and Granstrom'&1979) indicating
that more detailed models (possibly incorporating a temporal
coding schemé, as suggested by recent nédrophysiological .
studies) may be needed. ¢

5.2 Perception of front vowel contrasts
‘ Y

REE

X

e .
The perception of height in front vowels (associated

with changes in F1) appears to depend on a very narrow
spectral region around the F1 peak. 2The matching
experiments reported in chapter‘three indicated that vowel
height is largely determined by the two most prominent'
harmonics %n the F1 region. It was found tqgt the ,
contribution of these two harmonics.to perceived height was
not eqgual: attenuation of the higher frequency member of the
pair had a larger effect. Additional harmonics in the F!

region appeared to have only a marginal effect.

The asjﬁmetry in thg contribution of harmonics is
consistent with the findings of Darwin (1584) vho reported’
that an increment in the level of the higher frequency
member of a pair of harmonics near the F1 peak shifted vowel
identification boundaries to a greater extent than an
incrémen; in the lower freguency componeﬁt. Although this

asquetry may be due to auditory factors such as masking or
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suppression, it may also reflect listeners' implicit
"knowledge"” of constraints on the shape of the'spectrum in

-,

the first formant region,

The matching data were closely predicted by a model
which computes the wveighted mean or centre of gravity of the
two most prominent harmonics in th; first férmant region of
the preemphasized spectrum. The contribﬁtibn of harmonics
was largely independent of harmonic rank (harmonics 1 to 4);
parallel results were fcund for both low pitched (£f,=125 Hz)
and high pitched (£,=250 Hz) vowels. It was found that the
best predictors of the matching data also produced the best

estimates of the nominal F1 values of the matching stimuli.

The effects of deleting components from the F1 region
of the spectrum was studied in an.identification experiment,
which demonstrated that front vowel identification is
largely unaffected by the removal of all but the two most
prominent harmonics. There 'were, however, some shifts in
the identification functions indicating that.additional F1
components may be perceptualiy relevant. These shifts were
not consistent with local centre of gravity pred1ct1ons-'
removal of all components either above or below the two most
promlnent had a similar effect on the identification
boundaries, suggesting that factors such as overall’ spectral
balance may provide a secondary cue in the perceptxon of

vowels,

5.3 Perception of back vowel contrasts

»
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In back vowels, F1 and F2 may be very close together
with only a single peak in the line spectrum. However, the
presence of two closely spaced formants in back vowels may
be signaled in other ways, foinxample by the relative
density of energy'in the low and high frequency regions, by‘
the slope of the spectrum above the F1-F2 region of
prominence, and by the presence of a small shoulder on the

high frequency slope of the spectrum envelope above F1,

The experimental studles repcrted in chapter four were
designed to evaluate the formant centre of gravity (FCOG)
hypothesis advanced by Delattre, Liberman, Cooper and
Gerstman (1952) and recently supported by Chistovich and
Lublinskaya (1979). According to this hypothesis, F1 and F2
in close proximity combine to form a single "effective"
peak; vowel quality is then determined by the centre of
gravity of the formant cluster. On the basis of their
matching data, Chistovich and Lublinskaya estimated that
these effects are only present when the formant separation

is less than 3-3.5 Bark.

The results of a matching experiment using multiformant
stimuli did not suppor£ the FCOG hypothesis: the formant
frequency - formant amplitude tradeoff predicted by the
-centre of grévity hypothesis was not found. WhenjFZ and
higher formants were attenuated by as much as 20 dB, no
shifts in matching were observed. An increase in formgnt

amplitudes did produce shifts, but the large variability
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assoc1ab&d Vith the matching profiles’ for some of .the

i

stimuli suggested a conflict between formant frequency and

‘formant'amplitude cues, rather than an integrationleffect;

The. effects of formant amplitude_Were further
investigated in a-vowel identificatlon experiment using an

,F1-F2 qontinuum,ﬁ'th a wide range of separations of the two

formants. A-6 d »increase’or‘decrease in the amplitudes of

F2 and higher formants resulted in small shifts in some of

‘the identification functions. These effects were present
only in a high pitch condition, and did not‘follow the

predictions of a formant centre of gravity model. Formant

N
amplltude effects on vowel identification were not-

I

restrlcted to closely spaced formants. In fact the'largest
- a u/

‘effects appeared for stimuli w1th the wldest Separatlons of

F1 and F2_on the- continuum.
i L&

B

‘The results'of these’two experiments are‘inconsistent
with the formant oentre of gravity hypothesis. Both
-_experlments indicated, however, that formant amplitude may
‘have an effect’on vowel quality under certain conditions.
Since formant»amplitudef can be predicted‘from‘a knowledge
of/formant freqneneies (Fant, 1856) the auditory system may
‘be able to exploit these relationships in attending to- vowel
'\sgynds. The presence of F1 and F2 may be signalled‘byvothe:
jmgans when the formants are close together' fUrther‘resgafCh

b

is needed-to determine which cues are expléited by the

auditory- system. ’

E
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5. 4 Directions for future research

'

'>«

These studies suggest a,number of poé%;ble avenues for
further research It would be useful to 1nvestlgate the ’
contrlbutlons of 1nd1v1dual harmonlcs 1n the first formant
region of frontrvowels using a wider range\of fundamental
freguency~values. It may be expected that vowel quality may
be poorly defined'With high fundamental‘frequency values; to
what extent can these limits be characterfzed by the’modeis
investigated in this stu’dy‘> Is there a change in.
performance for stimuli with fundamental frequenc1es smaller

than the cr1t1cal bandw1dth7

i @

“ & . :

The vowel matchlng daff’of Experlment 3 suggest that -
the effects of attenuatloggare nearly constant when the
- fundamental frequency is raised by one octave; Several
possible explanatlons fﬂr this f1nd1ng may be. con51dered .%V
1nclud1ng a pitch- matched welghtlng of spectrum levels.
Such a procedure 1slalso suggested by the data.on_the
' perceptual'separation of simuitaneous‘voices;(c f. Darwin,
19835.i It is therefore of cons1derable 1nterest to
determlne the contrlbutlon ofVlnharmonlc components., Are
1nharmon1c components"fused' with other vowel harmonlcs, or
are they excluded from phonetlc qual1ty }udgements7’ .

Further data are needed to determine the perceptual
basis forhthe aSYmmetries observed in front vowel matching.

It would be interesting to determine whether these
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- asymmetries become less pronounced as the freaugncy~of ﬁhe
second formant is lowered, as suégested by the results of
ExperQQQﬁi 5. Do these differences depend on relationsh{pg
;hich are inferfed by listeners on the basis of spectral

properties of ‘natural vowels, and if so, how are these

spectral properties encoded by the auditory system?

At»presént, a great deal remains to be learned about
the perceptual processing of spectral information in back
vowels, where the close sparcing of‘Fi and F2 prgsents-a
problem for the formantvhypothesis ofrvawgl perception. The
evidence presented in chapter four did notxgupport the
alternative hypothesis proposed by Chistovich and
“:Lublinskaya (19795‘that energy is integrated over a broad
region of the spectrum. It‘was'suggeéted thaF listeners may
be able to recover formant freguency information»from_other
cues such as relative formaﬁt'amplitﬁdes or spectral
balance, or the slope of the spectrum above the Fﬁ—FZ

cluster in back vowels.

A

' ?urther experimentation is needed tg determine whether
these cdes afe employed in the perceptio? of péck vowels.
Methods can be devised to test whether these cues have an
independéht contribution, or whether they help to spécify

' the locations of the formants. -
_ o .



REFERENCES

Ainsworth, W. A. 1972, Duratibn as a cue in the recognition
of synéhetlc vowels., J. Acoust. Soc. Am. 51: 648-651,

‘Ainsworth, W. A. 1974. Influence of f0 on perceived English
vowel boundaries. Speech Communication Seminars -
3: 123-129. ‘ ,

Ainsworth, W. A, 1975, Intrinsic and extrinsic factors in
vowel judgements. In Auditory analysis and perceptlon
of speech. G. Fant and M. A. Tatham, eds.

London: Academic Press, pp. 103-113.

Ainsworth, W. A. 1981. Perception of brief, split-formant
vowel sounds. Acustica 4B8: 254-259,

Ainé;orth W. A. and Mlllar, J.B. 1972. The effect of
relatlve formant amplitude on the perceived identity of
synthetic vowels. Lanquage and Speech 15: 328-341. :

‘Assmann, P. F. 1979, The role of context in vowel
perception. Unpublished M.Sc. thesis, Department of
Linguistics, University of Alberta.

Assmann, P, F., Nearey, T. M. and Hogan J. T. 1982. Vowel
1dentrf1cat10n' Orthographic, perceptual and acoustic
aspects. J. Acoust. Soc. Am, 71: 975-989,

Atal, B. S. and Remde, J.R. 1982, A new model of LPC
excitation for producing natural- soundlng speech at low
‘bit rates. Proc. 1982 Int. Conf .i oust., Speech,
Signal Processing, pp. 614-617. 97

Beddor, P. 1984. Formant integration and the perceptlon of
nasal vowel he1ght Haskins Laboratories Status Report.
SR-77/78: :

Beddor, P. and Hawkins, S. 1984. The 'centre of gravity'
and perceived vowel height. :
J. Acoust. Soc. Am., 75: S86a.

+ Bedrov, Y.A., Chistovich, L.A., and Sheikin, R.L. 1978.
Frequency position of the "centre of gravity" of
formants as a useful feature in vowel perception,
Soviet Phy51cs Acoustics 24: 275-281,

Bekesy, G. von 1960. Experlménts in hearing. McGraw

~

306



n

307

Hill: New York.

Bell, C.G., Fujisaki, H., Heinz, J.M., Stevens, K.N. and
House, A.S. 1961. Reduction of speech by o
analysis-by-synthesis technigues.

J. Acoust. Soc. Am., 33: 1725-1736,

Bennett, D.C. 1968. Spectral form and duration cues in the
- recognition of English and German vowels. Language_and
Speech 1t: 65-85. v ;

Bernstein, J.C. 1981. Formant-based representatlon of
' auditory similarity among vowel-like sounds.
J. Acoust.\Soc. Am. 69: 1132-1144,

Bismarck G. von 1973, Vorschlhg fur ein einfaches
Verfahren zur Kla551f1katxon stationarer sprachchalle.
Acustica 28: 186-188. %

Bladon, R.A.W. 1983. Two-formant models of vowel
perception: shortcomings and enhancements. -Speech
Communication 2: 305- 314.

Bladon,,R.A.w. and Fant, G. 1978. A two-formant model and
the cardinal vowels, STLAQPSR 1/1978: 1-8.

Bladon, R.A.W. and Lindblom, B. 1981. Modeling the
]udgement of vowel quallty differences.
J. Acoust. Soc. Am. 69: 1414-1422,

Blomberg, M., Carlsoq, R., Elenius, K., and Granstrom, B,
1982. Exper1ments with aud1tory models ip speech
perception. In The representation of speech in the
peripheral auditory system. R, Carlson and v
B. Granstrom, eds. ELsevier, Amsterdam, pp. 197-201.

Blomberg,” M., Carlson, R., Elenius, K., and Granstrom, B.
1983. Auditory models and isolated word recognltlon.'
STL- QPSR 4/1983: 1-15,

Brady, S.A. and Darwin, C.J. 1978. Range effect in the
perception of voicing. J. Acoust. Soc. Am. 51: 483-502,

Brokx, J;P.L; and Nooteboom, S.G. 1982. Intonation :and the
perceptual separation of simultaneous voices.
J. Phonetics 10: 23-26. :

Brugge, J., Anderson, D., Hind, J. and Rose, J. 1969. Time
structure dlscharges in 51ngle auditory nerve fibres of
the squirrel monkey in response to complex sounds.

J. Neurophy51ology 32: 386-401,

Carlson, R. and Granstrom, B. 1976. Detectablllty of
changes of level and spectral slope in vowels. STL-QPSR



308

2-3/1976: 1-4.

Carlson, R.'and Granstrom; B. 1979. Model predictions of
vowel dissimilarity. STL-QPSR 3-4/1979: 84-104.

.Carlson, R., Fant, G. and Granstrom, B. 1975. Two-formant
models, pitch and vowel perception. 1In Auditory .
analysis and perception of speech. G. Fant and
M.A.A. Tatham eds. Academic Press: London, pp. 55-82.

Carléon} R.} Granstrom, B; and Fant, G. 1970. Some studies
concerning the perception of isolated vowels. STL-QPSR

2/3/1970: 19-35.

" Carlson, R., Granstrom, B and Klatt, D. H. 1979. Vowel
perception: The relative perceptual salience of -selected
‘acoustic manipulations. STL-QPSR 3-4/1979:73-83.

Cherry, C. 1965. Qg_human-communiéation.‘ MIT
Press: Cambridge, Mass, Second edition,

Chistovich, L.A., 1971, Auditory processing of speech
stimuli - evidences from psychoacoustics and
neurophysiology. Proc. 7th Int. Congress Phonetic
Sciences I: 83-92. , ‘

~v

Chistovich, L.A. 1985. Central auditory processing of
peripheral vowel spectra.
J. Acoust. Soc. Am. 77: 789-805.

Chistovich, L.A. and Lublinskaya, V.V. 1979, The 'centre of
gravity' effect in vowel spectra and critical distance
between the formants: Psychoacoustic study of the
perception of vowel-like stimuli. Hearing Research
1: 185-195, ' :

Chistovich, L.A., Sheikin, R.L. and Lublinskaya, V.V. 1979.
"Centres of gravity" and spectral peaks as the
determinants of vowel quality. 1In Frontiers of speech
communication research. B. Lindblom and S. Ohman eds.
Academic Press: Lgndog, pp. 143-157. :

Chistovich, L.A., Kozhevnikov, V.A., Lesogar, L.W., -
Shupljakov, V.S., Taljasin, P.A. and Tjulkov, W.A. 1974.
A functional model of signal processing in the
peripheral auditory system., Acustica 31: 349-353,

Christensen, R., Strong, W. and Palmer, E. 1976. A
comparison of three methods of extracting resonance
information from predictor-coefficient coded speech.
IEEE Trans. Acoust., Speech, Signal Processing, vol
ASSP-24: B-14.

‘Cohen, A, 1974. Formant discrimination in the auditory



309

system. Speech Communication Sem. , Stockholm,
pp. 111-116.

Coker, C.H. 1965. Real-time formant vocoder using a filter
bank, a general purpose computer and an analog
synthesizer. J. Acoust. Soc. Am. 38: 940a.

Darwin, C.J. 1981. Perceptual grouping of speech components
differing in fundamental frequency and onset. time.
Quari J. Exp. Psychology 36: 193-208.

Darwin, .. 1983. Aud1tory processing and_speech
perception. In Attention and: Performarice X. H. Bouma
and D.G. Bouwhuis, eds. Erlbaum: Hlllsdale N.J.

Darwin, C.J. 1984. Perceiving vowels in the presence of
another sound: Constraints on formant perceptlon.
J. Acoust: Soc. Am. 7€: 1636-1647.

Darwin, C.J. and Gardner, R.B. In press. Which harmonics
contribute to the estimation of first formant frequency?
Speech Communication

Delattre, P., Liberman, A.M., Cooper, F.S., and Gerstman, L.
1952. An experimental study of the acoustic
determinants of vowel colour. Word 8: 195-210.

Delgutte, B. 1984. "Speech coding in the auditory
nerve: I. Vowel-like sounds., o
J. Acoust. Soc: Am..75: B79-886.

Delgutte, B. and Kiang, N.Y.S. 1984a. Speech codlng in the
auditory nerve: I. Vowel-like sounds.
J. ‘Acoust. Soc. Am. 75: B66-878.

Duifhuis, H., Willems, L.F. and Sluyter, R.J. 1982,
Measurement: of pitch in speech: An implementation of
Goldstein's theory of pitch perception.

J. Acoust. Soc. Am. 71: 1568-1580.

Egan, J.P. and Hake, H.W. 1950. On the masking pattern of a
simple auditory stimulus..
‘J. Acoust. Soc. Am. 22: 622-630.

Evans, E.F. 1982. Representation of complex sounds at
cochlear nerve and cochlear nucleus. In The
representation of speech in the perlpheraT—_udltory
system. R. Carlson and B. Granstrom, eds.
E%sev1er: Amsterdam, pp. 27-42.

Evans, E.F. and Wilson, J.P. 1973. The frequency

selectivity of the cochlea. 1In Basic mechanisms in
" hearing. A.R. Moller, ed. Academic Press: New York
pp. 519-551. ' co o '

=



310

| ! ’ oy A ".,E":‘»;::'P .
Fairbanks, G. and .Grubb, P, 1961. A psychophysical
investigation of vowel formants. J. Speech .Hearing Res.
4: 203-219. ' S

Fant, G. 1956. On the predictability of formant levels and
spectrum envelopes from formant frequenc1es. In For
Roman Jakobson. M, Halle, ed. Mouton: Tﬁe Hague,
pp. 109-12 .

Fant, G. 1960, Acoustic theory of speech production.
Mouton: The Hague.

Fant, G. 1973} Speech sounds and features. MIT
Press: Cambridge, Mass.

Fant, G. 1983. Feature analysis of Swedish vowels - a
revisit. STL-QPSR 2-3/1983: 1-18, .

Fant, G. and Risberg, A. 1963. Auditory matching.of vowels v
w1th two-formant synthetic sounds. STL QPSR

4/1963: 7-11,

Fideil, S., Horonjeff, R.} Teffeteller, S. and ‘Green, D. M.
1983. Effective masking bandwidths at low frequenc1es.
J. Acoust. Soc. Am, 73: 628-638.

Finney, D.J. 1971. Probit analy51s. Third edition,
Cambrldge Univ, Press: Cambridge.

Flanagan, J.L. 1955. A difference limen for vowel formantz
ks frequency. J. Acoust., Soc. Am. 27: 613-617.

Flanagan, J.L. 1972. Speech analysis; synthesis and A
perception. Second edition, Springer Verlag: Berlin,

Fletcher, H. 1940, Auditory patterns. Review of ‘Modern
Physics 12: 47- 65. ' ’

Fox, R.A. 1983. Perceptual structure of monophthongs and
diphthongs in English. Lanquage and Speech 26: 21-60.

Fujimura, O. 1967. - 0On the sécond spectral peak of frbnx
vowels: A perceptual study of the role of the second and
third formants. Language and Speech 10: 181-193,

Fujisaki, H. and Kawashima, T. 1968. The roles of pitch and
higher formants in the perception of vowels. IEEE Trans
AU-16: 73-77.

—_— . 3
Gauffin, J. and Sundberg, J. 1982. Amplitude of the voice
source fundamental and the 1ntell1glbility of super
pitch vowels., In The representation of speech in the
peripheral auditory system. . R. Carlson and B. Granstrom .
eds. Elsevier: Amsterdam, pp. 223-228.

A



3N

Gerstman, L. J 1968. Classification of self normalized
vowels IEEE Trans AU-16: 78-80.

Glasberg, B.R., Moore, B.C.J. and Nimmo-Smith, I. 1984.
Comparison of auditory filter shapes der1ved with three
different maskers. J. Acoust. Soc. Am. 75: 536-544.

Haggard, M.P. 1978. Mechanisms of formant freqaﬁncy
discriminatipn. . In Psychophysics and physiolo of
hearing. E.F. Evans and J.P. Wilson, eds. Aca%eﬁfc
Press: London pp. 499- 507

Hanson, G. 1967. Dimensions in speech perceptlon' An
exper1mental study of vowel pereption. Ericsson
Technics 23' 3-175. .

Hawkins, J E. and Stevens, S.S. 1950. The masking of pure
tones and of speech by white noise. o
J. Acoust. Soc. Am. 22: 6-13.

S

- Helmholtz, H.L.F. von 1954, On the sensations of tone.
Dover: New York, English translation of 1877 edition.

Hermansky, H., Hanson, B. and Wakita, H. (in press).
Critical evaluation of the PLP method. Speech
Communication _

Hess, W.J. 1983, Pitch determlnatlon of speech signals:
Algorlthms and devices. Springer-Verlag: Berlin.

Holmes, J.N. 1983. Formant synthesizers: Cascade or
parallel? -Speech Communication 2: 251—273.

. Hose, B., Léngner G. and Scheich, H. 1983 Linear phoneme
boundaries for €erman synthet1c two-formant vowels.

geaglng Research 9 13-25,

ﬁoutgast T. 1972. Psychophysical evidence for lateral
inhibition in hearing.
J. Acoust. Soc. Am. 51: 1885-1894,

Houtgast, T. 1974a. Lateral suppre551on in hearing. A
psychophysical study on the ear's capab111ty to preserve
and enhance spectral contrasts. Ph.D. Dissertation,
Vrije Universiteit, Amsterdam. Academische Pers
B.V.: Amsterdam. "

Houtgast, T. 1974b. - Audltory analysis of vowel-like sounds.
Acustica 31: 320-324, .

Houtgast, T. 1977. Auditory filter characterlstlcs derived
from rippled noise. J. Acoust. Soc. Am, 61:

Huggins, W.H. and Licklider, J.C.R. 1951, Placg mechanisms



312

of auditory frequency analysis.
J. Acoust. Soc. Am. 23: 290.

Jones, D. 1956. An outline of English phonetics.
Heffer: Cambridge, Eighth edition,

Joos, M. 1948. Acoustic phonetics. Language
Suppl. 24: 1-136.

Kakusho, O., Hirato, H., Kato, K., and Kobayashi, T. 1971,
‘Some experiments of vowel perception by harmonic
synthesizer. Acustica 24: 179-190.

Kakusho, O., Nakashima, H., Yanagida, M, and Mizoguchi, R.
1983. Perceptual prominence of harmonic components in
- vowel-like sounds. Acustiya 53: 132-142. -

rnickaya, E.G,, Mushnikov, V.N., Slepokurova, N.A. and
Zhukov, S.J. 1975. -Auditory processing of steady state
vowels. 1In Auditory analysis and perception of speech.
G. Fant and M.A.A. Tatham eds. Academic Press: London
pp. 37-53.

Kiang, N.Y.-S. and Moxon, E.C. 1974. "Tails of tunin§
curves" of auditory-nerve fibres. :
J. Acoust. Soc. Am. 55: 620-630. , , -

Klatt, D.H. 1980. Software for a cascade/parallel formant
synthesizer. J. Acoust. Soc. Am. 67: 971-995,

Klatt, D.H. 1982a. Prediction of perceived phonetic
distance from critical band spectra: A first step. 1EEE
Acoust., Speech, Signal Processing, vol _
ASSP-30: 1278-1281, :

Klatt, D.H. 1982b. Speech processing strategies based on
auditory ‘models. 1In The representation of speech in the
peripheral auditory system. R. Carlson and
B. Granstrom, eds. Elsevier: Amsterdam, pp. 181-196.

Klein, W., Plomp, R., and Pols, L.C.W. 1970. Vowel spectra,
- vowel spaces, and vowel identification.
- J. Acoust., Soc. Am. 48: 999-1009.

Koenig, W., Dunn, H.K. and Lacy, L.Y. 1946. The sound
spectrograph. J. Acoust. Soc. Am. 17: 19-49,

Koopmans-van Beinum, F.J. 1980, Vowel contrast
reduction: An acoustic and perceptual study of Dutch
vowels in various speech conditions.
Ph.D. Dissertation, University of Amsterdam Academische
Pers B.V.: Amsterdam

Ladefoged, P. and Broadbent, D. 1957. Inférmation conveyed



313

by vowels. J. Acoust. Soc. Am. 29: 98-104.

Ladefoged P. 1975. A course in phonetics. Harcourt, Brace
and Jovanovich: New York.,

\
Ladefoged, P., DeClerk, J., Lindau, M., and Papgun, G. 1972,
An auditory-motor theory of speech productxon UCLA
Working Papers in Phonetics 22: 48-75.

Lehiste, 1. and Meltzer, D. 1973. Vowel and speaker
\ recognition in natural and synthetic speech. Lanquage
and Speech 16: 356-364.

Liberman, A.M. and Studdert-Kenpedy, M. 1978. Phonetic
perception. In Handbook of ‘Sensory Physiology
Vol. VIII: Perception. Springer- Verlag Berlin,
pp.143-178.

Licklider, J.C.R. 1952, On the processes of speech
perception. J. Acoust. Soc. Am. 24: 590-594.

Licklider, J.C.R. 1957. Effects of changes in the phase
pattern upon the sound of 16-harmonic complexes.
J. Acoust. Soc. Am. 29: 780a.

Lieberman, P. 1976. Phonetic features and physiology: A
reappraisal. J. Phoneticg-4; 91-112.

Lindquist, J. and Pauli, S, 1968. The role of relative
spectrum levels in vowel perception. Proc. 6th
Int. Cong. Acoustics, pp. B91-B94.

Lloyd, R.J. 1896. The genesis Jk vowels. J. Anatomy and
" Physiology 31: 234-25T7. .

McCandless, S.S. 1974. An algorithm for automa¥ic formant
extraction using linear prediction spectra. IEEE Trans
Acoust., Speech, Signal Processing, vol ASSP
22: 135-141.

Makhoul, J. 1975a. Linear prediction: A tutorial review.
Proc. IEEE Acoust., Speech, Signal Processing, vol ASSP
63: 561-580. .

Makhoul, J. 1975b. Spectral linear predlctlon Properties
and applications. IEEE Trans Acoust.; Speech, Signal
Processing, vol ASSP 23: 283-295, '

Makhoul, J., Viswanathan, R., Sc¢hwartz, R. and Huggins,
A.W.F. 1978. A mixed-source model for speech
compre551on and synthesis, :

J. Acoust. Soc. Am. 64: 1577-1581.

Markel, J.D. 1972, Digital inverse filtering - a new tool



314

f .{\‘
for foigﬁ%t trajectory estimation. IEEE Trans Audio

Electrodg¥ustics AU-20: 129-137.

Markel, J.D. and Gray, A.H. 1976. Linear prediction of -
speech. Springer- Verlag Berlin.

Miller,‘ﬁiL.»ISSB. Auditory tests with synthetic vowels.
J. Acoust. Soc. Am. 25: 114-121, .

Moore, B.C.J. 1982. An introduction to the psychology of
hearing. Second —altlon, Academic Press: London.

Moore, B.C.J. and Glasberg, B.R. 1983a. Masking patterns
for synthetic vowels in simultaneous and forward
masking. J. Acoust. Soc. Am. 73: 906-917,

Moore, B.C.J. and Glasberg, B.R. 1983b. Suggested formulae
for calculating auditory-filter bandwidths and
excitation patterns. J. Acoust. Soc. Am. 74: 750-753.

Moore, B.C.J. andidlasberg, B.R. 1981. Auditory filter
shapes derived 'in simultaneous and forward masking.
J. Acoust. Boc. Am. 70: 1003-1014.

Mushnikov, V.N. and Chistovich, L.A. 1971. Method for the
experimental investigation of component loudnesses in
the recognition of a vowel. .Soviet Physics - Acoustics
17: 339-344. . :

Mushnikov, V.N. and Chistovich, L.A. 1973. Experimental
testzng of the band hypotheszs of vowel perception.
Soviet Phy51cs - Acoustics 19: 250-254.

Mushnikov, V.N., Slepokurova, N.A. and Zhukov, S.J. 1974.
On the auditory correlates of the second formant of
vowels. Eighth Int. Cong. Acoustics, p. 323.

Nearey; T.M. 1977;_ Phonetic feature systems for vowels,
Ph.D. Dissertation, Unlver51ty of Connecticut.
Reprinted by the Indiana University L1ngu1st1cs Club ' 4
1978.

Nearey, T.M. 1980. On the physical 1nterpretatlon of vowel
quality: Cineflourographic and acoustic evidence.
J. Phonetics 8: 213-241.

Nearey, T.M. and Assmann, P.F. 1984, Listeners'
identification of brief segments of natural isolated
vowels. J. Acoust. Soc. Am. 76: KKla.

B 3

Nearey, T.M. and Levitt, A.G. 1974. Evidence for spectral
fusion in dichotic. release from upward spread of
‘masking. Haskins Lab. Stat. Rep. Speech
Res. SR-39/40: B1-89.




315

Parsons, T.W. 1976. Separation of speech from interfering
"speech by means of harmonic selection.
J. Acoust. Soc. Am. 60: 911-918,

Patterson, R.D, 1976. Auditory filter shape derived with
noise stimuli. J. Acoust. Soc. Am. 59: 640-654.

Patterson, R.D. and Green, D.M. 1978, Auditory masking. 1In
Handbook of Perception Vol. IV: Hearing. Academic
Press: New York, Chapter 9.

Patterson, R.D. and Nimmé-Smith, 1. 1980. Off-frequency
listening and auditory filter asymmetry.
J. Acoust. Soc. Am. 67: 229-245.

“

patterson, R.D,, Nimmo-Smith, 1., Weber, D.L. and Milroy, R.
1982. The deterioration of hearing with age: Fregquency
selectivity, the critical ratio, the audiogram and
speech threshold. J. Acoust. Soc. Am. 72: 1788-18C3.

Peterson, G.E. 1951, Freqdency detection and speech
formants. J. Acoust. Soc. Am. 23: 668-674.

Peterson, G.E. 1§52. The information-bearing elements of
speech. J. Acoust. Soc. Am, 24: 629—6%3.

Peterson, G.E. 1959, Vowel formant measurements, J. Speech
Hear. Res. 2: 173-183..

Peterson, G.E. and Barney, H. 1952, Control methods used in
a study of vowels. J. Acoust. Soc. Am. 24: 175-184.

Plomp, R. 1964. The ear as a frequency analyzer.
J. Acoust. Soc. Am. 36: 1628-1636. '

Plomp, R. 1970, Timbre as a multidimensional attribute of
complex tones. In Frequency analysis and periodicity
detection in hearing. R. Plomp and G.F. Smoorenburg
eds. A.W. Sijthoff: Leiden.

Plomp, R. 1976. Aspects of tone'sensation:_é psychophysical
study. Academic Press: London,

Plomp, R. and Mimpen, A.M, 1968, The ear as a frequency
analyzer II. J. Acoust. Soc. Am. 43: 764-768. |

Plomp, R. and Steeneken, H.J.M. 1969. Effects of phase on
the timbre of complex sounds.
J. Acoust. Soc. Am. 46: 409-421.

Plomp, R., Pols, L.C.W., and van der Geer, J.P., 1967,
Dimensional analysis of vowel spectra.
J. Acoust. Soc. Am. 41: 707-712.




316

Pollack, I. and Pickett, J.M. 1958. Masking.of speech by
noise at high levels. J. Acoust. Soc. Am. 30: 127-130.

Pols, L.C.W. 1977. Spectral analysis and identification of
Dutch vowels in monosyllabic words. Ph.D. Dissertation,
University of Amsterdam. Academische Pers
B.V.: Amsterdam.

pPols, L.C.W., van der Kamp, L.J.T., and Plomp, R. 1969.
Perceptual and physical space of vowel sounds.
J. Acoust. Soc. Am. 46: 458-467.

Potter, R.K. and Steinberg, J. 1950. Towards the
specification of speech.
J. Acoust., Soc. Am. 22: 807-820.

Rabiner, L.R. and Schafer, R.W. 1978. Digital processing of
speech signals. Prentice-Hall: Englewood Cliffs.

»

Rakowski, A. 1968. Pitch of filtered noise. Sixth
Int. Cong. Acoustics A-5-7: 105-108.

Repp, B.H. 1983. Trading relations among acoustic cues in
speech perceptlon are largely a result of phonetic
Eategorlzat1on. Speech Communication 2: 341-361.

"

Repp, B.H., Healy, A.F. and Crowder, R.G. 1979, Categories
and context in the perception of isolated steady-state
vowels. J. Exp. Psych.: Human Percept1on and
Performance 5: 129-145,

Robinson, D.W., and Dadson, R.S. 1956. A redetermination of
the equal-loudness relations for pure tones.
Brit. J. Applied Physics 7: 166-181.

Rosenberg, A.E. 1971. Effect of glottal pulse shape on the
guality of natural vowels.
J. \Acoust. Soc. Am. 49: 583-590.

Rose, J.E., Brugge, J.F., Anderson, D.J. and Hind, J.E.
1967. Phase-locked response to low freqguency tones in
single auditory fibres of the squirrel monkey.

J. qurophysiology 30: 769-783.

Rose, J.E., Kitzes, L.M., Gibson, M.M. and Hind, J.E. 1974.
Observations on phase-sensitive neurons of anteroventral
cochlear nucleus of the cat: Nonlinearities of cochlear
output. J. Neurophysiology 37:218-253.

Russell, G.O. 1928. The vowel. Ohio State University
Press: Columbus. '

Ryalls, J.H. and Lieberman, P. 1982. Fundamental frequency
and vowel perception.

}



317

J. Acoust. Soc. Am. 12 1631-1634.

~ Sachs, M.B. and Young, E.D. 1979. Encoding of steady'state
vowels in the auditory nerve: Representation in terms of
discharge rate J. Acoust. Soc. Am. 66: 470-479.

Sachs, M.B., Young, E.D. and Mlller, M.I. 1982, Encoding of
speech features in the auditory nerve. In The
representation of speech in:the peripheral auditory

system. R. Carlson and B. Granstrom, eds. Elsevier,
Amsterdam.

Sachs, “R.M. and Zurek, P.M. 1979, ' Contralateral probe
measurements of audltory,vowel spectra.
~J. Acoust. Soc. Am. 55: S$55a.

-

”»
p

Schafer, R.W. and Rabiner, L.Rr 1970. System for automatic
formant analysis. J. Acoust. Soc. Am 47 634 648.

Scarf B. 1970. Critical bands. In Foundatlons of . moderg
audltory theory Vol 1. Academic Press: New York
: Chapter 5. ‘

.Scheffers, M.T.M. 1982 The role of pitch in the perceptual
~ separation of simultaneous vowels: II. IPO Annual
Prog. Rep. 17+ 41- 45, ‘ o

Scheffers, M.T.M. 1983. Slfting vowels: Audltory p1tch
analysis and sound segregation. Ph.D. Dissertation,
Groningen Unlversity L

Schouten, M.E.H. 1980 ' The case against a speech mode of
perception. Acta Psychologica 44: 71-98. BT

B -,
: Y

Schroeder; M.R. 1956. On the separation and measurement of
' formant frequenc1es. J. Acoust. Soc. Am. 28: S159a.

' Schroeder, M.R. 1959. New results concerning monaural phase
sensitivity. J. Acoust. Soc. Am. 31: S157%a. :

=1
£

"Schroeder, M.R. 1975, Models of hearingu
Proc.,IEEE 63'1332-1350

Schroeder, M, R 1977. Speech processing by man and machiné.
In Dahlem Workshop on the recognition of complex
acoustic signals. T H. Bullock, ed. Abakon: Berlln
pp. 307-352. . :

“Schroeder, M.R. and Mehrgardt, S. 1982, Auditory masking
phenomena in the perception of speech.
J. Acoust. Soc. Am. 72: S a.

Schroeder, M.R. , Atal, B.S. and Hall, J.L. 1979. Objective
measures of certain speech signal degradations based on



318

masking. In Frontiers gilgpeecﬁ.communication research. .
B Lindblom and S. Ohman, eds. Acadkmic Press: London
pp. 217-229. S : <

Searle, C.L., Jakbbsbn, J.Z. and Rayment, §.G. . 1979. Stop
consonant discrimination based on human audition.
J. Acoust. Soc. Am. 65: 799-809.

Sekey, A. and Hanson, B.A. 1984. Improved 1-Bark auditory
filter. . Acoust. Soc. Am. 75: 1902-1904.

'Singh, S. 1974. A step towards a theory of speech B
perception. Speech Communication Sem. Stockholm,
Aug. 1974, pp. 55-66. .

'Sléwson, A.W. 1968, Vowel_qualit& and musical timbre as
functions of spectrum envelope and fundamental
frequency. J. Acoust. Soc. Am. 43: 87-101,

Slepokurova, N.A. 1973. Effects of fundamental tone pitch
on the position of the phoneme boundary between vowels.
Soviet Physics-Acoustics 18: 356-361.

Small, A.M. and Daniloff, R.G. 1967. Pitch of noise bands.
J. Acoust. Soc. Am, 41: 506-512. .

Srulovitz, P. and Goldstein, J.L. 1983. A central spectrum
model: A synthesis of auditory-nerve timing and place
cues in monaural communication of frequency spectrum.
J. Acoust. Soc. Am. 73: 1266-1276. '

Stalhammar, J.U.J. 1978. Form factors for power spectra of.

vowel nuclei. II. STL-QPSR 2-3/1978: 23-34,

A.M and Abbas, P.J. 1982.
cc . .ex stimuli.

Sfelmaéhovicz, P.G., Small
Suppression effects fo
J. Acoust. Soc. Am. 71:

Stevens, K.N. and House, A.S. M961. An acoustic theory of
vowel production and some of its.implications. :
J. Speech Hear. Res. 6: 111-128,

Stevens, S.S. 1966. On the psychophysical law. R
Psych. Rev. 64: 153-181.

Stevenson, D. and Stephens, R. 1979 The Alligator Reference
Manual. Unpublished manuscript. ‘

Studdert-Kennedy, M. 1976. Speech perception. In
Contemporary issues in-experimental phonetics.
N.J. Lass, ed. Academic Press: New York pPp. 243-293,

Summerfield, Q., Haggard, M., Foster, J. and Gréy, S. 1984.

Perceiving vowels from uniform spectra: Phonetic

@




- 319

exploration of an auditory aftereffect. Perc. and
" psychophys. 35: 203-213. .

sundberg, J. and Gauffin, J. 1979. Waveform and spectrum of
the glottal voice source. In Frontiers of speech
communication research. B. Lindblom and S. Ohman, eds. )

sundberg, J. and Gauffin, J. 1982. Amplitude of the voice
source fundamental and the intelligibility of super
pitch vowels. In The representation of speech in the
peripheral auditory system. R. Carlson and
B. Granstrom, eds. Elsevier: Amsterdam.

/

. Suomi, K. 1984. On speaker and phoneme information conveyed
by vowels: A whole spectrum approach to the
.normalization problem. Speech Communication 3: 199-210.

suzuki, J., Kadokawa, Y. and Nakata, K. 1963. Formant
frequency extraction by the method of moment
calculations. J. Acoust. Soc. Am. 35: 1345-1353.

Syrdal, A.K. 1982. Freguency analysis of American English
.5, ~rowels. J. Acoust. Soc. Am. 71: S105a. A
¥,
Terbeek, D. 1977. A cross-language multidilensional scaling
study of vowel perception. UCLA Working Papers in
Phonetics 37: 1-271.

Terhardt, E. 1979. On the perception of spectral
information in speech. In Hearing mechanisms and
speech. O. Creutzfeld, H. Scheich and C. Schreiner,
eds. Springer: Berlin, pp. 281-291. s

Tiffahy, W.R. 1959. Nonrandom sources of variation in vowel
quality. J. Speech Hearing Res. 2: 305-317.

Traunmuller, H. 1981. Perceptual dimensions of openness in
vowels. J. Acoust. Soc. Am. 63: 1465-147%.‘ .

Tyler, R.S. and Lindblom, B.“1982.é§§reliminary study of
simultaneous masking and pulsation threshold patterns of
vowels. J. Acoust. Soc. Am. 71: 220-224.

Ujihara, J. and Sakai, H. 1974. Lategal»%nhibition of the
auditory nervous system for monosyllabic vowel speech
souhds. J. Acoust. Soc. Japan 30: 133-143.

Weston, R.H. 1974. Digital modelling of lateral inhibition
with reference to the auditory system. J. Sound and
Vibration 35: 309-341. Y : _

‘White, G.M. and Neely, R.B. 1976. Speech recognition
experiments with linear prediction, bandpaSS\giltering,
and dynamic programming. g

i



320

IEEE Trans. Acoust., Speech, Signal Processing
vol ASSP 24: 183-188. .

Winer, B.J. 1971. Statistical principles in experimental
design. Second edition, McGraw Hill: New York. ‘

ﬁood, S. 1979, a radiographic analysis of constriction
locations for vowels. J. Phonetics 1:725-43.

Young, E.D. and Sachs, M.B. 1979, Representation of
steady-state vowels in the temporal aspects of the
discharge patterns of populations of auditory nerve
fibres. J. Acoust. Soc. Am. 66: 1381-1403.

- Youngberg, J.E. and Boll, S.F. 1978. Constant-Q signal
analysis and synthesis. IEEE Trans, Acoust., Speech,
Signal‘Processing,vvol ASSP-26: 375-378..

Zvicker, E. 1952, Die Grenzen der H8rbarkeit der :
Amplitudenmodulation und der Frequenzmodulation eines
Tones. Acustica 2: 125-133,

~Zwicker, E. 1963. Uber die Lautheit von ungedrosselten und
gedrosselten Schallen. Acustica 13: 194-211,
. b N 3 .
Zwicker, E. and'Feldtkeller, R. 1967. Das ls
Nachtrichtenempfan er. Secpnd edition, W
Hirzel-Verlag: Stuttgart. "‘%:g ‘

Zwicker, E, and Terhardt, E. 1980. lAnalytic expressions for
critical band rate and critical bandwid;b as“a function
of freguency. J. Acoust. Soc. Am. 68:/1523-1525.,
q Y. Jd. —+ 295 AR, 68:/7

N

Zwicker, E., Flottorp, G., and SfevensA P;S. 1957, Critical
bandwidth in loudness summation, A
J. Acoust. Soc. Am, 29: 548-557.
f .

Zwicker, E., Terhardt, E. énd Paulus, E. 1979, Automatic
Speech recognition using psychoacoustic models,
J. Acoust. Soc. Am. 65: 487-498




o

W

MEDIAN MATCHED Fl (kHz)

APPENDIX A : N

-15 -1z -9 -6 -3 0
ATTENUATION OF UE RARMONIC (dB)

Individual listeners' matching data (median
matched Fl1 values across 10 trials) for the
upper edge condition of Experiment one.

(a) 5 harmonics condition

(b) 4 harmonics condition

(¢) 3 harmonics. condition
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‘APPENDIX B

MEDIAN MATCHED Fl (kHz)

-20 -10 0 +10 +20
AMPLITUDE CHANGE (dB)

Individual listeners' matching data
(median matched F1 values across 5 trials)
for Experiment five.
' (a) F1=550 Hz; F2=800 Hz
(b): F1=450 Hz; F2=700 Hz
(c) Fl1l=350 Hz; F2=600 Hz

N
Dotted lines indicate nominal Fl values
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