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The length of the vocal tract is correlated with speaker size and, so, speech sounds have information
about the size of the speaker in a form that is interpretable by the listener. A wide range of different
vocal tract lengths exist in the population and humans are able to distinguish speaker size from the
speech. Smith et al. �J. Acoust. Soc. Am. 117, 305–318 �2005�� presented vowel sounds to listeners
and showed that the ability to discriminate speaker size extends beyond the normal range of speaker
sizes which suggests that information about the size and shape of the vocal tract is segregated
automatically at an early stage in the processing. This paper reports an extension of the size
discrimination research using a much larger set of speech sounds, namely, 180 consonant-vowel and
vowel-consonant syllables. Despite the pronounced increase in stimulus variability, there was
actually an improvement in discrimination performance over that supported by vowel sounds alone.
Performance with vowel-consonant syllables was slightly better than with consonant-vowel
syllables. These results support the hypothesis that information about the length of the vocal tract is
segregated at an early stage in auditory processing. © 2005 Acoustical Society of
America. �DOI: 10.1121/1.2118427�

PACS number�s�: 43.66.Lj, 43.66.Ba, 43.71.Bp �RAL� Pages: 3816–3822
I. INTRODUCTION

Animal communication sounds contain information
about the size �or scale� of the source. Recent work has
shown that this scale information is present in the calls of
birds �Mergell et al., 1999; Fitch, 1999; Fitch and Kelley,
2000�, cats �Hast, 1989�, dogs �Riede and Fitch, 1999�, and
primates �Fitch, 1997�. In humans �like all mammals�, com-
munication sounds are produced by the resonance of a modu-
lated stream of air. The air is forced up from the lungs and
passes through the vocal folds. The vocal folds open and
close rapidly, which modulates the stream of air producing a
stream of glottal pulses. This modulated stream of air travels
up through the pharyngeal and oral cavities �vocal tract�
where it resonates in accordance with the shape and length of
the vocal tract. Finally the air radiates out through the mouth
as speech. Information about the size of the speaker is con-
veyed to the listener by the frequencies of the resonances �or
formants� and their decay rates and by the glottal pulse rate
�GPR�. As humans grow, their vocal folds grow, becoming
longer and heavier �Titze, 1989�, which results in a lowering
of GPR. The value decreases from about 260 Hz for small
children to about 90 Hz for large adult males. Vocal tract
length �VTL� is largely determined by height �Fitch and
Giedd, 1999� and it increases from about 9 cm for young
children to about 17 cm for large adults. The center frequen-
cies of the resonances are inversely proportional to its length
�Fant, 1970�, while their decay rates are proportional to
VTL; so, in general, taller people have lower formant fre-
quencies than shorter people and their resonances ring

a�Portions of this work were presented in “Size discrimination in CV and VC
English syllables,” British Society of Audiology, London, United King-

dom, 2004.
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longer. This relationship has also been demonstrated in
macaques �Fitch, 1997� where the height, weight, VTL, and
formant frequencies were all measured in the same individu-
als. Unfortunately, there are no equivalent studies for humans
in which VTL was measured and compared with the formant
frequencies of the speaker.

Speakers can modify their VTL a little by lip rounding
and by raising or lowering the larynx. Both effects change
the positions of the formant frequencies and so alter the per-
ceived size of the speaker. The variability introduced by
these factors reduces the correlation between formant fre-
quency and height in adults, and when the range of heights is
limited and/or the sample size is relatively small, the corre-
lation can be unreliable. Thus we find that Gonzalez �2004�
found a weak relationship between formant frequency and
height that was stronger for women than for men, whereas
Rendall et al. �2005� found a weak relationship between for-
mant frequency and height that was stronger for men than for
women. It is also the case that speakers can lower or raise the
average pitch of their voice, and thereby increase or decrease
their apparent size and/or age, and Kunzel �1989� found that
GPR is not significantly correlated with speaker size in
adults when other variables like age and sex are controlled.
So, although it is easy to distinguish children from adults on
the basis of a few syllables, one cannot readily estimate the
height of adults accurately from their speech alone, and re-
search in this area has been hampered by the complexity of
the interaction of the variables �Owren and Anderson, 2005�.

Recently, two high-quality vocoders have been devel-
oped that make it possible to manipulate VTL and GPR in
isolation, or in arbitrary combinations, while at the same
time avoiding concomitant changes in secondary factors such

as lip rounding and larynx lowering. The vocoders are re-
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ferred to as STRAIGHT �Kawahara et al., 1999; Kawahara
and Irino, 2004� and PRAAT �Boersma, 2001�. When GPR is
changed keeping the VTL constant, we hear one person’s
voice changing in pitch; when the VTL is changed keeping
GPR constant, we hear two different-sized people speaking
on the same pitch. Demonstrations are provided on the web
page1 of the Centre for Neural Basis of Hearing. The vocoder
STRAIGHT has been used to investigate the effect of VTL
variability on vowel recognition and to measure the just no-
ticeable difference �jnd� in VTL. Assmann and Nearey
�2003� scaled vowels with STRAIGHT and measured vowel
recognition performance for combinations of GPR and VTL
in the range normally encountered in human speech and
somewhat beyond. They found that good performance ex-
tends beyond the normal range but that it falls off as the GPR
rises beyond 800 Hz, and it falls off faster for longer VTLs.
They proposed a model of vowel recognition consisting of a
neural network that learns the associations between vowel
type, GPR, and formant frequencies in natural speech. Smith
et al. �2005� scaled vowels with STRAIGHT over a much
wider range and showed that vowel recognition was still pos-
sible even though the range of GPRs and VTLs was much
greater than that experienced in natural speech. Irino and
Patterson �2002� have argued that the auditory system segre-
gates the acoustic features in speech sounds associated with
the shape of the vocal tract from those associated with its
length at an early stage in auditory processing. Turner et al.
�2005� and Smith et al. �2005� argued that good recognition
performance outside the normal speech range favors the hy-
pothesis of Irino and Patterson �2002� that there is a size
normalization process in the early stages of auditory process-
ing. Smith et al. �2005� also measured size discrimination
using vowel sounds. They showed that discrimination was
possible over a large range of VTLs and GPRs, including
combinations well beyond the natural human range. The data
support the hypothesis of Cohen �1993� that scale is a dimen-
sion of speech sounds, and the hypothesis of Irino and Patter-
son �2002� that there is a scale normalization process at an
early stage in the auditory system.

In this paper, the vowel experiments of Smith et al.
�2005� were extended to determine how size discrimination
performance is affected when the variability of the set of
speech sounds is increased to be more like that experienced
in everyday speech. The number of speech tokens in the
experiment was increased from 5 vowels to 180 syllables.
The number of combinations of GPR and VTL in the experi-
ment was reduced from 17 to 5.

II. METHOD

To expand the domain of size perception from vowels to
more speechlike utterances, we created a large database of
CV and VC syllables which were scaled in GPR and VTL
using STRAIGHT. In the experiment listeners were pre-
sented with two phrases of four syllables, which were se-
lected at random, with replacement, from a specific category
of the syllable database. The only consistent difference be-
tween the two phrases was vocal tract length; the listener’s

task was to identify the interval with the smaller speaker.
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The stimuli consisted of syllables that were analyzed,
manipulated, and resynthesized by STRAIGHT, which is a
high-quality vocoder developed by Kawahara and Irino
�2004�. Liu and Kewley-Port �2004� have reviewed
STRAIGHT and commented favorably on the quality of its
production of resynthesized speech. Assmann and Katz
�2005� have also shown that a listener’s ability to identify
vowels is not adversely affected when they are manipulated
by STRAIGHT over a reasonable range of GPR and VTL.
STRAIGHT allows one to the separate the VTL and GPR
information in speech sounds and resynthesize the same ut-
terance with different VTL and/or GPR values. STRAIGHT
performs a “pitch synchronous” spectral analysis with a
high-resolution FFT, and then the envelope is smoothed to
remove the zeros introduced by the FFT. The resultant se-
quence of spectral envelopes describes the resonance behav-
ior of the vocal tract in a form that is largely independent of
pitch. The GPR vector can be scaled to change the pitch of
the syllable, and the frequency dimension of the sequence of
spectral envelopes can be scaled to vary the VTL of the
speaker; then the syllable can be resynthesized with its new
GPR and VTL values.

The speech in this experiment was taken from a database
created at the CNBH for brain imaging experiments; it con-
tains 180 unique syllables. Versions of the syllables were
analyzed with STRAIGHT and then resynthesized with
many different combinations of GPR and VTL. The syllables
were divided into 6 groups: three consonant-vowel �CV�
groups and three vowel-consonant �VC� groups. Within the
CV and VC categories, the groups were distinguished by
consonant category: sonorants, stops, and fricatives. The full
set of syllables is shown in Table I. The syllables were re-
corded from one speaker �author RP� in a quiet room with a
Shure SM58-LCE microphone. The microphone was held
approximately 5 cm from the lips to ensure a high signal-to-
noise ratio and to minimize the effect of reverberation. A
high-quality PC sound card �Sound Blaster Audigy II, Cre-
ative Labs� was used with 16-bit quantization and a sampling
frequency of 48 kHz. The syllables were normalized by set-
ting the rms value in the region of the vowel to a common
value so that they were all perceived to have about the same
loudness. We also wanted to ensure that, when any combina-
tion of the syllables was played in a sequence, they would be
perceived to proceed at a regular pace; an irregular sequence
of syllables causes an unwanted distraction. Accordingly, the
positions of the syllables within their files were adjusted so
that their perceptual-centers �P-centers� all occurred at the
same time relative to file onset. The algorithm for finding the
P-centers was based on procedures described by Marcus
�1981� and Scott �1993�, and it focuses on vowel onsets.
Vowel onset time was taken to be the time at which the
syllable first rises to 50% of its maximum value over the
frequency range of 300–3000 Hz. To optimize the estima-
tion of vowel onset time, the syllable was filtered with a
gammatone filterbank �Patterson et al., 1992� having 30
channels spaced quasi-logarithmically over the frequency
range of 300–3000 Hz. The 30 channels were sorted in de-
scending order based on their maximum output value and the

ten highest were selected. The Hilbert envelope was calcu-
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lated for these ten channels and, for each, the time at which
the level first rose to 50% of the maximum was determined;
the vowel onset time was taken to be the mean of these ten
time values. The P-center was determined from the vowel
onset time and the duration of the signal as described by
Marcus �1981�. The P-center adjustment was achieved by the
simple expedient of inserting silence before and/or after the
sound. After P-center correction the length of each syllable,
including the silence, was 683 ms.

With regard to the pronunciation of the syllables, the
listeners were not required to recognize the syllables or
specify their phonetic content, so the precise pronunciation
of the syllables is not an issue for the current experiments.
As a matter of record, the sounds were intended to be two-
phoneme sequences of the most common speech sounds in
balanced, cv-vc pairs, rather than a representative sample of
syllables from English. The vowels were pronounced as they
are in most five vowel languages like Japanese and Spanish
so that they could be used with a wide range of listeners;
thus the pronunciation was /a/ as in “fa,” /e/ as in “bay,” /i/ as
in “bee,” /o/ as in “toe,” and /u/ as in “zoo.” Syllables in-
volving a sonorant consonant, which would be diphthongs in
English �e.g., oy�, were pronounced more like two distinct
phonemes than diphthongs so that the duration of the com-
ponents would be similar in cv-vc pairs.

Once the recordings were edited and standardized as de-
scribed above, STRAIGHT was used to generate all the dif-
ferent versions of each syllable with the specific combina-
tions of VTL and GPR values required for the experiment. In
STRAIGHT, the VTL is varied simply by dilating or con-
tracting the spectral envelope of the recorded syllable. The
change in VTL is described in terms of the ratio of the width
of the new spectral envelope to that of the original spectral
envelope. This spectral envelope ratio �SER� is inversely
proportional to the change in the length of the vocal tract.
SER values less than unity mean that the vocal tract has been
made longer to synthesize a larger person; the process shifts
all of the vocal tract resonances to lower frequencies. Figure
1 shows the five combinations of SER and GPR that were

TABLE I. Stimulus set showing categories of CVs,
sonorant, stops, and fricatives. Pronunciation details a
scribed in the text.
used as standards in the experiment; they were chosen to be
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characteristic of five speaker types. The SER value is also
shown as a VTL in Fig. 1. The VTL is estimated from the
data in Fitch and Giedd �1999�. The height of the speaker
�RP� was 173 cm and, for a person of this height, Fitch and
Giedd give a VTL of 15.2 cm. This value was used as the
reference and has an SER of 1.0. For the experimental
stimuli, combination 1 has a low GPR of 80 Hz and a long
VTL of 16.5 cm, which is characteristic of a large male.
Combination 2 has a high GPR of 320 Hz and a long VTL of
16.5 cm, which is highly unusual for a human. Nevertheless,
the syllables are readily recognized as speech from a tall
person with a high pitch. For convenience in the paper, these
speakers will be referred to as a “castrati.” Combination 3
has a GPR of 160 Hz and a VTL of 12.5 cm, which is char-
acteristic of an average-sized person somewhere between the
average adult male and the average adult female. Combina-
tion 4 has a low GPR of 80 Hz and a short VTL of 9.2 cm,
which is also highly unusual for a human. Again, the syl-
lables are obviously speech but this time from a short person
with a low pitch. For convenience in the paper, these speak-
ers will be referred to as a “dwarves.” Finally, combination 5
has a high GPR of 320 Hz and a short VTL of 9.2 cm, which
is characteristic of a small child, either male or female.

,
-

FIG. 1. The GPR-VTL combinations for the five reference speakers in the
experiment. These speakers are typically heard as a large male �1�, a castrato
VCs
re de
�2�, a small male or a large female �3�, a dwarf �4�, and a small child �5�.
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The listeners were presented with two phrases of four
syllables each; the one consistent difference between the
phrases was the VTL of the speaker. The syllables were se-
lected randomly, with replacement, from one of six groups
within the database �e.g. CV-sonorants, CV-stops, CV-
fricatives, VC-sonorants, VC-stops, or VC-fricatives�. The
level of the syllables in each phrase was roved between
phrases over a 6-dB range. The GPR of each of the syllables
within the phrase was varied along one of four pitch con-
tours: rising, falling, up-down, and down-up. In the rising
contour, the GPR of each successive syllable increased lin-
early such that the GPR of the last syllable was 10% higher
than that of the first syllable. The falling contour was the
reverse of the rising contour, i.e., the GPR of each successive
syllable decreased linearly such that the first syllable had a
GPR 10% higher than the last syllable. In the up-down con-
tour the first and the last syllables had the same GPR values
which were 10% lower than the GPR values of the second
and third syllables. Finally, for the down-up contour, the first
and last syllables had the same GPR values which were 10%
higher than the second and third syllables. The starting value
for the GPR contour was also varied over a 10% range. Thus,
the only consistent difference between the two phrases was
the VTL. One of the phrases, chosen at random, had one of
the reference VTLs, that is, one of the five combinations
shown in Fig. 1; the other phrase had a test VTL which was
varied over trials to measure VTL discrimination. For each
reference VTL, there were six test VTLs, three of which
were longer and three of which were shorter. The three
longer VTLs had lengths of 106%, 122%, and 143% relative
to the reference, except for the castrato speech �point 2 in
Fig. 1� for which the test VTLs had lengths of 103%, 110%,
and 118% relative to the reference, and the small male/large
female speech �point 3 in Fig. 1� for which the test VTLs had
lengths of 103%, 112%, and 125% relative to the reference.
The reduction in the range of VTLs for the castrato speech
was due to difficulty in resynthesizing longer VTLs; F0 rises
to values above the first formant in which case the vowel is
ill defined �see Smith et al., 2005; top panel of Fig. 3�. The
reduction in the range of VTLs for the small male/large fe-
male speech was due to pilot data showing that discrimina-
tion performance was improved for this range of VTLs. The
three shorter VTLs had lengths of 77%, 85%, and 94% rela-
tive to the reference except for the small male/large female
speech for which the test VTLs had lengths of 83%, 89%,
and 96% relative to the reference. The change in the range of
VTLs was again due to pilot data showing an improvement
in discrimination performance for this reference VTL.

Discrimination performance was measured separately at
each of the five points shown on Fig. 1, using a two-
alternative, forced-choice paradigm �2AFC�. The listener
was asked to choose the phrase spoken by the smaller per-
son, and to indicate their choice by clicking on the appropri-
ate interval box on a computer screen. The subject had to
discriminate between the reference value �taken from Fig. 1�
and one of the three longer or three shorter VTLs. The data
from the six VTL comparisons were combined to produce a
psychometric function for one specific reference value. There

were six listeners �three male and three female between 21
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and 35 years of age�; they all had normal hearing thresholds
at 0.5, 1, 2, 4, and 8 kHz. There was a brief training session
in which the listener was presented with about 20 trials with
different VTLs chosen at random from the six test values.
During this training session, feedback was provided to the
listeners as to whether they had correctly identified the
smaller speaker. Discrimination performance was then mea-
sured for that reference point with approximately 40 trails
per reference point. During the discrimination measurement
there was no feedback. This procedure was repeated for each
of the six syllable groups in a random order which was se-
lected individually for each listener. The sounds were pre-
sented at a level of 70 dB diotically over AKG K240DF
headphones while seated in a double-walled IAC sound at-
tenuating booth.

III. RESULTS

The results for each of the five reference speakers are
shown in Fig. 2 as a set of psychometric functions, where the
layout mirrors that for the reference conditions presented in
Fig. 1. That is, the positions of psychometric functions reflect
the position of the reference condition on the GPR-VTL
plane; the small child is at the top right and the large man is
at the bottom left. The data have been averaged across lis-
teners because there was very little difference between lis-
teners. They have also been averaged over syllable type, be-
cause the data for individual syllable types showed very
similar patterns and levels of performance. The abscissa for
the psychometric functions is VTL expressed as a ratio of the
reference VTL; the ordinate is the percentage of trials on
which the test interval was identified as having the smaller
speaker. The error bars show ±2 standard deviations over all
listeners and syllable types. A cumulative Gaussian function
has been fitted to the data for each psychometric function
and used to calculate the jnd. The jnd was defined as the
difference in VTL for a 26% increase in performance from
50% to 76% performance; it is shown on each graph at the
top left corner, and the error shows 2 standard deviations of
the fitted Gaussian function. Figure 2 shows that size dis-
crimination is possible for each of the five speaker types;
performance is best for the small-male/large-female speaker
type and poorest for the dwarf speaker type. The jnd values
for the individual syllable groups are summarized in Table II.

A summary of the jnd values is shown in Fig. 3, which
has the same layout as Figs. 1 and 2. The jnd’s for the six
syllable groups are shown separately for each speaker type.
The jnd for both the large male speaker type and the small-
male/large-female speaker type is stable at around 4% for all
syllable types. The jnd for the castrato speaker type is
slightly worse, particularly for syllables containing stop con-
sonants for which the jnd is 5%–6%. The jnd’s for the dwarf
speaker type and the small child speaker type are around 7%
and 6% respectively, and again it is worst for syllables with
stop consonants.

IV. DISCUSSION

The jnd’s for speaker size measured by Smith et al.

�2005� with vowel sounds are included in the bottom row of
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Table II. When compared with the data of the current experi-
ment, they show that discrimination performance is much
better when syllables are used rather than just vowels, de-
spite the increase in stimulus variability in the syllable ver-
sion of the experiment. For the small-male/large-female,
dwarf, and small child, the jnd for syllables is about 30% less
than with isolated vowels. For the large male, the jnd has
decreased by about 60%, and for the castrato the jnd value
has decreased by about 70%. This improvement in perfor-
mance may be due to the increased naturalness of the speech.
Although Smith et al. �2005� used natural vowels, they ap-
plied an artificial amplitude envelope to the onset; the natural

FIG. 2. Psychometric functions for the five reference speakers, averaged ov
1400 trials per point on each psychometric function�. The jnd value is the di
function. The jnd value is shown on each graph in the top left corner; the e

TABLE II. The jnd values for all syllable groups averaged over all listener

Stimuli
group 1 2

All 4.3±0.1 4.8±0.1
CV 4.0±0.2 5.0±0.2
VC 4.5±0.2 4.7±0.2

Sonorant 4.1±0.2 4.2±0.2
Stop 4.6±0.3 6.3±0.3

Fricative 4.2±0.2 4.4±0.2
Smith et al.

�2005�
10.5 17.2
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onset of the syllable was preserved in the current study.
There was one other difference between the vowel and syl-
lable experiments, which is the duration of the silence be-
tween the vowels or syllables: in the vowel experiment, the
duration of the silence was a constant 40 ms; in the syllable
experiment, due to the P-centering, the duration of the si-
lence was much longer �between about 100 and 300 ms�.
This may have provided more time to process the individual
syllables.

The content for each syllable type can be categorized
into three components, namely, a voiced component �includ-
ing any vowel information�, a vowel component, and finally

listeners, all syllables within group and all syllable groups �approximately
ce between 76% and 50% performance as estimated by the fitted Gaussian
ars represent 2 standard deviations.

VTL-GPR condition

3 4 5

4.1±0.1 6.6±0.2 5.7±0.2
4.0±0.2 5.9±0.2 5.3±0.2
4.4±0.2 7.6±0.3 6.3±0.2
4.1±0.2 5.9±0.3 5.1±0.3
4.3±0.2 8.4±0.3 6.5±0.3
3.8±0.2 5.7±0.3 5.3±0.3

6.6 10.6 9.3
er all
fferen
rror b
s.
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any other component which contains information about the
vocal tract length which is not included by either of the two
previous components �this is mainly noise from the fricatives
and will be termed the noise component�. Figure 4 shows the
duration of each of these components for each of the six
speech groups together with a summary for CVs and VCs.
CV syllables have longer voiced components than VC syl-
lables and significantly longer vowel components. The aver-
age length of the periodic component for a CV syllable is
about 450 ms, whereas for a VC syllable, this is about
350 ms. The average vowel duration for CV syllables is
about 400 ms, and for VC syllables this reduces to about
260 ms. Sonorants have the longest voiced and vowel com-
ponents followed by stops and then fricatives, however this
difference is only really apparent in the VC versions of the
syllables. The increased amount of voiced/vowel content in
the CV syllables may improve CV size discrimination when
compared to VC syllables. There is only a small variation in

FIG. 4. The small symbols show the duration of the “voiced,” “vowel,” and
“noise” components for each of the six syllable classes with error bars
showing ±2 standard deviations. The large star symbols show the average

values for all of the CV syllables �open� and all of the VC syllables �filled�.
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the duration of the noise component of all speech sounds
when compared to the much longer voiced and vowel com-
ponents.

Assmann et al. �2002� and Assmann and Nearey �2003�
argued that listeners can recognize scaled vowels because
they have extensive experience with speech that has included
examples of most syllables with many combinations of GPR
and VTL. They showed that a neural network could learn the
variability of the vowels in their experiment and suggested
that the brain has a similar learning mechanism. However,
Smith and Patterson �2004� and Smith et al. showed that
vowel recognition is possible over a range of VTL and GPR
values that extends far beyond that normally encountered
during everyday experience. They argue that the auditory
system uses a scale normalization process like that suggested
by Irino and Patterson �2002� and that this avoids the need
for an elaborate learning mechanism. Figure 5 shows the
distribution of men, women, and children speaker types in

FIG. 3. The jnd values for the six syllable groups plot-
ted separately for the five speaker types. The layout of
speaker types is the same as in Figs. 2 and 3, i.e., large
male at the bottom left and small child at the top right.
The dotted line is the average jnd across syllable cat-
egory for that specific speaker type. The solid, thin line
is grand average jnd for the experiment plotted in each
subfigure for comparison with the local average.

FIG. 5. Ellipses showing the distribution of vocal tract lengths and glottal
pulse rates for men, women and children, based on the data of Peterson and
Barney �1952�. The ellipses encompass 96% of the data for each group. The

numbered points show the reference speakers used in the experiment.
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the GPR-VTL space. The three ellipses were derived from
the classic data ofPeterson and Barney �1952� and each el-
lipse encompasses 96% of the population for that speaker
group, which represents the vast majority of VTLs and GPRs
that one would encounter in everyday life. The numbered
points show the GPR-VTL conditions that were used in the
experiment. Conditions 1 and 5, large man and small child,
lie just within the extremities of their respective ellipses.
Conditions 2 and 4 �castrato and dwarf� lie well outside these
ellipses. Thus, the range of VTL-GPR combinations includes
the full range of normal human speech and well beyond. The
ability to discriminate size to such a fine resolution over this
entire range supports the argument of Irino and Patterson
�2002� that the auditory system includes a scale normaliza-
tion process.

V. CONCLUSIONS

A series of VTL discrimination experiments has shown
that it is possible to make fine discriminations about a per-
son’s size by listening to their speech. This shows that the
size information in speech is available to the listener and
changes in VTL alone produce reliable differences in per-
ceived size. The average jnd values for VTL discrimination
measured with phrases of syllables are between 4% and 6%
depending on the location in the GPR-VTL space. These
jnd’s are considerably smaller than those obtained with vow-
els by Smith et al. �2005�, despite the increase in the vari-
ability of the stimulus set. There is a small difference in the
jnd between CV syllables and VC syllables with the former
having the smaller jnd.
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