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The goal of this study was to measure the effects of global spectral manipulations on vowel
identification by progressively high-pass filtering vowel stimuli in the spectral modulation domain.
Twelve American-English vowels, naturally spoken by a female talker, were subjected to varied
degrees of high-pass filtering in the spectral modulation domain, with cutoff frequencies of 0.0, 0.5,
1.0, 1.5, and 2.0 cycles/octave. Identification performance for vowels presented at 70 dB sound
pressure level with and without spectral modulation filtering was measured for five normal-hearing
listeners. Results indicated that vowel identification performance was progressively degraded as the
spectral modulation cutoff frequency increased. Degradation of vowel identification was greater for
back vowels than for front or central vowels. Detailed acoustic analyses indicated that spectral
modulation filtering resulted in a more crowded vowel space (F1 X F2), reduced spectral contrast,
and reduced spectral tilt relative to the original unfiltered vowels. Changes in the global spectral
features produced by spectral modulation filtering were associated with substantial reduction in
vowel identification. The results indicated that the spectral cues critical for vowel identification were
represented by spectral modulation frequencies below 2 cycles/octave. These results are considered
in terms of the interactions among spectral shape perception, spectral smearing, and speech

)

perception. © 2008 Acoustical Society of America. [DOI: 10.1121/1.2956468]

PACS number(s): 43.71.Es, 43.71.An, 43.66.Ba [MSS]

I. INTRODUCTION

Many acoustic features influence vowel identification,
including absolute and relative formant frequency, formant
transition, overall duration, fundamental frequency, spectral
contrast, and spectral tilt. Some investigators have suggested
that vowel formants exclusively provided the essential
acoustic information for vowel identity (e.g., Hillenbrand
et al., 1995; Hillenbrand and Nearey, 1999), while other in-
vestigators have emphasized the importance of overall spec-
tral shape on vowel identification (e.g., Bladon and Lind-
blom, 1981; Bladon, 1982; Zahorian and Jagharghi, 1993).
The purpose of the present study is to investigate the influ-
ence of changes in global spectral shape on speech percep-
tion by systematically manipulating the spectral modulation
content of vowel stimuli and evaluating the impact of such
manipulations on vowel identification. Specifically, a goal
was to determine if degradation of the vowel spectrum pro-
duced by parametric changes in the spectral modulation do-
main yields systematic changes in vowel identification. This
investigation is the first in a series of studies designed to
evaluate and optimize novel algorithms for manipulating
speech in the spectral modulation domain.
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Formant frequencies, especially F1 and F2, have been
demonstrated to be primary acoustic cues for vowel percep-
tion (Miller, 1989; Nearey, 1989; Syndal and Gopal, 1986),
although there is a high degree of variability for formant
frequencies within each vowel category produced across
talkers and phonetic contexts (Peterson and Barney, 1952;
Hillenbrand et al., 1995). Both the absolute formant fre-
quency and the relative frequency of formant peaks, such as
the distance between F2 and F1 and distance between F3 and
F2, provided reliable cues for vowel perception, especially
for steady-state vowels. The relative frequencies of formant
peaks, combined with their relative amplitudes, largely de-
termine the gross spectral properties of the vowel. Using an
automatic vowel classification algorithm for vowels embed-
ded in a consonant-vowel-consonant (CVC) context, Zaho-
rian and Jagharghi (1993) directly compared the relative im-
portance of absolute formant frequency and global spectral
shape in vowel classification. They reported that vowel clas-
sification based on global spectral features was superior to
classification based on formants, independent of the avail-
ability of FO information. Furthermore, corresponding per-
ceptual measures of vowel identification indicated a stronger
correlation between perceptual confusions and automatic
classification based on the global spectral shape than classi-
fication based on formants alone. Similarly, Bladon and
Lindblom (1981) evaluated an auditory model of vowel per-
ception based on the assumption that vowel identification
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was dependent on a spectral representation of loudness den-
sity (phons/Bark) versus cochlear place (Bark). Each stimu-
lus representation was treated as a single spectral shape and
the auditory perceptual distance for vowel pairs was mea-
sured. The model predictions closely matched the perceptual
judgments of the quality difference between vowel pairs,
consistent with the hypothesis that overall spectral shape
characterized the qualitative and perceptual distances associ-
ated with different vowel spectra.

Global spectral shape involves the absolute formant fre-
quency and the relative separation among vowel formants as
well as the relative amplitudes of the spectral peaks and their
associated valleys (i.e., spectral contrast). Several studies
have investigated the effect of spectral contrast on vowel
perception (Leek er al., 1987; Alcantara and Moore, 1995).
Using vowel-like harmonic complex in which the intensity
level of harmonics corresponding to formant frequencies was
incremented adaptively, Leek er al. (1987) measured the
minimum peak-to-valley contrast sufficient for vowel identi-
fication. Their normal-hearing listeners required about 3 dB
peak-to-valley contrasts to achieve vowel identification accu-
racy above 90%. Similarly, Alcantara and Moore (1995) re-
ported that the identification of vowel-like harmonic com-
plexes by normal-hearing listeners was nearly 80% correct
for peak-to-valley contrasts of 4 dB corresponding to F1-F3
when vowel sounds were presented at 65 dB sound pressure
level (SPL).

Spectral tilt, or the relative amplitude of high- to low-
frequency components, is another important acoustic charac-
teristic of global spectral shape. Changes in spectral tilt lead
to significant changes in vowel quality. Ito ez al. (2001) mea-
sured the identification of isolated, synthetic, steady-state
Japanese vowels in which the F2 peak was removed while
the amplitude of the remaining formant peaks was preserved.
Despite changes in vowel quality, complete removal of the
F2 peak did not alter vowel identification, suggesting that a
spectral peak corresponding to F2 was not required for the
accurate identification of Japanese vowels. To separate the
effects of global spectral tilt and formant frequency, Kiefte
and Kluender (2005) manipulated those parameters indepen-
dently using American English vowels. In addition to pro-
ducing a much more crowded vowel space, their results
showed that both local (formant frequency) and global (spec-
tral tilt) acoustic cues had strong perceptual effects and that
effect of changing spectral tilt was mitigated as the temporal
pattern of formant frequencies was retained. They concluded
that effects of spectral tilt on vowel identification might be
very limited, given that naturally spoken English vowels
were generally dynamic.

Rather than direct manipulation of acoustic features
(e.g., formant frequency and formant amplitude), another ap-
proach to the study of spectral features involves modification
of the global spectral shape of speech stimuli. Several inves-
tigations have manipulated the global spectrum via spectral
envelope smearing in an effort to either simulate reduced
spectral resolution associated with hearing impairment or to
determine the relative importance of various acoustic fea-
tures to speech perception. In previous studies, spectral
smearing has been accomplished by processing speech
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stimuli through a series of bandpass filters in the audio-
frequency domain and systematically varying the filter width
and/or slope (e.g., van Veen and Houtgast, 1985; ter Keurs
et al., 1992; 1993; Baer and Moore, 1993; 1994; Moore
et al., 1997), by low-pass or high-pass filtering in the tem-
poral modulation domain (e.g., Drullman er al., 1994a,
1994b, 1996), or by varying the number of audio-frequency
channels in the context of cochlear implant simulations (e.g.,
Turner et al., 1999; Fu and Nogaki, 2005; Liu and Fu, 2007).
Using each of these techniques, speech perception in quiet or
in noise can be degraded as a result of spectral smearing.
Interestingly, Drullman et al. (1996) demonstrated that both
low-pass and high-pass filtering in the temporal modulation
domain were analogous to a uniform reduction in the spectral
modulation domain, at least over the spectral modulation
range below 2 cycles/octave. van Veen and Houtgast (1985)
argued that this spectral modulation frequency range was the
most important for speech perception and Qian and Eddins
(2008) showed that the most important spatial information
carried by head-related transfer functions corresponded to
spectral modulation frequencies below 2 cycles/octave.

The global spectral envelope can be represented by an
array of spectral modulation frequency components via Fou-
rier transformation of the magnitude spectrum (i.e., second-
order Fourier transform). A vowel spectrum contains many
spectral modulation components, while a series of peaks and
valleys that vary sinusoidally across audio frequency is rep-
resented by a single component in the modulation spectrum.
Amplification or attenuation of spectral modulation fre-
quency components results in changes in the global spectral
shape, and may give rise to corresponding perceptual
changes. The work of Drullman et al. (1994a, 1994b, 1996)
and van Veen and Houtgast (1985) illustrates the importance
of spectral modulation content to speech intelligibility; how-
ever, the relative importance of different regions in the spec-
tral modulation domain below 2 cycles/octave has not been
established. Clearly spectral smearing results in alterations in
the spectral modulation domain; however, the acoustic and
perceptual consequences of the global changes resulting
from direct manipulations in the spectral modulation domain
on the local spectral features of speech stimuli, such as for-
mant frequency, spectral contrast, and spectral tilt, have not
been quantified.

The present study was designed to examine acoustic and
perceptual impact of filtering low spectral modulation fre-
quency on vowel sounds. A more complete understanding of
the relationship between manipulations of the spectral modu-
lation domain and speech perception will guide future stud-
ies involving simulations of various types of hearing impair-
ment as well as studies of the efficacy of speech
enhancement algorithms based on modifications in the spec-
tral modulation domain. Accordingly, 12 American English
vowels were synthesized and the spectral contrast, spectral
tilt, and spectral details of these stimuli were manipulated
simultaneously by progressively adjusting the cutoff of a
high-pass filter applied in the spectral modulation domain.
Identification of these vowel stimuli was then measured as a
function of filter cutoff frequency to evaluate effects of at-
tenuating low spectral modulation frequency components on
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vowel perception. To gauge the spectral shape perception
abilities of each of the listeners included in this study using
nonspeech stimuli, spectral modulation detection thresholds
were measured over a wide range of spectral modulation
frequencies and the resulting spectral modulation transfer
functions were compared to laboratory norms and published
data using similar measures of spectral shape perception.

II. METHOD
A. Listeners

Five adult native speakers of American English between
the ages of 23 and 40 years served as listeners and were paid
for their participation in this study. All listeners had normal-
hearing sensitivity corresponding to pure-tone thresholds
<15 dB Hearing Level (HL; ANSI, 2004) at octave intervals
between 250 and 8000 Hz.

B. Stimuli

All stimuli were generated using a digital array proces-
sor (TDT AP2) and a 16 bit D/A converter with a sampling
period of either 81.92 ws (12 207.0125 Hz; vowel identifica-
tion) or 24.4 us (40 983 Hz; spectral modulation detection).
Following D/A conversion, stimuli were low pass filtered
(5000 Hz for vowels or 18 000 Hz for spectral modulation),
attenuated (TDT PA4), and routed via headphone buffer
(TDT HB6) to an earphone (Etymotic ER-2) inserted in the
left ear of each listener. Stimulus generation and data collec-
tion were controlled by the SYKOFIZX® software application
(TDT). All testing was conducted in a double-walled sound
attenuating chamber (IAC).

1. Spectral modulation detection stimuli

Spectral envelope perception was evaluated by measur-
ing spectral modulation detection thresholds (peak-to-valley
contrast in decibels) as a function of spectral modulation
frequency (0.25-8.0 cycles/octave) superimposed on a
broadband-noise carrier (200—12 800 Hz) following the
technique described by Eddins and Bero (2007). The com-
plex spectrum of the desired signal was computed as follows.
Two 8192-point buffers, X (real part of the spectrum) and Y
(imaginary part of the spectrum), were filled with the same
sinusoid computed on a logarithmic frequency scale with a
starting phase randomly selected from a uniform distribution
between 0 and 27 rad on each presentation. Following scal-
ing of the sinusoid to the appropriate modulation depth, the X
and Y buffers were multiplied by independent 8192-point
samples from a Gaussian distribution. Then the X and Y buff-
ers were mutiplied by an 8192-point buffer filled with values
corresponding to the magnitude response of a second-order
Butterworth filter with a passband from 200 to 12 800 Hz.
An inverse fast Fourier transform (FFT) was then performed
on the complex spectrum (X,Y) to produce the desired
400-ms spectrally-shaped noise waveform. Finally, the
waveforms were shaped with a 10-ms cos> window and
scaled to the desired presentation level. This resulted in in-
dependent noise stimuli with the appropriate spectral shape
on each observation interval. The spectrum level of the flat-
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FIG. 1. Schematic representation of sinusoidal spectral modulation super-
imposed on a broadband-noise carrier from 200 to 12 800 Hz. In this ex-
ample, the upper panel shows six modulation cycles over a span of six
octaves, representing a spectral modulation frequency of 1 cycle/octave.
The spectral modulation depth (peak-to-valley difference in decibels) is
10 dB and the modulation phase (6) is 7 rad relative to the low-frequency
edge of the noise carrier. The lower panel shows the corresponding modu-
lation magnitude spectrum computed by taking a FFT of the magnitude
spectrum shown in the upper panel.

spectrum standard stimuli was 35 dB SPL. The overall level
of the spectrally modulated stimuli was adjusted to be equal
to that of the flat-spectrum standard. As a result, the levels of
the peaks in the modulated spectrum exceeded 35 dB SPL
slightly, in a manner dependent on the required spectral
modulation depth. The top panel of Fig. 1 illustrates the mag-
nitude spectrum of a spectrally modulated noise as described
above. In this example, the sinusoidal spectral modulation
has a frequency of 1 cycle/octave and consists of six cycles
spanning the six octaves from 200 to 12 800 Hz. In this ex-
ample, the modulation depth (i.e., peak-to-valley difference
in decibels) is 10 dB and the modulation phase (6) is 7 rad
with respect to the low-frequency edge of the noise carrier.
In the lower panel, the second-order FFT illustrates spectral
modulation depth as a function of spectral modulation fre-
quency. In this example, there is a peak at 1 cycle/octave.

2. Vowel identification stimuli

Vowel identification was measured for 12 American En-
glish vowels /i, 1, e, €, &, A, 5, a, 9, o, u, U/. Vowels were
spoken by an adult, middle-aged female talker in the syllable
context /bVd/ and were recorded and stored as digital sound
files. Vowels were isolated by deleting the formant transition
at the beginning and end of the syllable such that only the
relatively steady-state vowel nucleus remained. These
stimuli served as standard vowels. Vowel analysis and resyn-
thesis were performed in MATLAB® as follows. First, the lin-
ear predictive coding (LPC) spectrum was computed from a
50 ms window of the central nucleus of the standard vowel
using 16 LPC coefficients with a modified version of the
Colea MATLAB® code (Loizou, 2000). Following conversion
to a log, frequency scale, the LPC spectrum was transformed
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FIG. 2. LPC spectra (top) and spectral modulation spectra (bottom) for the
unfiltered /@&/ vowel (solid) and /@&/ vowels filtered at 1 (dotted) and
2 cycles/octave (dashed).

to the spectral modulation domain via FFT. The resulting
magnitude spectrum was high-pass filtered with cutoff
frequencies of 0.0 (no filtering), 0.5, 1.0, 1.5, and
2.0 cycles/octave using a first-order digital Butterworth filter.
Vowel spectra, with and without spectral modulation filter-
ing, were reconstructed via inverse FFT of the modified mag-
nitude spectrum and the preserved phase spectrum. This re-
constructed spectrum was then duplicated to create a three-
dimensional spectrogram with a total duration of 167 ms (the
average duration of the 12 vowels spoken by the female
talker). The final vowel waveforms were produced by resyn-
thesis using a modified version of STRAIGHT (Kawahara
et al., 1999), in which the spectrogram of the standard vowel
was replaced by the new spectrogram with the manipulation
in the spectral modulation described above. The fundamental
frequency of all vowel stimuli was normalized to 160 Hz
(the average FO of the 12 vowels for the female talker). This
FO was constant over the vowel duration.

All vowels were scaled to have equal root-mean-squared
amplitudes. Each standard vowel had five derivatives (high-
pass cutoffs of 0.0, 0.5, 1.0, 1.5, and 2.0 cycles/octave),
yielding a total of 60 vowels (12 vowel categories
X5 filter conditions). The sound pressure level of the vow-
els was set to 70 dB SPL. Figure 2 shows examples of un-
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filtered and high-pass filtered (1.0 and 2.0 cycles/octave) /e/-
vowel stimuli with the LPC spectrum shown in the upper
panel and the magnitude spectrum in the spectral modulation
domain shown in the lower panel. It is clear from the lower
panel that the amplitudes of the low spectral modulation fre-
quencies (<3 cycles/octave) are substantially higher than
the amplitudes of the high spectral modulation frequencies.
This is consistent with the report by van Veen and Houtgast
(1985) that spectral smearing that approximated low-pass fil-
tering in the spectral modulation domain above about
2 cycles/octave had little influence on vowel spectra or
vowel perception.

C. Procedures
1. Spectral modulation detection

For the spectral modulation detection task, a three-
interval, single-cue, two-alternative, forced-choice procedure
was used to measure spectral modulation detection thresh-
olds. On each trial, the three observation intervals were sepa-
rated by 400-ms silent intervals. The standard stimulus was
presented in first interval as an anchor or reminder. A second
standard stimulus and the signal stimulus were randomly as-
signed to the two remaining presentation intervals. The
threshold was estimated using an adaptive psychophysical
procedure in which the spectral modulation depth was re-
duced after three consecutive correct responses and increased
after a single incorrect response. The step size was initially
2 dB and was reduced to 0.4 dB after three reversals in the
adaptive track, estimating 79.4% correct detection (Levitt,
1971). Spectral modulation detection thresholds were based
on the average of three successive 60-trial runs.

2. Vowel identification

Vowel identification was measured in one unfiltered con-
dition and four high-pass filtered conditions as described
above. For a given condition, vowel identification perfor-
mance was estimated on the basis of three 120-trial blocks
with each of the 12 vowels presented ten times in a random
order within a block. As a result, vowel identification perfor-
mance in each condition was based on 360 trials consisting
of 30 repetitions of each of the 12 vowel stimuli. Thus, per-
cent correct vowel identification was based on 30 repetitions
of each vowel stimulus for each listener. Short breaks were
provided between blocks and all of the conditions were com-
pleted in four sessions with each session lasting from
I to 1.5 h. Listeners were seated in front of a computer
monitor that displayed the 12 response alternatives as a text
box labeled with the English word corresponding to each
vowel in a /hvd/ context (e.g., had, head, hayed, heed, hid,
hod, hoard, hoed, hood, who’d, hud, and heard). Listeners
responded by using a computer mouse to click on the button
corresponding to their response choice. After each vowel
presentation, the listener was allowed 10 s to respond. Prior
to data collection, listeners were familiarized with the task
over the course of a half-hour practice session using standard
stimuli. During familiarization, feedback was provided to in-
dicate the correct response on each trial. No feedback was
provided during formal testing.
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FIG. 3. Individual and average SMTFs for the five listeners in this study
within the 95% confidence interval based on a group of 50 young, normal-
hearing listeners (shaded region from unpublished data).

lll. RESULTS
A. Spectral modulation detection

Spectral shape perception was evaluated by means of a
spectral modulation detection task. Figure 3 shows spectral
modulation detection threshold (peak-to-valley difference in
decibels) as a function of spectral modulation frequency
(cycles/octave) for each of the five listeners as well as the
average spectral modulation transfer function (SMTF). In
general, thresholds were lowest for the middle modulation
frequencies and increased at very low and very high modu-
lation frequencies. This pattern of results is consistent with
the results of Eddins and Bero (2007). The shaded region
displays the 95% confidence interval based on a group of 50
young, normal-hearing listeners who were inexperienced in
psychoacoustic listening tasks and were unpracticed in the
spectral modulation detection task (unpublished data). Most
of the thresholds for the listeners of the current study fall
within this range and thus may be characterized as having
“typical” spectral envelope perception.

B. Vowel identification

Figure 4 shows the identification scores associated with
each vowel category along the x axis for the vowels with and
without high-pass filtering in the spectral modulation fre-
quency domain (the upper panel) and the reduction in vowel
identification due to the spectral modulation filtering (the
lower panel), as indicated by the bars. For all the 12 vowels,
identification scores decreased as the cutoff frequency of the
high-pass spectral modulation filter increased up to
2 cycles/octave. Identification performance averaged across
all vowel categories dropped dramatically as the high-pass
filter cutoff increased from 0 cycle/octave (leftmost black
bars: 92.9%) to 2 cycles/octave (rightmost shaded bars:
57.6%). The extent to which the identification performance
decreased as a result of spectral modulation filtering was
vowel specific (see the lower panel of Fig. 4). Attenuating
low spectral modulation frequencies resulted in greater re-
ductions in identification performance for the five back vow-
els (/a, 2, 0, u, U/) than the five front vowels (/i, 1, e, &, &/)

or the two central vowels (/a, 5/). As summarized in Fig. 5,
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FIG. 4. Identification score of the vowels with and without spectral modu-
lation filtering for all the 12 vowels (the upper panel) and reduction in
identification score (regarding the unfiltered condition) of the four filtered
conditions for the 12 vowel categories (the lower panel). The error bar
stands for the standard deviation across the five listeners for each condition.

identification scores were quite similar for the front, back,
and central vowels without filtering, while identification
scores were markedly lower for the back vowels than the
front or central vowels for the filtered conditions. Specifi-
cally, the three back vowels /o/, /U/, and /u/ showed substan-
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FIG. 5. Identification score as a function of the cutoff frequency of high-
pass spectral modulation filter for three vowel groups: front, central, and
back.
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TABLE I. Confusion matrices for unfiltered vowels (top) and filtered vowels at 1 cycle/octave (middle) and 2 cycles/octave (bottom).

Vowel ES & e i I U u o b) a E) A
® 85.3% 14.0% 0.7%
e 8.0% 89.3% 0.7% 0.7% 1.3%
e 0.7% 98.6% 0.7%
i 100.0%
I 2.7% 0.7% 96.6%
U 77.3% 4.7% 18.0%
u 7.3% 92.7%
0 4.7% 94.6% 0.7%
b) 98.0% 2.0%
a 2.0% 94.0% 4.0%
) 100.0%
A 11.3% 88.7%
® 77.3% 22.7%
€ 6.3% 92.5% 0.7% 0.5%
e 0.5% 2.0% 95.2% 1.0% 1.3%
i 1.3% 1.3% 94.0% 0.7% 2.7%
I 2.0% 1.3% 96.7%
8] 12.5% 1.8% 0.5% 38.3% 5.2% 35.7% 0.7% 0.7% 4.6%
u 12.2% 52% 1.0% 31.5% 20.8% 22.7% 0.7% 2.7% 3.2%
0 0.7% 36.9% 3.0% 10.8% 1.3% 44.7% 1.3% 1.3%
b) 6.5% 1.5% 4.7% 0.7% 2.0% 73.8% 4.5% 6.3%
a 10.0% 0.5% 1.0% 0.7% 2.7% 54.7% 30.4%
E) 100.0%
A 9.5% 1.5% 0.5% 14.3% 74.2%
® 58.7% 32.0% 0.7% 0.7% 3.3% 3.3% 1.3%
€ 11.3% 71.3% 0.7% 1.3% 0.7% 2.7% 12.0%
e 0.7% 1.3% 76.0% 13.3% 2.7% 4.0% 2.0%
i 0.7% 2.0% 90.7% 1.3% 0.7% 2.0% 2.6%
I 0.7% 16.6% 4.0% 78.7%
8] 0.7% 24.0 9.3% 1.3% 14.7% 4.0% 32.0% 2.6% 4.0% 0.7% 6.7%
u 1.3% 0.7% 24.7% 12.0% 3.3% 17.3% 12.0% 22.0% 0.7% 3.3% 2.7%
0 0.7% 52.0% 3.3% 7.3% 4.7% 0.7% 25.3% 2.7% 2.0% 1.3%
) 8.0% 2.0% 4.0% 4.7% 5.3% 56.7% 9.3% 10.0%
a 12.0% 1.3% 2.0% 2.6% 0.7% 4.7% 38.0% 38.7%
F) 2.0% 0.7% 97.3%
A 15.3% 0.7% 1.3% 0.7% 10.7% 71.3%

tial degradation in identification with spectral modulation fil-

tering while the vowels /3/ and /i/ showed little effect of
spectral modulation filtering.

A nonparametric repeated measure analysis (Friedman’s
test) revealed that identification performance was signifi-
cantly different across spectral modulation filtering condi-
tions (chi square=113.465, p<0.001). Tukey multiple com-
parison tests indicated that vowel identification for the
unfiltered vowels was significantly higher than any of the
four filtered vowel conditions (all p<<0.01). Separate non-
parametric (Friedman’s test) analyses were computed for
front, central, and back vowels, indicating a significant effect
of spectral modulation filtering on vowel identification for
the five front vowels (chi square=44.701, p<<0.01) and the
five back vowels (chi square=72.958, p<0.01) but not for
the two central vowels (chi square=5.419, p=0.221). In ad-
dition, Tukey multiple comparison tests indicated that for the
front vowels, the unfiltered vowels were significantly more
identifiable than vowels with filter cutoff frequencies of 1.5
and 2.0 cycles/octave (p<0.05) but not vowels filtered at
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0.5 and 1.0 cycle/octave (p>0.05). For the back vowels, all
four filtered cutoff frequencies led to significantly lower
identification scores than the unfiltered vowels (all p <0.05).

Confusion matrices for the unfiltered, 1 cycle/octave,
and 2 cycles/octave filter conditions are provided in Table I.
Listeners showed few errors for the unfiltered vowels (upper
section) while error rates increased and confusion was dis-
tributed more broadly across vowels as the high-pass cutoff
frequency increased (middle and lower sections). In general,
vowels were confused with their adjacent counterparts in the
vowel space (see Fig. 6) and errors increased with filter cut-
off frequency. For example, when the target vowel /&/ was
presented, listeners responded /e/ incorrectly on 14% of the
trials for the unfiltered condition. This error rate increased to
23% for the 1 cycle/octave condition and 32% for the
2 cycles/octave condition. As shown in Table II, more vow-
els were added to the confusion list for each vowel as the
filter cutoff frequency increased. In addition, the vowel most
frequently confused with the target vowel in the unfiltered
condition remained as the most frequently confused vowel
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for the filtered conditions. For example, identification of the
intended vowel /U/ was primarily confused with /o/ in the
unfiltered condition and was confused mainly with four vow-
els /e, i, o, A/ for the 2 cycles/octave condition although the
vowel /o/ remained the most frequently confused vowel.
Moreover, it should be noted that the confusion matrices
showed asymmetry between front and back vowels. For the
filtered conditions (e.g., 2 cycles/octave), back vowels were
frequently confused with front vowels (35.4%) while front
vowels were rarely confused with back vowels (4.1%).

C. Correlation between SMTF, and vowel identification
and its reduction

The error bars in Fig. 4 illustrate the variability across
listeners in vowel identification and the associated reduction
due to the spectral modulation filtering. Likewise, Fig. 3 re-
veals considerable variability in spectral modulation detec-
tion, particularly for low modulation frequencies. To exam-
ine the potential relationship between spectral modulation
detection and vowel identification, correlation analyses were
conducted between spectral modulation thresholds and
vowel identification for the 12 individual vowel categories,
the three vowel groups (front, back, and central), and for

performance across all vowel groups. When collapsed across
vowel category or vowel group, no significant correlations
were obtained between spectral modulation thresholds and
vowel identification (all p>0.05). Although these data do
not indicate any relationship between spectral modulation
detection and vowel identification associated with spectral
modulation filtering, it is possible that the number of listen-
ers in the present study was too small to reveal any underly-
ing relationships.

D. Acoustic analyses

The progressive reduction in vowel identification scores
with increasing high-pass spectral modulation cutoff fre-
quency may result in simple changes in the acoustic signal
(e.g., spectral contrast, tilt, and formant frequency shifts) or a
series of acoustic changes that may or may not be vowel
category dependent. This section will focus on the acoustic
effects of spectral modulation filtering and the corresponding
perceptual impact of those acoustic changes. The LPC spec-
tra of all of the unfiltered and filtered vowels were obtained
with the modified Colea MATLAB® code (Loizou, 2000) us-
ing 16 LPC coefficients over a 50 ms window of the vowel
central nucleus. Formant frequency and amplitude, ampli-
tude of the valleys adjacent to the first three formants (F1-
F3), and spectral tilt were measured for all vowel spectra.

1. Formant frequency

Formant frequencies F1 and F2 for the unfiltered and
filtered vowels were measured from the LPC vowel spectra.
Because frequency is represented on a nonlinear scale by the
auditory system, formant frequencies F1 and F2 were con-
verted to an equivalent rectangular bandwidth (ERB) scale
(Moore and Glasberg, 1987). A one-factor (filter) analysis of
variance (ANOVA) with formant frequency (in ERB units)
as the dependent variable indicated no significant change in
formant frequency across filter conditions for either F1
(F444=0.361, p=0.835) or F2 (F,44=1.671, p=0.174). As
shown in Fig. 6, however, a nonsignificant difference in F1
may be due to the fact that F1 increased for vowels with low
F1 frequency and decreased for vowels with high F1 fre-
quency as the filter cutoff increased.' In this case, the posi-

TABLE II. Major confusion vowels (confusion percentage >5%) for unfiltered and filtered vowels. For mul-
tiple confusion vowels, the vowels that gave the highest confusion percentage were bold.

Vowel No filter 0.5 1 1.5 2
x & & & & €
e ® & @ &, A
e I I
i
I e
U o u, o e, u, 0 e, u, 0, A e, i, 0, A
u U, o e, i, U, o e, U, 0 e, i, U, o
o e, U e, U e, U e
b) A &, A @, a, A @, d, A
a &, A ®, A ®, A &, A
3
A a ®, a &, a @, a &, a
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tive and negative changes canceled each other. The overall
absolute change in formant frequency was 9.4% for F1 and
was 1.4% for F2 for the 2 cycles/octave filter condition. A
one-factor (filter) ANOVA based on the absolute percent
change in formant frequency indicated significant change in
formant frequency with spectral modulation filtering for both
F1 (F;44=24.071, p<0.05) and F2 (F44,=6.202, p <0.05).
Post hoc (Tukey) tests showed that all four filter conditions
resulted in significant changes in formant frequency (all p
values <0.05). The F1 X F2 vowel space also was reduced
as the high-pass filter cutoff frequency increased from
1 to 2 cycles/octave (i.e., differences among F1 frequencies
were reduced; see Fig. 6). Specifically, the back vowels were
much closer in the vowel space for the 2 cycles/octave filter
condition than for the unfiltered condition. Thus, it is pos-
sible that reduced vowel identification for back vowels could
partially, if not all, result from increased crowding in the
vowel space produced by high-pass filtering in the spectral
modulation domain.

2. Spectral contrast for formants

As shown in Fig. 1, spectral (peak-to-valley) contrast,
especially for F1 and F2, was progressively reduced as the
attenuation of spectral modulation frequencies increased
from low to high. The spectral contrast of vowel formants
based on LPC spectra was computed as follows. The ampli-
tudes corresponding to the valley below F1, between F1 and
F2, between F2 and F3, and between F3 and F4 were defined
as V1, V2, V3, and V4, respectively (see Fig. 2). The ampli-
tudes corresponding to the spectral peaks were defined as
F1-F3. Because each formant has two adjacent valleys, one
below and one above the peak, the spectral contrast for
F1-F3 was computed as the average of the two peak-to-
valley contrasts (e.g., the average of F2-V2 and F2-V3 for
F2), for all the unfiltered and filtered vowels. The overall
spectral contrast for F1-F3 for the unfiltered and filtered con-
ditions is shown in Fig. 7. Spectral contrast was substantially
reduced for F1-F3. Specifically, as the filter cutoff frequency
increased from 0.0 to 2.0 cycles/octave, the spectral contrast
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decreased from 9.7 to 1.4 dB for F1, from 9.4 to 3.0 dB for
F2, and from 10.4 to 4.6 dB for F3. A one-way ANOVA in-
dicated that spectral modulation filtering significantly re-
duced spectral contrast for all three formants (F1, Fy44
=37.782, p<<0.05; F2, F,44=10.339, p<0.05; F3, Fy44
=11.631, p<0.05). Tukey post hoc tests revealed a signifi-
cant difference in spectral contrast for F1 between the unfil-
tered vowels and all four filtered vowels (all p values
<0.05), while the decrease in spectral contrasts for F2 and
F3 was significant only for the 1.0, 1.5, and 2.0 cycles/octave
filter conditions (p <0.05). Given that normal-hearing listen-
ers needed a minimum of 3 dB F1 and F2 spectral contrasts
to identify synthetic vowels with 90% accuracy (Leek et al.,
1987), the reduction in F1 and F2 spectral contrasts is con-
sistent with the decrease in vowel identification with increas-
ing spectral modulation filtering.

3. Spectral tilt

Figure 2 also shows a reduction in spectral tilt with in-
creasing the spectral modulation filter cutoff frequency.
Spectral tilt was computed for unfiltered and filtered vowels
by calculating the dB/octave difference between F1 and F3
peak amplitudes following Kiefte and Kluender (2005). As
shown in Fig. 8, spectral tilt was negative for the unfiltered
vowels and approached or exceeded zero as the filter cutoff
frequency increased to 2 cycles/octave. A one-way (filter)
ANOVA indicated a significant effect of high-pass spectral
modulation filter cutoff on spectral tilt (Fy4,=49.773, p
<0.05). A Tukey post hoc test revealed that the spectral tilt
for unfiltered vowels was significantly more negative than
for vowels filtered at 0.5, 1.0, 1.5, and 2.0 cycles/octave (all
p values <0.05).

4. Correlation between acoustic features and vowel
identification

Correlational analyses were conducted to assess the po-
tential relationships among vowel identification scores and
various local acoustic features modified as a result of filter-
ing in the spectral modulation domain including local F1-F3
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spectral contrasts as well as spectral tilt. There were modest
but significant correlations between vowel identification and
each acoustic feature (see Fig. 9, all |r| <0.5; all p<0.05)
except the spectral contrast of F3 when the two obvious out-
lying points (see oval in the lower left panel of Fig. 9) were
removed (p=0.135). Given that vowel identification scores
ranged from 0% to 100%, nonlinear exponential regression,
rather than linear regression, was then undertaken to reveal
the detailed relationship between vowel identification and
acoustic features. Nonlinear regressions, based on the 12
vowel categories and 5 filter conditions (i.e., unfiltered and
four high-pass filtered conditions), were computed with
vowel identification scores, averaged over five listeners, as
the dependent variable and four acoustic features, including
the spectral contrast associated with F1-F3 as well as spec-
tral tilt, as independent variables. The two outlying data
points associated with F3 contrast again were removed for
the regression analysis. As shown in Fig. 9, regressions
based on an exponential fit were significant for the spectral
contrast associated with F1 and F2 and the spectral tilt vari-
ables (all p<<0.05), but not for the spectral contrast associ-
ated with F3. These results indicate that the degradation in
vowel identification for this female talker was associated
with reductions in F1 and F2 contrasts and increases in spec-
tral tilt that resulted from filtering in the spectral modulation
domain.

IV. DISCUSSION

The present study investigated the acoustic and percep-
tual impact of attenuating the low spectral modulation com-
ponents of vowels by progressively increasing the high-pass
cutoff frequency of a simple Butterworth high-pass filter ap-
plied in the spectral modulation frequency domain. The re-
sults showed that the presence of spectral-modulation fre-
quencies below 2 cycles/octave was important in preserving
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the basic spectral features of vowels that are required for
identification (i.e., spectral contrast and spectral tilt). Attenu-
ating spectral modulation frequencies up to 2 cycles/octave
resulted in a dramatic and progressive reduction in vowel
identification performance, especially for back vowels. In ad-
dition to reducing F1 and F2 spectral contrasts and increas-
ing spectral tilt, the effect of these spectral changes produced
a more crowded vowel space.

American English is one of the world’s languages with a
relatively crowded vowel space, typically characterized by
considerable spectral overlap in the two-dimensional F1
X F2 vowel formant space (Peterson and Barney, 1952; Hil-
lenbrand et al., 1995). Studies of clear speech indicate that
the broader F1 X F2 vowel space of clear speech leads to
significant improvement in the identification of isolated vow-
els by normal-hearing and hearing-impaired listeners (Fergu-
son and Kewley-Port, 2002). As shown in Fig. 6, the ma-
nipulation of spectral modulation filter cutoff frequency in
this study produced a more crowded vowel space, consistent
with greater confusion among vowels, especially back vow-
els. Indeed, the four back vowels, /o, o, u, U/, were more
closely spaced in the FI1XF2 vowel space for the
2 cycles/octave than the unfiltered condition, consistent with
the perceptual confusions among these back vowels reported
in Tables I and II.

Another important acoustic feature that was substan-
tially affected by spectral modulation filtering was the spec-
tral contrast associated with the vowel formants. As shown in
Fig. 7, increases in the high-pass cutoff frequency resulted in
a decrease in the spectral contrast that varied across F1-F3.
Averaging across the three formants, the spectral contrast
ranged from 9.8 (no filtering) to 3.3 dB (2 cycles/octave fil-
ter). Several previous studies directly manipulated the spec-
tral contrast corresponding to formant frequencies and re-
ported vowel identification performance ranging from 75%
to 82% correct for contrast values of between 1 and 3 dB
(Summerfield et al., 1987; Leek et al., 1987; Alcantara and
Moore, 1995). By comparison, average vowel identification
(across 12 vowels) for the 0.5 cycle/octave filter condition
reported here was 78.5% correct and corresponded to an av-
erage formant spectral contrast of 7.8 dB. Clearly, the spec-
tral contrast required to produce ~78% correct was much
higher in the present study relative to the previous studies
cited. There are several methodological and acoustic differ-
ences between the present and previous studies that may con-
tribute to differences in the contrast associated with approxi-
mately 78% correct performance, perhaps the most important
of which are the number of vowel categories (12 versus 4, 5,
or 6), the stimulus type (resynthesized natural speech versus
uniform harmonic complexes with formantlike peaks), and
the fact that changes in addition to spectral contrast were
present in the current study. Specifically, the spectral enve-
lopes of the 12 vowels in the present study were highly ir-
regular, whereas the spectral envelopes in the previous stud-
ies were flat with the exception of equal-amplitude
increments in the two harmonics closest to the F1-F3 fre-
quencies. This distinction in some respects is similar to the
detection of spectral features in low versus high uncertainty
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conditions (e.g., Neff and Green, 1987), where several spec-
tral features contributed to the uncertainty in the present task.

Figure 10 shows the LPC spectra (left) and excitation
patterns (right) of four vowels, /e, a, o, u/, without filtering
and high pass filtered at 2 cycles/octave. Excitation patterns
for the four vowels were calculated following Moore and
Glasberg’s procedure (1987). Formant peaks F1 and F2 are
well represented in the excitation patterns for unfiltered vow-
els (upper right panel) but are poorly represented in the ex-
citation patterns for filtered vowels (lower right panel), with
F1 and F2 merging into one spectral prominence. Thus, com-
pared to the internal representation of the unfiltered vowels,
high-pass filtering at 2.0 cycles/octave resulted in very simi-
lar excitation patterns for the four vowels. This is consistent
with the fact that the four vowels were highly confused with
each other in the 2.0 cycles/octave condition, even though
the vowel /e/ was relatively distant from the other three vow-
els in the F1 X F2 vowel space (see Fig. 5). These analyses
also highlight the fact that analyses of the internal represen-
tation of various stimuli may provide much more informa-
tion than analyses of the acoustic features themselves. For
the three back vowels /a, o, u/ filtered at 2.0 cycles/octave,
the acoustic analyses above demonstrated that the small
spectral contrasts and closely spaced F1 and F2 peaks are not
preserved by the peripheral transformations of the auditory
system emulated in the excitation pattern computations.
Rather, those peaks are merged into single spectral promi-
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nences that differ little among the vowels. Similar compari-
sons of the LPC spectra (left) and excitation patterns (right)
for the four front vowels, /&, €, i, 1/, without filtering and
high pass filtered at 2 cycles/octave are shown in Fig. 11.
The excitation patterns of the filtered vowels /@/ and /e/ are
quite similar to each other, consistent with the perceptual
measures indicating that these two vowels were highly con-
fused with each other (see Table I, lower section). Unlike the
back vowels that showed merged F1 and F2 peaks in the
excitation patterns (see Fig. 10), both F1 and F2 peaks for
the four front vowels were fairly well preserved in the exci-
tation patterns for the 2 cycles/octave condition even though
the spectral contrasts were substantially reduced (lower right
panel of Fig. 11). This is consistent with the perceptual mea-
sures indicating relatively high intelligibility (>75% on av-
erage) for the front vowels even in the 2 cycles/octave con-
dition.

The decreased vowel identification associated with the
reduction in spectral contrast reported here is consistent with
previous studies of spectral smearing (ter Keurs ef al., 1992,
1993; Drullman et al., 1996), although the techniques that
led to reduced spectral contrast were quite different in these
studies. In the experiments reported by ter Keurs ez al. (1992,
1993), the spectral envelope was convolved with a Gaussian-
shaped filter of fixed relative bandwidth, whereas the study
of Drullman ef al. (1996) produced spectral smearing by ei-
ther low-pass or high-pass filtering the temporal envelope.
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The fact that the different acoustic manipulations of all these
studies resulted in a reduction in spectral contrast and an
associated decrease in vowel identification indicates that
spectral contrast, especially for F1 and F2, is a critical factor
in vowel perception.

Spectral tilt is another acoustic feature that was signifi-
cantly altered by spectral modulation filtering. As described
in the Introduction, spectral tilt significantly affects vowel
quality (Ito er al., 2001; Kiefte and Kluender, 2005), espe-
cially when the time-varying acoustic features of the vowels
are not preserved (e.g., Kiefte and Kluender, 2005). Because
the formant and fundamental frequencies of the vowels were
time invariant in this study, the increased spectral tilt for the
filtered vowels relative to the unfiltered vowels may have
contributed to the decrease in vowel identification with in-
creasing filter cutoff frequency. This is consistent with the
relationship between vowel identification and spectra tilt, as
shown in Fig. 9. For each of the three vowel groups: front,
central, and back vowels, vowel identification was signifi-
cantly correlated with spectral tilt (r=-—0.422 for front,
—0.797 for central, and —0.703 for back, p <0.05), indicating
the importance of spectral tilt in vowel perception. In addi-
tion, as explained above, spectral tilt differed by about 100%
between the original front and back vowels, but differed by
only 10% between the front and back vowels for the
2 cycles/octave filter condition. Such changes in spectral tilt
were associated with the finding that back vowels were con-
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fused with front vowels much more frequently (35.4%) for
the two cutoff filter condition than for the unfiltered condi-
tion (0%; see Tables I and II), consistent with the interpreta-
tion that spectral tilt is a contributing factor in the discrimi-
nation of front versus back vowels. These results were
consistent with Kiefte and Kluender (2005) who reported
that the identification of synthetic vowels with greater (i.e.,
more negative) spectral tilt was biased toward back vowels
relative to front vowels. For example, using synthetic vowels
with F1 and F2 frequencies characteristic of a typical /u/
vowel, they systematically varied the spectral tilt from that
of a typical /u/ vowel to that of a typical /I/ vowel (i.e., from
a steep negative slope to a shallower slope). Identification
score of the /u/ vowel was approximately 10% greater for the
typical /u/ spectral tilt than for the typical /I/ spectral tilt (see
their Fig. 4), illustrating the use of spectral tilt as a cue for
vowel identity.

In summary, the global spectral shape of English vowels
was modified by high-pass filtering in the spectral modula-
tion domain. Acoustic analyses comparing unfiltered and fil-
tered vowels revealed consistent reductions in spectral con-
trast, increased spectral tilt, and a slightly smaller F1 X F2
vowel space. These changes in the global spectral shape were
associated with perceptual changes marked by dramatic re-
ductions in vowel identification performance, indicating that
global spectral features are critical for vowel identification
(Zahorian and Jagharghi, 1993; Blandon and Lindblom,
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1981). Furthermore, these results demonstrate that system-
atic changes in the spectral modulation domain lead to sys-
tematic changes in both vowel identification and a set of
local acoustic parameters that are individually related to
vowel identification. Conversely, these results indicate that
spectral modulation frequencies below 2 cycles/octave are
important for preserving the spectral features of vowels that
contribute to accuracy in vowel identification. The extent to
which listeners with poor vowel identification performance
(e.g., hearing-impaired listeners) exhibit reductions in both
spectral shape perception and corresponding changes in simi-
lar local spectral features is unknown but currently under
study. The demonstration of a systematic relationship be-
tween parametric manipulations in the spectral modulation
domain below 2.0 cycles/octave and vowel identification
performance leads to the interesting possibility that gain
within the same range of spectral modulation frequencies
might improve vowel perception, particularly in the presence
of competing sounds or for listeners who have reduced fre-
quency selectivity and/or spectral shape perception.
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