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The minimum spectral contrast needed for vowel identification by normal-hearing and cochlear
implant listeners was determined in this study. In experiment 1, a spectral modification algorithm
was used that manipulated the channel amplitudes extracted from a 6-channel continuous
interleaved sampling~CIS! processor to have a 1–10 dB spectral contrast. The spectrally modified
amplitudes of eight natural vowels were presented to six Med-El/CIS-link users for identification.
Results showed that subjects required a 4–6 dB contrast to identify vowels with relatively high
accuracy. A 4–6 dB contrast was needed independent of the individual subject’s dynamic range
~range 9–28 dB!. Some cochlear implant~CI! users obtained significantly higher scores with vowels
enhanced to 6 dB contrast compared to the original, unenhanced vowels, suggesting that spectral
contrast enhancement can improve the vowel identification scores for some CI users. To determine
whether the minimum spectral contrast needed for vowel identification was dependent on spectral
resolution~number of channels available!, vowels were processed in experiment 2 throughn (n
54,6,8,12) channels, and synthesized as a linear combination ofn sine waves with amplitudes
manipulated to have a 1–20 dB spectral contrast. For vowels processed through 4 channels,
normal-hearing listeners needed a 6 dBcontrast, for 6 and 8 channels a 4 dBcontrast was needed,
consistent with our findings with CI listeners, and for 12 channels a 1 dBcontrast was sufficient to
achieve high accuracy~.80%!. The above-mentioned findings with normal-hearing listeners
suggest that when the spectral resolution is poor, a larger spectral contrast is needed for vowel
identification. Conversely, when the spectral resolution is fine, a small spectral contrast~1 dB! is
sufficient. The high identification score~82%! achieved with 1 dB contrast was significantly higher
than any of the scores reported in the literature using synthetic vowels, and this can be attributed to
the fact that we used natural vowels which contained duration and spectral cues~e.g., formant
movements! present in fluent speech. The outcomes of experiments 1 and 2, taken together, suggest
that CI listeners need a larger spectral contrast~4–6 dB! than normal-hearing listeners to achieve
high recognition accuracy, not because of the limited dynamic range, but because of the limited
spectral resolution. ©2001 Acoustical Society of America.@DOI: 10.1121/1.1388004#

PACS numbers: 43.71.Es, 43.71.Ky, 43.66.Ts@CWT#
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I. INTRODUCTION

The vowel spectra are typically characterized by hig
amplitude peaks and relatively low-amplitude valleys. A
though the frequencies of the spectral peaks are consid
to be the primary cues to vowel identity, the spectral contr
i.e., the difference between the spectral peak and the spe
valley, needs to be maintained to some extent for accu
vowel identification. The importance of spectral contrast
vowel identification was investigated by Leeket al. ~1987!
using four vowel-like complexes constructed as a sum of
100 Hz harmonics. The amplitudes of two consecutive h
monics that defined the~formant! peaks appropriate for th
vowels /i ae a U/ varied over a range of 1–8 dB abo
background harmonics. Results showed that normal-hea
listeners required a 1–2 dB peak-to-valley difference to id
tify four vowel-like harmonic complexes with relatively hig
~75% correct! accuracy. Alcantara and Moore~1995! showed

a!Author to whom correspondence should be addressed; electronic
loizou@utdallas.edu
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that the minimum spectral contrast needed for vowel ide
fication depended on, among other factors, the fundame
frequency, presentation level, and the component phase~co-
sine versus random! used for the synthesis of the harmon
complexes. Vowel identification was higher with cosin
phase, and improved with higher presentation levels
lower fundamental frequency~50 Hz!. Subjects needed a
dB contrast to identify six vowel-like harmonic complexe
with 75% accuracy. In another study, Turner and Van Ta
~1984! showed that normal-hearing listeners could detect
dB notch in a vowel-like spectrum. In summary, the abov
mentioned studies indicate that only a small spectral cont
is needed by normal-hearing listeners for vowel identific
tion.

This remarkable ability of the normal auditory system
detect small amplitude changes in the spectrum was not
served in hearing-impaired listeners~Turner and Holte, 1987;
Leeket al., 1987!. Leeket al. ~1987! have shown that listen
ers with a flat, moderate hearing loss required a 6–7
peak-to-valley difference for vowel identification. This wa
attributed to the lack of suppression and the abnorm
il:
1619619/9/$18.00 © 2001 Acoustical Society of America
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broad auditory filters associated with hearing loss~e.g., Pick
et al., 1977; Wightmanet al., 1977!. Spectral contrast is re
duced when vowels are processed through broad filters
to the shallow filter roll-off. As a result, the internal vow
representation is ‘‘blurred’’ leading to poorer vowel identi
cation.

Unlike normal-hearing and hearing-impaired listene
cochlear implant~CI! listeners have a limited spectral res
lution and a limited dynamic range. Spectral contrast is
duced in cochlear implant listeners, not because of the
normally broad auditory filters—which are bypassed w
electrical stimulation—but primarily because of the reduc
dynamic range and amplitude compression. The large ac
tic dynamic range is typically compressed in implant spe
processors using a logarithmic function to a small electr
dynamic range, 5–15 dB. This compression results in a
duction of spectral contrast. We believe that the reduction
spectra contrast was one of the reasons that vowel reco
tion performance decreased in studies looking for the ef
of reduced dynamic range on speech recognition~Zeng and
Galvin, 1999; Loizouet al., 2000!. Another factor that could
potentially reduce spectral contrast is the steepness of
compression function used for mapping acoustic amplitu
to electric amplitudes. A highly compressive mapping fun
tion, for instance, would yield a small spectral contrast, ev
if the dynamic range were large. It is therefore conceiva
that a patient may have a large dynamic range, but a s
effective spectral contrast because of a steep mapping f
tion. The sensitivity setting, which affects the input gain, c
also affect the spectral contrast. If a patient sets the sens
ity too high, then the acoustic amplitudes would be mapp
to the high end of the compression function~above the knee
point! producing a relatively flat~i.e., small spectral contrast!
electrical channel amplitude pattern. Last, additive ba
ground noise could also reduce spectral contrast~e.g., Leek
and Summers, 1996!, probably to a larger degree in cochle
implant listeners compared to normal-hearing listeners du
the limited electrical dynamic range.

Given the above-mentioned factors that could red
spectral contrast in CI users and consequently affect vo
identification in quiet or in noise, then what is the minimu
spectral contrast needed for vowel identification by cochl
implant listeners? The answer to this question is import
for the design of CIs for two main reasons. First, it will te
us whether current speech processing strategies pres
enough spectral contrast information needed for vowel id
tification. Second, it will help us devise new speech proce
ing strategies that will enhance the incoming signal to hav
certain spectral contrast. Such strategies could potentiall
used to enhance vowel recognition in quiet or in noi
Hawkset al. ~1997!, for instance, increased the vowel spe
tral contrast by narrowing the formant bandwidths, and no
improvement in vowel identification. Given that the numb
of channels currently supported by commercial implant p
cessors~Loizou, 1998! varies from a low of 6 channels to
high of 22 channels, it is very important to also ask t
question whether the minimum spectral contrast needed
vowel identification is dependent on spectral resolution, i
the number of channels available. The above-mentio
1620 J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001
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questions are addressed in experiments 1 and 2 using
chlear implant listeners and normal-hearing listeners, resp
tively.

In experiment 1, six CI users fitted with a Continuo
Interleaved Sampling~CIS! processor are used to determin
the minimum spectral contrast needed for vowel identifi
tion. Vowel stimuli are processed off-line and the chann
amplitudes are manipulated to have a peak-to-trough r
ranging from 1 to 10 dB. In experiment 2, normal-heari
listeners are used to investigate possible interaction betw
spectral resolution~number of channels! and spectral con-
trast, based on the hypothesis that there might be a trad
relationship between spectral resolution~number of chan-
nels! and spectral contrast. This hypothesis is based on
view that when speech is processed through a small num
of channels the relative differences in across-channel am
tudes must be used to code frequency information. In
view, if spectral contrast was reduced, then vowel recog
tion ought to decline. On the other hand, when speech
processed through a large number of channels, a large s
tral contrast might not be needed, since the frequency in
mation can be coded by the channels that have energy. T
questions are investigated in experiment 2 with norm
hearing listeners, where we assess speech intelligibility a
function of number of channels and as a function of spec
contrast. Normal-hearing listeners are used because the c
nels and contrast manipulations cannot be independe
controlled with implant listeners due to the many confoun
ing factors associated with electrical stimulation. To produ
speech with varying degrees of spectral resolution and v
ing degrees of spectral contrast, we synthesized speech
linear combination of sine waves and manipulated the am
tudes of the sine waves to have a 1–20 dB peak-to-tro
ratio.

II. EXPERIMENT 1: MINIMUM VOWEL SPECTRAL
CONTRAST NEEDED BY COCHLEAR-IMPLANT
LISTENERS

A. Method

1. Subjects

The subjects were six postlingually deafened adults w
had used a 6-channel CIS processor for periods ranging f
three to four years. All the patients had used a 4-chan
compressed-analog signal processor~Ineraid! for at least four
years before being switched to a CIS processor. The pati
ranged in age from 40 to 68 years and they were all na
speakers of American English. Biographical data for ea
patient are presented in Table I. All subjects were fitted w
a 6-channel CIS processor, except for subject S1, who
fitted with a 5-channel processor.

2. Vowel stimuli

Eight monopthong vowels produced by a male spea
were used for testing. The vowels were contained in
words ‘‘heed, hid, head, had, hod, hud, hood, who’d,’’ a
were produced by a male speaker~F05115 Hz! randomly
selected from the vowel database used by Hillenbrandet al.
P. C. Loizou and O. Poroy: Spectral contrast for vowel identification
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TABLE I. Biographical data of the six cochlear-implant users who participated in this study.

Subject Gender

Age
~years! at
detection
of hearing

loss

Age at
which

hearing aid
gave no
benefit

Age fit
with

Ineraid
Age at
testing

Etiology of
hearing loss

Score on
H.I.N.T

sentences
in quiet

Score on
NU-6

words in
quiet

S1 F 10 46 47 55 Unknown 44 20
S2 F 7 31 33 40 Unknown/

hereditary
100 80

S3 F 23 48 51 57 Unknown 100 71
S4 M 5 43 48 58 Unknown 92 43
S5 M 20 46 63 68 Unknown 88 46
S6 M 19 19 29 41 Cogan’s

syndrome
100 93
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~1995!. The vowel formant frequencies, estimated at
steady-state portion of the vowel, are shown in Table II.

3. CIS implementation and experimental setup

The vowel stimuli were first processed off-line using t
CIS strategy, saved in a file, and then presented to the
listeners. Off-line processing was used to ensure that
channel amplitudes had the desired peak-to-trough ratio

The CIS strategy, which involves bandpass filtering, a
plitude envelope estimation and compression, was im
mented inMATLAB . Signals were first processed through
pre-emphasis filter~2000 Hz cutoff!, with a 3 dB/octave roll-
off, and then bandpassed into 6 frequency bands using s
order Butterworth filters. The center frequencies of the
bandpass filters were 461, 756, 1237, 2025, 3316, and 5
Hz. The envelopes of the filtered signals were extracted
full-wave rectification and low-pass filtering~second-order
Butterworth! with a 400 Hz cutoff frequency. The six enve
lope amplitudesAi ( i 51,2,...,6) were mapped to electric
amplitudesEi using a logarithmic transformation:

Ei5c log~Ai !1d, ~1!

where c and d are constants chosen so that the electr
amplitudes fall within the range of threshold and mo
comfortable levels. The electrical amplitudesEi were pro-
cessed through a spectral contrast algorithm~see Sec. II A 4!
which manipulated the six channel amplitudes, estimate
each cycle, to have a prescribed peak-to-trough ratio.
spectrally enhanced channel amplitudes were saved in a
and the experimental setup shown in Fig. 1 was used to
the saved channel amplitudes. The envelope amplitudes
finally used to modulate biphasic pulses of duration 40ms/

TABLE II. The formant frequencies of the vowels used in this study.

Vowel F1 ~Hz! F2 ~Hz! F3 ~Hz!

~h!a~d! 647 1864 2561
~h!o~d! 871 1204 2595
~h!ea~d! 555 1851 2624
~h!i~d! 441 2080 2721
~h!ee~d! 367 2390 2777
~h!oo~d! 468 1115 2492
~h!u~d! 629 1146 2643
~wh!o~’d! 366 919 2378
, Vol. 110, No. 3, Pt. 1, Sep. 2001 P. C.
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phase at a stimulation rate of 2100 pulses/s. The electro
were stimulated in the same order as in the subjects’ d
processors. For most subjects, the electrodes were stimu
in ‘‘staggered’’ order. The sensitivity setting on our labor
tory speech processor was fixed and was identical for
subjects.

The experiments were performed on our laboratory
chlear implant processor~Poroy and Loizou, 2000! using the
experimental setup shown in Fig. 1. To accommodate
off-line data file processing, an I/O card~installed in the PC!
was used. The six output lines of the I/O card in the PC w
connected to six general-purpose I/O pins of the DSP in
laboratory speech processor, forming a 6 bit, parallel, unidi-
rectional data bus. Since the cochlear implant was conne
to the DSP during the experiments, it was necessary to
late the PC from the rest of the circuitry, which was batte
powered. This was achieved using three Burr–Bro
ISO150 dual, isolated, digital coupling chips. The spee
materials were pre-processed as described in the follow
and the amplitudes of the current pulses to be presente
the electrodes were stored in binary data files in the h
drive of the PC. During the experiments, these files w
downloaded to the DSP over the isolated data bus, and w
read in and stored in RAM by an assembly program runn
on the DSP. Finally, the amplitude data were retrieved w
by word from RAM and sent to the current sources using
serial port in the DSP. AMATLAB interface program was use
for loading and ‘‘playing back’’ the binary data files.

4. Spectral contrast enhancement algorithm

Unlike previous studies on spectral contrast~e.g., Leek
et al., 1987; Turner and Van Tassell, 1984; Alcantara a

FIG. 1. Block diagram of the experimental setup.
1621Loizou and O. Poroy: Spectral contrast for vowel identification
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Moore, 1995! which manipulated synthetic vowels, th
study manipulated naturally produced vowels. The main
vantage in using natural vowels over synthetic vowels is t
the natural stimuli contain both dynamic and static spec
cues commonly present in fluent speech. Manipulating
spectrum of natural vowels to have a certain peak-to-tro
ratio, however, is not as simple as manipulating synth
vowels. Simply identifying the valley, and modifying the am
plitude of the valley~while fixing the peak amplitude! to
have a certain peak-to-valley ratio, is not sufficient, beca
such a change could distort the spectrum. Likewise, ide
fying the peak, and modifying the amplitude of the pe
~while fixing the valley amplitude! to have a certain peak-to
valley ratio, will most likely alter the shape of the spectru
as well. In addition, the latter method may introduce pe
clipping, i.e., the modified spectral peak amplitude may
larger than then most comfortable level~MCL!, and there-
fore will need to be clipped to the MCL level.

A spectral contrast enhancement algorithm, which
dresses the above-mentioned issues~peak clipping, spectra
distortion, etc.!, is proposed in this study. The algorithm
implemented in the logarithmic domain and therefore
sumes that the channel amplitudes are expressed in dB u
Let Ep andEv represent the amplitudes~in dB! of the peak
and valley, respectively, of the electrical amplitudesEi . The
amplitudesEp andEv are estimated by finding the maximu
and minimum amplitudes, respectively, of the first four cha
nel amplitudes 20 log(Ei), i 51,2,3,4@the first four channels
cover theF1–F2 frequency region#. Then, the spectrally en
hanced channel amplitudesCi ~in dB! can be obtained as

Ci5
Ei* 2Ev

Ep2Ev
SR1Ep2SR, i 51,2,...,6, ~2!

whereEi* 520 log(Ei), andSRis the desired spectral contra
in dB. Finally, the spectrally enhanced amplitudesCi are
converted back to the linear domain using the equat
10Ci /20. Equation~2! preserves the peak amplitude and mo
fies not only the valley amplitude but also the other amp
tudes in order to preserve the shape of the original spectr
Figure 2 shows examples of the spectral contrast algori

FIG. 2. Example of spectral modification of the vowel /}/ to 2–10 dB
contrast. The original, unenhanced, channel amplitudes are shown in
dotted line.
1622 J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001
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applied to the vowel /}/. Note that the spectrally modified
amplitudes,Ci , never exceed the MCL level, since the orig
nal peak amplitude is preserved@this can be verified by set
ting Ei* 5Ep in Eq. ~2!#. By preserving the peak amplitud
we avoid peak-clipping problems. There is a possibili
however, that the spectrally modified amplitudes may f
below the threshold level, and in those cases, we set
corresponding channel amplitudes to threshold. This s
was necessary to ensure that the modified channel am
tudes were within the subject’s dynamic range.

The above-mentioned spectral contrast algorithm w
applied only to the vocalic segment of the /hVd/ words. T
vocalic segment was extracted from the /hVd/ words
manually removing the first and last pitch periods of t
onset and offset of the vowel. Equation~2! was applied to all
sets of 6-channel amplitudes computed using the CIS s
egy within the vocalic segment of the word. The chann
amplitudes estimated for the remaining portion~i.e., the si-
lence and the@h#, @d# segments! of the words were set to the
threshold values. To avoid possible click sensations, the
onsets and offsets of the vowels were tapered off with a h
Hamming window, 20 ms in duration.

5. Procedure

A total of 6 different sets of vowels was created wi
different spectral contrasts~1, 2, 4, 6, 8 and 10 dB! and
presented to CI listeners for identification. For comparat
purposes, we also presented the vowels processed thr
the CIS strategy, but were not modified. There were 9 r
etitions of each vowel, presented in blocks of 3 repetitio
each. The 7 sets of vowels were completely randomi
within each block. The test session was preceded by
practice session in which the identity of the vowel was in
cated to the listeners.

The stimuli were presented directly to the subje
through our laboratory processor at a comfortable listen
level. To collect responses, a graphical interface was u
that allowed the subjects to identify the vowels they heard
clicking on the corresponding button on the graphical int
face.

B. Results and discussion

The results, scored in percent correct, for the differ
spectral contrasts are shown in Fig. 3. Repeated meas
analysis of variance indicated a significant main effect
peak-to-trough ratio@F~6,30!510.49, p,0.005# on vowel
recognition. Performance increased monotonically as
peak-to-trough ratio increased from 1 to 4 dB, and leve
off thereafter. Post-hoc analysis~according to Fisher’s LSD!
showed that the scores obtained at 4 and 6 dB were
significantly different (p50.784). Neither were the score
obtained at 4 dB and the unenhanced condition significa
different (p50.593). The scores obtained at 2 and 4 dB w
not significantly different (p50.173), but the scores ob
tained at 2 and 1 dB were significantly different (p,0.05).

The individual subjects’ performance on vowel recog
tion is shown in Fig. 4. The subjects’ performance vari
considerably as a function of peak-to-trough ratio. Most s

he
P. C. Loizou and O. Poroy: Spectral contrast for vowel identification
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jects ~S2, S4, S5, S6! achieved maximum performance at
dB peak-to-trough ratio, one subject~S3! achieved maximum
performance at 4 dB, while another subject~S1! achieved
maximum performance at 8 dB peak-to-trough ratio. Vow
recognition performance declined for subjects S3 and
when the peak-to-trough ratio became larger than 4 dB.
suspect that this was due to the fact that the dynamic ra
of some electrodes was smaller than 10 dB for some s
jects. For instance, the average dynamic range of electr
5 and 6 for subject S4 was 6 dB, i.e., it was smaller than
tested peak-to-trough ratio. In this case, over enhancing
channel amplitudes might have the same effect as turning
individual electrodes, since enhanced amplitudes sma
than the threshold levels were set to the threshold lev
Subject S1 needed an 8 dB peak-to-trough ratio to re
asymptotic performance. We suspect that this may be du
the fact that she was fitted with a 5-channel processor, c
pared to the other subjects who were fitted with 6-chan
processors. This outcome suggests the possibility tha
larger spectral contrast is needed for subjects receivin
small number of independent channels of stimulation. T
hypothesis is investigated further in experiment 2.

The outcome that subjects achieved maximum vo

FIG. 3. Mean performance of cochlear-implant listeners on vowel reco
tion as a function of spectral contrast. Error bars indicate6standard errors of
the mean.

FIG. 4. Individual cochlear implant subject’s performance on vowel rec
nition as a function of spectral contrast.
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recognition performance at different levels of spectral co
trast led us to wonder whether that was related to the s
ject’s dynamic range, which ranged from a low of 9 dB f
some subjects to a maximum of 28 dB for others. That
were the subjects with the larger dynamic range the o
requiring larger spectral contrast to achieve maximum lev
of performance? This was based on the assumption that
jects with a wide dynamic range should have a slow grow
of loudness; hence they should require a larger spectral
trast for the same loudness difference. Similarly, were
subjects with the smaller dynamic range the ones requi
smaller spectral contrast? To answer these questions, we
formed correlation analysis~Fig. 5! between the averag
~across all electrodes! dynamic range and the amount o
spectral contrast needed to achieve maximum performa
The resulting correlation~Pearson’s! coefficient between dy-
namic range and spectral contrast was very weakr
50.334) and nonsignificant (p50.517). As shown in Fig. 5,
subject S6 who had a large dynamic range~28 dB! required
the same amount of spectral contrast to achieve maxim
performance as subject S5 who only had a 10 dB dyna
range. This outcome suggests that the amount of spe
contrast needed for vowel identification is independent of
dynamic range, and therefore may be dependent on o
factors. Experiment 2 investigates the possibility that sp
tral resolution might be one of the factors affecting t
amount of spectral contrast needed to reach asymptotic
formance.

As shown in Fig. 4, not all subjects reached an asym
tote in performance as the peak-to-trough ratio increas
Performance for some subjects reached a peak at 6 dB
then declined slightly thereafter. We expected that the s
jects’ performance would asymptote at the same level as
obtained using the original~unmodified! vowels. That was
not the case, however. In fact, some of the spectrally mo
fied vowels were more easily identified than the origin
vowels. Figure 6 shows the average scores for each vo
for the original, the 4 dB, and the 6 dB contrast condition
The majority of the vowels benefited from spectral contr
modification with the largest benefit obtained for the vow

i-

-

FIG. 5. Correlation between average~across all electrodes! electrical dy-
namic range and the amount of spectral contrast needed to achieve m
mum vowel recognition performance.
1623Loizou and O. Poroy: Spectral contrast for vowel identification
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/a i u #/. The fact that the spectrally modified vowels~which
had a 4 and 6 dB peak-to-trough ratio! were more easily
identified than the original vowels suggests that some vow
had originally smaller spectral contrast. Indeed, we found
that the spectral contrast of some vowels was smaller tha
dB before enhancement. Figure 7 shows, as an example
histogram of peak-to-trough ratios of the channel amplitu
of the vowel /a/ processed through subject S2’s proces
i.e., computed after bandpass filtering, envelope detec
and logarithmic compression. The peak-to-trough ratio of
original ~unmodified! vowel /a/ varied from a low of 0.3 dB
to a high of 4 dB, with an average of 1.9 dB. It was therefo
not surprising that subject S2’s performance on identificat
of the vowel /a/ jumped from 11% correct for the origin
vowels to 78% correct for the vowels enhanced to 6
spectral contrast.

Vowel /a/ ~unenhanced! was the most difficult vowel to
identify ~Fig. 6!, consistent with previous findings by Loizo
et al. ~1998! on vowel identification by CI users. Clos
analysis of the well identified and the poorly identified t

FIG. 6. Mean performance of CI listeners for the unenhanced, the 4 dB,
the 6 dB contrast conditions for each vowel. Error bars indicate stan
errors of the mean.

FIG. 7. Histogram of peak-to-trough ratios of the channel amplitudes of
vowel /a/ processed through subject S2’s processor.
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kens of ‘‘hod’’ in the Loizouet al. ~1998! study showed that
the poorly identified tokens lacked the distinct peak in t
channel amplitude spectrum characteristic of the w
identified tokens. The poorly identified tokens of ‘‘hod’’ wer
characterized by a more diffuse distribution of energy acr
channels 4–6, and had therefore smaller spectral cont
Increasing the spectral contrast of the vowel /a/ made
peak in the channel amplitude spectrum more distinct
perceptually more salient, leading to a significant improv
ment in identification. As shown in Fig. 6, not all vowe
benefited from spectral contrast enhancement. This is
cause some vowels have inherently larger spectral con
than others, with the front vowels having the largest spec
contrast~Fant, 1973!. So, no improvements were obtaine
when the original~unenhanced! vowels had a spectral con
trast larger than 4–6 dB.

Subject S2 was not the only subject that benefited
vowel recognition from spectral contrast enhancement.
shown in Fig. 4, subjects S1, S3, S4 also benefited. Sub
S3’s scores improved from 76% correct using the origi
vowels to 94% using vowels modified to have a 4 dBspec-
tral contrast. Subject S4’s scores improved from 47% corr
using unenhanced vowels to 64% using vowels enhance
6 dB contrast. These results are encouraging as they sug
that postprocessing the channel amplitudes~estimated using
the CIS strategy! through a spectral-contrast enhancem
algorithm can improve the vowel recognition performance
some CI listeners.

In addition to the improvement in vowel identification
enhancing the spectral contrast may also potentially impr
consonant identification. Dorman and Loizou~1996! showed
that the identification of the consonants /p t k/, which we
responsible for the majority of the consonant confusion
rors, can be improved by enhancing the peak of the con
nant spectra at the onset. To improve the identification of /
for example, Dorman and Loizou~1996! low-pass filtered
the consonant using a cutoff frequency just below the f
quency of channel 5. The low-pass filtering reduced the
ergy in channels 5 and 6, thereby emphasizing the ‘‘midf
quency’’ peak characteristic of velars. Low-pass filteri
improved the spectral contrast of /k/ and consequently
proved recognition, much like the spectral contrast algorit
in this study improved the contrast of the vowel /a/ and co
sequently improved recognition.

The results of this experiment not only tell us about t
minimum spectral contrast needed for vowel identificati
by CI listeners, but they also tell us about the absolute m
mum dynamic range needed for vowel identification. F
subjects fitted with 6-channel cochlear implant processor
minimum of 6-dB dynamic range is needed for vowel ide
tification. And this is a very conservative estimate, becaus
does not account for the compression of the acoustic am
tudes to electric amplitudes. The~logarithmic! compression
maps the input signal to a small portion of the output d
namic range, and it rarely, if ever, covers the whole dynam
range. It is possible, as shown in Fig. 4 in Loizouet al.
~2000!, for a signal to be mapped to a 24 dB dynamic ran
and have less than 10 dB of spectral contrast. Having th
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fore a dynamic range larger than 6 dB increases the prob
ity that the resulting spectral contrast will be at least 6 d

III. EXPERIMENT 2: MINIMUM VOWEL SPECTRAL
CONTRAST NEEDED BY NORMAL-HEARING
LISTENERS

In experiment 1 we found that most cochlear impla
listeners who were fitted with a 6-channel processor nee
at least a 4–6 dB peak-to-trough ratio for accurate vo
recognition. In this experiment, we investigate whether t
outcome holds when speech is processed through a large~or
smaller! number of channels. We hypothesize that there
trade-off between spectral resolution~number of spectra
channels! available and spectral contrast needed. This
pothesis was partially motivated by the finding that one
our CI users~S1!, who was fitted with a 5-channel CIS pro
cessor, needed a larger spectral contrast for vowel identi
tion compared to the other CI users~see Fig. 4!.

To produce speech with varying degrees of spec
resolution, speech was filtered through 4–12 freque
bands, and synthesized as a linear combination of sine w
with amplitudes extracted from the envelopes of the ba
passed wave forms, and frequencies equal to the center
quencies of the bandpass filters. The spectral contrast a
rithm presented in experiment 1 was applied to the sine w
amplitudes to produce vowels with varying degrees of sp
tral contrast, ranging from 1 to 20 dB. The intelligibility o
vowels was assessed as a function of spectral resolution
as a function of spectral contrast, using normal-hearing
teners as subjects.

A. Method

1. Subjects

Nine graduate students from the University of Arkans
at Little Rock1 served as subjects. All of the subjects we
native speakers of American English and had normal h
ing. The subjects were paid for their participation.

2. Speech material

The same vowel stimuli used in experiment 1 were us

3. Signal processing

Signals were first processed through a pre-emphasis
ter ~2000 Hz cutoff!, with a 3 dB/octave roll-off, and then
bandpassed inton frequency bands (n54,6,8,12) using
sixth-order Butterworth filters. Logarithmic filter spacin
was used forn,8 and mel spacing was used forn>8. The
center frequencies and the 3 dB bandwidths of the filters
be found in Loizouet al. ~1999!. The envelopes of the signa
were extracted by full-wave rectification, and low-pass filt
ing ~second-order Butterworth! with a 400 Hz cutoff fre-
quency. The envelope amplitudes were estimated by com
ing the rms energy of the envelopes every 4 ms. The spe
contrast algorithm presented in experiment 1 was used
modify the peak-to-trough ratio of the estimated envelo
amplitudes toQ dB (Q51,2,4,6,8,10,15,20). Sine wave
were generated with amplitudes equal to the spectrally
hanced envelope amplitudes, and frequencies equal to
J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001 P. C.
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center frequencies of the bandpass filters. The phases o
sinusoids were estimated from the Fast Fourier Transform
the speech segment~Loizou et al., 1999!. The sinusoids of
each band were finally summed and the level of the syn
sized speech segment was adjusted to have the same
value as the original speech segment.

In addition to the spectrally enhanced vowels, we a
processed vowels as described previously but without
hancing the envelope amplitudes. We used this condition
comparative reasons and refer to it as the ‘‘unenhanced’’ c
dition.

4. Procedure

The experiment was performed on a PC equipped wit
Creative Labs SoundBlaster 16 soundcard. The subjects
tened to the speech material via closed ear-cushion h
phones at a comfortable level set by the subject. A graph
interface was used that allowed the subjects to select
vowel they heard using a mouse.

Before each condition, subjects were given a pract
session with examples of vowels processed through the s
number of channels and the same peak-to-trough ratio in
condition. A sequential test order, starting with speech ma
rial processed through a large number of channels (n512)
and continuing to speech material processed through a s
number of channels (n54), was employed. We chose th
sequential test design to give the subjects time to adap
listening to altered speech signals. The test order for
different peak-to-trough ratios in each channel condition w
counterbalanced between subjects.

B. Results and discussion

The results, scored in percent correct, are shown in F
8. A two-factor~channels and peak-to-trough ratio! repeated
measures analysis of variance~ANOVA ! showed a signifi-
cant main effect of number of channels@F~3,24!58.73, p
,0.0005#, a significant effect of peak-to-trough rati
@F~8,64!567.37, p,0.0005#, and a significant interaction
between number of channels and peak-to-trough r
@F~24,192!53.73,p,0.0005#.

For vowels processed through 4 channels, norm
hearing listeners needed at least a 6 dBpeak-to-trough ratio

FIG. 8. Mean performance of normal-hearing listeners on vowel recogni
as a function of spectral contrast and number of channels.
1625Loizou and O. Poroy: Spectral contrast for vowel identification



o
re

t

r

hi
a
r

no

se
ly

er

(

on
io
f

be
d

o-
i

ith
d
a

th
e

so

b

e
-

ul
C

te
,

is
ith
th

we
ic
p

cr

n-
re-

2%
udy
fre-
eek

in
uli

pro-
-
ues.
ith

se a

all

ten-
al-

or-

-
ers
om
d a
be-
re-

IS

ed

n-
cts’
hen
our-
tion
m-
hm.
used
ble

s-
ded
so-
on

al-

or
ring
to identify vowels with greater than 80% accuracy. Post-h
analysis, according to Tukey, showed that the vowel sco
obtained at 6 dB were not significantly different (p50.9)
from the scores obtained at 20 dB. The scores obtained a
dB were not significantly different (p51.0) from the scores
obtained at 20 dB. For vowels processed through 6 o
channels, normal-hearing listeners needed a 4 dB peak-to-
trough ratio to identify vowels with the same accuracy. T
is consistent with our findings in experiment 1 with cochle
implant users fitted with 6-channel processors. The sco
obtained with 4 dB contrast using 6 or 8 channels were
significantly different ~p.0.5, Tukey post-hoc! from the
scores obtained at 20 dB. Finally, for vowels proces
through 12 channels, normal-hearing listeners needed on
1 dB peak-to-trough ratio to identify vowels with great
than 80% accuracy. Post-hoc analysis~Tukey! showed that
the score obtained at 2 dB was only marginally differentp
50.044) from the score obtained at 20 dB.

The above-given results obtained with 4 channels c
firm our original hypothesis that when the spectral resolut
is poor, a comparatively larger spectral contrast is needed
vowel identification. A larger spectral contrast is needed,
cause we suspect that listeners must be using amplitude
ferences across channels to infer the frequency content~e.g.,
formant locations, etc.! of the signal when the spectral res
lution is poor. Conversely, when the spectral resolution
fine ~12 channels!, a small spectral contrast~1 dB! is suffi-
cient. The results in experiment 1 with CI patients fitted w
6-channel processors showed that a 4–6 dB amplitude
ference between the peak and the valley needs to be m
tained for accurate vowel recognition. Consistent with
above-mentioned hypothesis and the findings of experim
2, subject S1, who was fitted with a 5-channel proces
needed a larger spectral contrast~8 dB! to achieve maximum
performance on vowel recognition. Judging from the su
ject’s low scores on open set recognition~Table I!, it seems
likely that subject S1 may be receiving a small numb
~probably less than 5! of independent channels of stimula
tion. The results of experiment 2 suggest that if we co
somehow provide at least 12 channels of stimulation to
listeners, then a small spectral contrast~1–2 dB!, and conse-
quently, a small dynamic range~at least 2 dB! would be
sufficient for vowel recognition.

The results obtained with 12 channels are consis
with those reported in the literature~Turner and Van Tassel
1984; Leeket al., 1987; Summerfieldet al., 1987; Alcantara
and Moore, 1995! that only a 1–2 dB spectral contrast
needed to identify vowel-like harmonic complexes w
70%–75% correct accuracy. Note that the subjects in
Alcantara and Moore~1995! study needed a 3 dBcontrast to
achieve 75% correct accuracy~six vowel-like harmonic com-
plexes were used in their study, whereas Leeket al. used
four vowel-like harmonic complexes!. Our study showed
that high vowel recognition performance~.80% correct! can
be achieved even with 1 dB spectral contrast. This vo
identification threshold is the same as the psychophys
threshold needed to detect a change in the amplitude s
trum of a complex signal. Greenet al. ~1983! showed, for
instance, that normal-hearing listeners can detect 1 dB in
1626 J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001
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ments added to one component of a complex signal.
The mean scores obtained in this study with 1 dB co

trast were considerably higher than any of the scores
ported in the literature on a similar experiment. For a 1 dB
contrast, the subjects of Leeket al. ~1987! achieved 55%
accuracy, the subjects of Alcantara and Moore~1995!
achieved 35% accuracy, while our subjects achieved 8
accuracy. Higher performance was achieved in this st
even though we represented the vowel spectra with 12
quency components as opposed to 30 harmonics in the L
et al.study, and used a larger number of vowels~8 vowels in
our study versus 4 vowels in the Leeket al. study and 6
vowels in the Alcantara and Moore study!. We believe that
the higher performance in vowel recognition was obtained
our study because we used natural vowels. Our vowel stim
contained most of the spectral cues present in naturally
duced vowels, includingF0 variation and formant move
ments. In addition, the listeners had access to duration c
We do not believe that the high performance obtained w
our stimuli was primarily because of duration cues, becau
recent study by Hillenbrandet al. ~2000! with normal-
hearing listeners showed that the vowel duration had a sm
overall effect on vowel identification.

Several studies have shown that hearing-impaired lis
ers need a larger spectral contrast compared to norm
hearing listeners to achieve high vowel recognition perf
mance~e.g., Leeket al., 1987!. This was attributed to the
wider-than-normal auditory filters. The situation with CI lis
teners, however, is quite different, since the auditory filt
are bypassed with electrical stimulation. The results fr
experiment 2 suggest that cochlear implant listeners nee
larger spectral contrast than normal-hearing listeners not
cause of the limited dynamic range, but because of the
duced spectral resolution.

IV. CONCLUSIONS

~1! Cochlear implant listeners fitted with 6-channel C
processors need at least a 4 dB spectral contrast to identify
natural vowels with high accuracy. Most subjects achiev
the highest performance on vowel recognition with a 6 dB
spectral contrast, while one subject needed 8 dB.

~2! Increasing the vowel spectral contrast to 6 dB be
efited most subjects in vowel recognition. Some subje
vowel scores improved by about 20 percentage points w
the vowels were enhanced to 6 dB. These results are enc
aging as they suggest that we can improve vowel recogni
for CI users, simply by postprocessing the CIS channel a
plitudes through a spectral contrast enhancement algorit
The proposed spectral contrast enhancement algorithm
in this study is relatively easy to implement and is amena
for real-time implementation.

~3! The results of experiment 2 with normal-hearing li
teners indicated that the minimum spectral contrast nee
for vowel identification was dependent on the spectral re
lution, i.e., the number of channels of frequency informati
available. For vowels processed through 4 channels, norm
hearing listeners needed at least a 6 dBpeak-to-trough ratio
to identify vowels with greater than 80% accuracy, while f
vowels processed through 6 or 8 channels, normal-hea
P. C. Loizou and O. Poroy: Spectral contrast for vowel identification
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listeners needed a 4 dBpeak-to-trough ratio to identify vow
els with the same accuracy, consistent with our findings w
CI users. For vowels processed through 12 channels, nor
hearing listeners needed only a 1 dBpeak-to-trough ratio to
identify vowels with greater than 80% accuracy.

~4! The above-mentioned findings with normal-heari
listeners are consistent with our hypothesis that when
spectral resolution is poor, a larger spectral contrast is nee
for vowel identification. Conversely, when the spectral re
lution is fine, a small spectral contrast~1 dB! is sufficient.

~5! For vowels processed through 12 channels, a 1 dB
contrast was sufficient to reach high performance~.80%
correct! on vowel recognition. The high scores achieved w
1 dB contrast were significantly higher than the scores
ported in the literature~55% correct in the Leeket al. study
and 33% correct in the Alcantura and Moore study!. The
high performance obtained in our study can be attributed
the fact that we used naturally produced vowels.

~6! The outcomes of experiments 1 and 2, taken
gether suggest that CI listeners need a larger spectral con
~4–6 dB! than normal-hearing listeners to achieve high r
ognition accuracy, not because of the limited dynamic ran
but because of the limited spectral resolution.
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