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The intelligibility of speech having either a single ‘‘hole’’ in various bands or having two ‘‘holes’’
in disjoint or adjacent bands in the spectrum was assessed with normal-hearing listeners. In
experiment 1, the effect of spectral ‘‘holes’’ on vowel and consonant recognition was evaluated
using speech processed through six frequency bands, and synthesized as a sum of sine waves.
Results showed a modest decrease in vowel and consonant recognition performance when a single
hole was introduced in the low- and high-frequency regions of the spectrum, respectively. When two
spectral holes were introduced, vowel recognition was sensitive to the location of the holes, while
consonant recognition remained constant around 70% correct, even when the middle- and
high-frequency speech information was missing. The data from experiment 1 were used in
experiment 2 to derive frequency-importance functions based on a least-squares approach. The
shapes of the frequency-importance functions were found to be different for consonants and vowels
in agreement with the notion that different cues are used by listeners to identify consonants and
vowels. For vowels, there was unequal weighting across the various channels, while for consonants
the frequency-importance function was relatively flat, suggesting that all bands contributed equally
to consonant identification. ©2002 Acoustical Society of America.@DOI: 10.1121/1.1498855#

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

It is generally accepted that human listeners rely on c
that exist across several frequency bands to unders
speech. The question of how listeners use and combine
formation across several frequency bands when underst
ing speech is one that puzzled researchers for many dec
One of the earliest attempts to answer that question
taken by French and Steinberg~1947! with the computation
of the articulation index~AI !. By systematically low-pass
and high-pass filtering the spectrum and measuring spe
recognition, French and Steinberg~1947! determined the
relative importance of various frequency bands. Although
AI method was found to be very successful in predicti
speech intelligibility in many listening conditions, it has on
major shortcoming. The AI method does not take into
count the fact that listeners may combine and utilize spe
information from multiple disjoint bands~e.g., Grant and
Braida, 1991!.

Although many studies investigated the intelligibility o
high-passed-, low-passed-~e.g., French and Steinberg, 194
Pollack, 1948; Kryter, 1962!, and bandpassed-filtered spee
~Warren et al., 1995; Stickney and Assmann, 2001!, not
many studies have investigated the perception
bandstopped-filtered speech~i.e., speech with holes in th
spectrum! or speech composed of disjoint frequency ban
Lippmann ~1996! investigated the intelligibility of conso
nants that had a single hole in the middle of the spectr
High consonant intelligibility ~;90% correct! was main-
tained even after removing speech energy in the middle

a!Electronic mail: loizou@utdallas.edu
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quencies~800 to 4 kHz!. Shannonet al. ~2001! assessed the
impact of the size and location of spectral holes w
cochlear-implant and normal-hearing listeners. For
normal-hearing listeners, holes were created by dropping
2 to 8 low-, middle-, or high-frequency bands in a 20-nois
band cochlear-implant~CI! simulation. Results showed tha
holes in the low-frequency region were more damaging th
holes in the middle- and high-frequency regions on spe
recognition. In the study by Shannonet al. a single hole
~varying in size! in the low-, middle-, or high-frequency re
gions of the spectrum was introduced. A few other stud
~e.g., Breeuwer and Plomp, 1984; Dormanet al., 1989;
Rieneret al., 1992! investigated speech recognition of di
joint bands of low- and high-frequency information. Syner
effects were demonstrated in the study by Rieneret al.
~1992! when subjects were presented with spectral inform
tion contained in the low- and high-frequency bands. T
intelligibility of sentences through single one-third-octa
bands centered around either 370 Hz or 6 kHz was roug
23% when presented alone, but increased to 77% cor
when presented simultaneously. The study by Rieneret al.
~1992!, as well as those of others, demonstrated that hav
access to low- and high-frequency information enabled
teners to identify speech with relatively high accuracy. L
teners seemed to ‘‘fill in’’ the missing speech information

The aforementioned studies examined speech reco
tion either for a single hole varying in frequency locatio
~and size! or for a single hole in the middle of the spectrum
The scope of those studies was therefore limited in the se
that it did not consider how speech is recognized when i
composed of multiple disjoint bands involving low-, middle
and/or high-frequency information. The present study
12(3)/1102/10/$19.00 © 2002 Acoustical Society of America
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TABLE I. The first two formant frequencies~in Hz! of the male and female vowels used in this study.

had hod head hayed heard hid heed hoed hood hud wh

F1 Male 627 786 555 438 466 384 331 500 424 629 31
Female 666 883 693 492 518 486 428 538 494 809 43

F2 Male 1910 1341 1851 2196 1377 2039 2311 868 992 1146 9
Female 2370 1682 1991 2437 1604 2332 2767 998 1102 1391 13
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dressed this question in a systematic fashion considerin
possible combinations of missing disjoint bands from
spectrum.

The answer to the question of how listeners use
combine information across frequency bands, whether
lated or disparate, is not only important for understand
speech perception but it is also important for understand
speech perception by cochlear-implant listeners or hear
impaired listeners in general. Cochlear implants are base
the idea that there are surviving neurons in the vicinity of
electrodes. The lack of hair cells and/or surviving neurons
certain areas of the cochlea essentially creates ‘‘hole~s!’’ in
the spectrum. The extent of the effect of holes in the sp
trum on speech understanding is not well understood. I
not known, for instance, whether the spectral holes can
count for some of the variability in performance among
listeners. It is therefore of interest to first find out which s
of hole pattern~s! is most detrimental for speech recognitio
The answer to that question would then be useful for de
mining ways to somehow make up for the lost informatio

The aim of this study is to examine the effect of t
location and size of spectral holes on vowel and conson
recognition. Understanding this effect will provide insigh
as to why some CI listeners do not perform well, despite
wealth of information they receive@cochlear-implant listen-
ers receive only a small number~4–6! of channels of fre-
quency information, despite the fact that some implant p
cessors transmit as many as 20 channels of information~e.g.,
Fishmanet al., 1997; Dormanet al., 2000!#. In addition, we
could use the data of this study to develop a frequen
importance function that takes into account the fact that
teners could combine information from disparate freque
bands in the spectrum. In experiment 1, speech was
cessed through six frequency bands, and synthesized
sum of sine waves with amplitudes equal to the rms ene
of each frequency band, and frequencies equal to the ce
frequencies of the bandpass filters.@Six channels were use
as we found in previous studies~e.g., Loizouet al., 1999!
that six channels were enough to achieve high levels
speech understanding.# To synthesize speech with a hole in
certain frequency band, we set the corresponding sine w
amplitude to zero. We systematically created holes in eac
the six frequency bands~one hole at a time! and examined
vowel and consonant recognition. Similarly, speech was s
thesized with two holes in the spectrum, by setting the c
responding sine wave amplitudes to zero. All possible co
binations were created, including the scenarios where
holes were in adjacent frequency bands~thus making a larger
hole! or where the two holes were in disjoint frequen
bands. The data from experiment 1 were used in experim
J. Acoust. Soc. Am., Vol. 112, No. 3, Pt. 1, Sep. 2002
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2 to derive frequency importance functions for vowel a
consonant recognition.

II. EXPERIMENT 1: HOLES IN THE SPECTRUM

The intelligibility of speech having either a single ho
in various bands or having two holes in disjoint or adjace
bands in the spectrum was assessed with normal-hearing
teners. The extent of the effect of the location, size, a
pattern of spectral holes on vowel and consonant recogni
was evaluated.

A. Method

1. Subjects

Twenty normal-hearing listeners~20 to 25 years of age!
participated in this experiment. All subjects were nati
speakers of American English. The subjects were paid
their participation. Eleven of the subjects were tested at
University of Texas at Dallas and the remaining nine subje
were tested at Arizona State University.

2. Speech material

Subjects were tested on consonant and vowel reco
tion. The consonant test used 16 consonants in /aCa/ con
taken from the Iowa consonant test~Tyler et al., 1987!. All
the syllables were produced by a male speaker.

The vowel test included the words: ‘‘heed, hid, haye
head, had, hod, hud, hood, hoed, who’d, heard’’ produced
male and female talkers. A total of 22 vowel tokens was u
for testing, 11 produced by 7 male speakers and 11 produ
by 6 female speakers@not all speakers produced all 11 vow
els#. The stimuli were drawn from a set used by Hillenbra
et al. ~1995!. The first two formant frequencies~as estimated
by Hillenbrand et al.! of the vowels used for testing ar
given in Table I.

3. Signal processing

Speech material was first low-pass filtered using a six
order elliptical filter with a cutoff frequency of 6000 Hz
Filtered speech was passed through a pre-emphasis
with a cutoff frequency of 2000 Hz. This was followed b
bandpass filtering into six different frequency bands us
sixth-order Butterworth filters with center frequencies
393, 639, 1037, 1685, 2736, and 4444 Hz, respectively.
frequency boundaries of the six bands are given in Table
The filters were designed to span the frequency range f
300 to 5500 Hz in a logarithmic fashion. The output of ea
channel was passed through a rectifier followed by a seco
order Butterworth low-pass filter with a center frequency
400 Hz to obtain the envelope of each channel output. C
1103Kasturi et al.: Holes in the spectrum
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responding to each channel a sinusoid was generated
frequency set to the center frequency of the channel and
amplitude set to the root-mean-squared~rms! energy of the
channel envelope estimated every 4 ms. The phases o
sinusoids were estimated from the fast Fourier transfo
~FFT! of the speech segment. The sinusoids of each b
were finally summed and the level of the synthesized spe
segment was adjusted to have the same rms value as
original speech segment.

To create a hole in frequency band N~1<N<6!, we set
the amplitude of the sinusoid corresponding to freque
band N to zero. Speech was synthesized using the rema
five channel amplitudes. Similarly, two holes were created
setting the amplitudes of the sinusoids in frequency band
and N to zero. Speech was synthesized using the remai
four channel amplitudes.

Vowel and consonant stimuli were created for six sing
hole conditions and 15 two-hole conditions as shown
Table III. All possible combinations of removing two out o
the six frequency bands were considered. For compara
purposes, we also created a baseline condition in which

TABLE II. The 3-dB frequency boundaries of the six bands with the cor
sponding center frequencies~Hz! of each band.

Band
Lower

frequency~Hz!
Upper

frequency~Hz!
Center

frequency~Hz!

1 300 487 393
2 487 791 639
3 791 1284 1037
4 1284 2085 1685
5 2085 3388 2736
6 3388 5500 4444

TABLE III. The 22 test conditions considered in this study. The zer
condition corresponds to the baseline condition. The channel~s! removed in
each condition are indicated with a zero.

Condition
Channel

1
Channel

2
Channel

3
Channel

4
Channel

5
Channel

6

0 1 1 1 1 1 1
1 0 1 1 1 1 1
2 1 0 1 1 1 1
3 1 1 0 1 1 1
4 1 1 1 0 1 1
5 1 1 1 1 0 1
6 1 1 1 1 1 0
7 0 0 1 1 1 1
8 0 1 0 1 1 1
9 0 1 1 0 1 1

10 0 1 1 1 0 1
11 0 1 1 1 1 0
12 1 0 0 1 1 1
13 1 0 1 0 1 1
14 1 0 1 1 0 1
15 1 0 1 1 1 0
16 1 1 0 0 1 1
17 1 1 0 1 0 1
18 1 1 0 1 1 0
19 1 1 1 0 0 1
20 1 1 1 0 1 0
21 1 1 1 1 0 0
1104 J. Acoust. Soc. Am., Vol. 112, No. 3, Pt. 1, Sep. 2002
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did not remove any frequency bands. Overall, subjects w
tested with a total of 22 conditions.

4. Procedure

The experiments were performed on a PC equipped w
a Creative Labs SoundBlaster 16 soundcard. Stimuli w
played to the listeners monaurally through Sennheiser
250 Linear II circumaural headphones. The words were d
played on a computer monitor, and a graphical user interf
was used that enabled the subjects to indicate their resp
by clicking a button corresponding to the word played. N
feedback was given during the test.

At the beginning of each test the subject was presen
with a practice session in which the vowels or consona
were processed through six channels—no holes were in
duced ~baseline condition!. After the practice session, th
subjects were tested with the various spectral hole co
tions. Two groups of subjects were used, 11 from Univers
of Texas—Dallas and 9 from Arizona State University. T
11 subjects at The University of Texas at Dallas were tes
with the 14 test conditions labeled as, 0, 1, 2, 3, 4, 5, 6, 7
15, 16, 18, 20, and 21 in Table III. The zeroth conditio
corresponded to the baseline condition in which all six ch
nels were present. The nine subjects at Arizona State Uni
sity were tested with the fifteen conditions labeled as 0, 1
3, 4, 5, 6, 8, 10, 11, 12, 13, 14, 17, and 19 in Table III. No
that both groups of subjects were tested with the base
condition. The order in which the conditions were presen
was partially counterbalanced between subjects to avoid
der effects. In the vowel and consonant tests, there were
repetitions of each vowel and each consonant. The vow
and the consonants were completely randomized.

B. Results

The mean percent-correct scores for the single-hole c
ditions are shown in Fig. 1. A one-way ANOVA with re
peated measures showed a significant main effect of the
cation of the spectral hole@F(6,60)59.7,p,0.0005# on
consonant recognition.Post hoctests according to Tukey~at
alpha50.05! showed that the scores obtained with chann
4, 5, or 6 off were significantly lower than the baseline sco
The average scores of the baseline condition were not
nificantly different (p50.313) between the two groups o
subjects. The scores obtained with channels 1, 2, or 3
were not significantly different from the baseline score.

The consonant confusion matrices were analyzed
terms of percent information transmitted as per Miller a
Nicely ~1955!. The feature analysis is shown in Fig. 2.
one-way ANOVA showed a nonsignificant effect@F(6,60)
514.6, p50.484# for the feature ‘‘manner’’ and a nonsig
nificant effect for the feature ‘‘voicing’’@F(6,60)52.7,p
50.061#. The feature ‘‘place’’ was significantly@F(6,60)
515.6,p,0.0005# affected.Post hocTukey tests showed
that conditions in which channel 4, 5, or 6 were remov
were significantly different from the baseline condition.

For the vowel data, a one-way ANOVA showed a si
nificant main effect@F(6,54)514.5,p,0.0005# of the loca-
tion of the spectral hole on vowel recognition. Apost hoc

-
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FIG. 1. Mean percent scores for vowe
and consonant recognition as a fun
tion of the location of the spectra
hole. The holes were centered aroun
the channel center frequencies. In th
baseline condition, all channels wer
present.
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Tukey test showed that the scores obtained with channe
3, or 4 off were significantly different from the baseline sco
(p,0.05). The score obtained when channel 2 was off w
not significantly different from the baseline score. The fa
that channels 1, 3, and 4 were found to have a signific
effect on vowel recognition was not surprising since tho
channels cover theF1 –F2 frequency range.

The mean percent-correct scores for the two-hole co
tions are shown in Fig. 3. The mean scores dropped sig
cantly when a second hole was introduced in the spectr
The baseline score for consonant recognition dropped f
89.06% to an average~across all conditions! of 69.6%. A
one-way ANOVA showed a significant main effect on co
sonant recognition when two holes were introduced in
spectrum @F(15,120)56.4,p,0.0005#. Post hoc Tukey
tests showed that several channel pair combinations sig
cantly affected consonant recognition:~1,2!, ~1,4!, ~1,6!
~2,3!, ~2,6!, ~3,4!, ~3,6!, ~4,5!, ~4,6!, and ~5,6!. The drop in
performance when both channels 1 and 2 were removed
due to the low scores obtained for nasal~/m/,/n/! and labial-
stop consonant~/b/,/p/! recognition. Overall, we found tha
J. Acoust. Soc. Am., Vol. 112, No. 3, Pt. 1, Sep. 2002
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the scores obtained with channel pairs that included chan
4, 5, or 6 were significantly lower than the baseline sc
(p,0.05). This seems to be consistent with the single-h
conditions, and reinforces the message that channels 4
and 6 are very important for consonant recognition.

The consonant confusion matrices were analyzed
terms of percent information transmitted. The feature ana
sis is shown in Fig. 4. A one-way ANOVA with repeate
measures showed a significant effect@F(15,120)55.5, p
,0.0005# for the feature ‘‘manner,’’ a significant effect fo
the feature ‘‘voicing’’ @F(15,120)53.5,p,0.0005#, and a
significant effect@F(15,120)56.7,p,0.0005# for the fea-
ture ‘‘place.’’ Post hocTukey tests showed that the mann
score obtained with channel pair~1,2! removed was signifi-
cantly lower (p,0.0005) than the baseline score. The vo
ing scores obtained with channel pairs~1,2! and ~1,4! re-
moved were significantly lower (p,0.005) than the baseline
score. All place scores were significantly (p,0.005) lower
than the baseline score.

For vowel recognition, a one-way ANOVA showed
significant main effect@F(15,75)56.9,p,0.0005# when
-
d

f

FIG. 2. Percent information transmit
ted for the features place, manner, an
voicing as a function of the location o
the spectral hole.
1105Kasturi et al.: Holes in the spectrum
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FIG. 3. Mean percent scores for vowe
and consonant recognition as a fun
tion of the location of the pair of spec
tral holes. The holes were introduce
at frequencies centered at the chann
pairs indicated. In condition~1,4!, for
instance, channels 1 and 4 were r
moved from the spectrum. In the base
line condition, all channels were
present.
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two holes were introduced in the spectrum.Post hocTukey
tests showed that several channel pair combinations w
significantly affected on vowel recognition:~1,2!, ~1,3!,
~1,4!,~2,3!, ~2,4!, ~3,4!, ~3,5!, and ~5,6!. The drop in vowel
performance when both channels 5 and 6 were removed
due to the low scores obtained for the vowels in ‘‘heed
‘‘hid,’’ and ‘‘hayed.’’ Post hocTukey tests showed that th
scores obtained with channel pairs that included channel
or 4 were significantly lower from the baseline scoresp
,0.05), consistent with the outcome in the single-hole c
ditions. More specifically, the lowest scores on vowel rec
nition were obtained with channel pairs~1,2!, ~1,3!, ~1,4!,
and ~3,4!.

C. Discussion

The above results suggest that vowel and consonant
ognition suffer when holes are introduced in the spectru
The degree of degradation in recognition performance
well as effect of the location of the spectral holes was diff
ent for vowels and consonants.
1106 J. Acoust. Soc. Am., Vol. 112, No. 3, Pt. 1, Sep. 2002
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1. Effect of location of spectral holes

For vowels, statistical analysis showed a significant d
in performance when either channels 1, 3, or 4, centere
393, 1037, and 1685 Hz, respectively, were removed. I
safe to assume that channel 1 codesF1 information, and
channels 3 and 4 codeF2 information for most vowels
~Table I!. Channel 3 may also codeF1 information for some
female vowels~i.e., vowels in ‘‘hod’’ and ‘‘hud’’!. Depend-
ing on how high theF2 frequency is for some speaker
channel 5~and, indirectly, channel 6! may also be importan
for the recognition of some vowels. Channel 5 may, for
stance, codeF2 information for some vowels~i.e., heed, hid,
hayed! produced by female speakers or children who gen
ally have a highF2 frequency. Indeed, close examination
the individual vowel’s scores indicated that the identificati
of the female vowels in ‘‘heed,’’ ‘‘hid,’’ and ‘‘hayed’’
dropped significantly when both channels 5 and 6 were
moved.

It is interesting to note that vowel recognition perfo
mance was not significantly affected when channel 2~cen-
tered at 639 Hz! was removed. Channel 2 most likely cod
-
d

f
.

FIG. 4. Percent information transmit
ted for the features place, manner, an
voicing as a function of the location o
the pair of frequency bands removed
Kasturi et al.: Holes in the spectrum
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F1 information either together with channel 1 or alone.
formation aboutF1 is captured by channel 2 alone when t
first formant frequency of the vowel falls near the cen
frequency of channel 2. In that case, a peak in the cha
spectrum is observed at channel 2, and consequently rem
ing channel 2 will significantly reduced performance. This
demonstrated in Fig. 5, which shows the listeners’ individ
vowel performance when channel 2 was removed. Vowels}/
and /a/ were the only vowels that were significantly affec
because theF1 frequency of those vowels happened to
near the center frequency of channel 2. For the remain
vowels, however, as evident from Fig. 5, listeners seeme
infer F1 information from channel 1 when they did not ha
access to channel 2 information. This suggests that havi
rough estimate ofF1 is sufficient for the recognition of mos
vowels. That was not the case withF2, since removing eithe
channels 3 or 4 affected vowel recognition.

For consonants, statistical analysis showed a signific
drop in performance when either channels 4, 5, or 6 w
removed. This outcome is consistent with the conventio
view that high-frequency cues are important for recognit
of place. So, the drop in consonant recognition performa
was primarily due to a reduction in information transmitt
for place~Fig. 2!.

Removing any of the low-frequency channels~1–4! af-
fected vowel recognition, and removing any of the hig
frequency channels~4–6! affected consonant recognition
Interestingly enough, channel 4, which had a center
quency of 1685 Hz, was found to be important for bo
vowel and consonant recognition. The frequency~1685 Hz!
corresponding to channel 4 is close to the well-known cro
over frequency1 estimated in articulation index studies. D
pending on the speech material used, the crossover frequ
was found in articulation index studies to be in the range
1550 to 1900 Hz~Studebakeret al., 1987; Hirshet al., 1954;
French and Steinberg, 1947!.

Overall, with the exception of channel 2 which did n
significantly affect either vowel or consonant recognitio
removing single channels caused a modest, but signifi
reduction in performance in vowel and consonant recog
tion. Consonant recognition was less affected than vo

FIG. 5. Mean percent scores on individual vowel recognition for the con
tion in which channel 2 was removed from the spectrum (n520). The dark
and white bars give the scores obtained with vowels produced by female
male speakers, respectively. Error bars indicate standard errors of the m
J. Acoust. Soc. Am., Vol. 112, No. 3, Pt. 1, Sep. 2002
-

r
el
v-

l

d

g
to

a

nt
e

al
n
e

-

-

s-

cy
f

,
nt
i-
el

recognition. It should be noted that the drop in performan
although statistically significant, was not dramatic for eith
consonant or vowel recognition. Even in the worst-case c
ditions, vowel and consonant recognition remained ab
70% correct. So, relatively high vowel and consonant rec
nition performance can be maintained even with a sin
hole in the spectrum. This outcome is consistent with
data reported by Shannonet al. ~2001! with cochlear-implant
listeners. Shannonet al. artificially created single holes by
turning off a number of~apical, middle, or basal! electrodes
in CI listeners who were fitted with the 22-electrode Nucle
device. Holes were created that were 2–8 electrodes w
corresponding to 1.5–6.0-mm width. High vowel and cons
nant recognition was maintained even when as many as
electrodes were turned off either in the low-, middle-,
high-frequency regions.

2. Effect of size and pattern of spectral holes

In 5 out of the 15 conditions tested, the size of the h
or equivalently, the width of the notch in the spectru
doubled, since in these conditions@i.e., channel pairs~1,2!,
~2,3!, ~3,4!, ~4,5!, and~5,6!# the channels that were remove
were adjacent to each other. This caused a large dro
vowel recognition performance, and only a moderate drop
performance for consonant recognition. Vowel recogniti
dropped in some cases to as low as 47% correct. The low
performance occurred whenF1 information was missing
@e.g., pair~1,2!#, when F2 information was missing@pairs
~2,3!, ~3,4!#, or when bothF1 andF2 information was miss-
ing @pair ~1,4!#.

Consonant recognition was only mildly affected by t
location of the pairs of frequency bands removed. The
crease in consonant identification was due primarily to
loss of place information~Fig. 4!. The manner and voicing
features were significantly affected only when informati
aboutF1 was missing. Overall, consonant identification r
mained robust and hovered around 70% for most conditio
Even when the middle- and high-frequency bands were
sent, consonant recognition remained around 70% corr
This outcome is consistent with the data reported by Lip
mann ~1996!, who evaluated consonant recognition by pr
senting a low-pass band below 800 Hz and a high-pass
quency band with cutoff frequency varying from 3.15 to
kHz. He observed a high score of 91% correct when
high-pass cutoff frequency was 3.15 kHz. This correspon
to the case where channels 4 and 5 were removed in
study. The score for that condition was 67.5% correct. T
difference in scores between our study and Lippmann’s
be attributed to the fact that our listeners only had acces
four channels~two channels were removed! of frequency in-
formation. Similar findings were reported by Dormanet al.
~1989! with CI listeners fitted with a four-channel processo
No significant difference was found between the conson
identification score obtained with only channels 1~low fre-
quency! and 4~high frequency! activated and the score ob
tained with all four channels activated. Our study extend
Dorman’s and Lippmann’s findings to show that high cons
nant recognition can be maintained even in the absenc

i-

nd
an.
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not only middle frequencies but also low-high, low-midd
low-high, and middle-high frequency information.

Overall, we can say that vowel recognition seems to
sensitive to the size and pattern of holes in the spectr
This was not surprising, since it is known that listeners r
primarily on spectral cues to identify vowels. In contra
listeners make use of both temporal-envelope cues and s
tral cues to identify consonants. In the absence of suffic
spectral cues, listeners probably rely more on temporal c
to identify consonants. As shown in this experiment~Fig. 4!,
these temporal cues did not seem to be affected by the
quency location of the pair of bands removed@except when
channels~1,2! were removed#. We believe that is the reaso
that consonant recognition remained relatively high~;70%
correct! even when two holes were introduced in the sp
trum. The above results have certain implications for
chlear implants. The finding that the location and pattern
holes affects mostly vowel recognition suggests that in
chlear implants, neuron survival~responsible for the holes in
the spectrum! ought to account for some of the variability i
vowel recognition performance among CI listeners.

III. EXPERIMENT 2: FREQUENCY-IMPORTANCE
FUNCTIONS

Several investigators have used the AI method to de
mine frequency-importance functions. The AI method use
quantity between 0 and 1 to represent the proportion
speech information available in a specific frequency band
the listener. This information is then multiplied by
frequency-importance or ‘‘weighting’’ function, which is ob
tained using a rather time-consuming process of low-p
and high-pass filtering speech. The AI method assumes
the information contained in each band is independent of
information contained in other bands and does not take
account the fact that listeners may combine speech infor
tion from multiple disjoint bands. This was first demo
strated by Kryter~1962!, who evaluated recognition of pas
band speech, and showed that the AI could not adequa
predict intelligibility of passband speech. Similar findin
were also reported by Grant and Braida~1991!. Several
methods were proposed in the literature to circumvent
shortcoming, including the correlation method by Dohe
and Turner~1996! and a recent method based on statisti
decision theory by Musch and Buus~2001!. In this experi-
ment, we use the data from experiment 1 to derive
frequency-importance function based on a least-squares
proach. Unlike the AI method, the proposed least-squa
approach makes use of the listener’s scores on perceptio
vowels and consonants composed of disjoint freque
bands.

A. Least-squares approach

Our approach to obtain the importance of each f
quency band follows the method proposed by Ahumada
Lovell ~1970!. We used the results from experiment 1
predict the importance or perceptual ‘‘weight’’ of each cha
nel.
1108 J. Acoust. Soc. Am., Vol. 112, No. 3, Pt. 1, Sep. 2002
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We calculated the weightwi of each channel by predict
ing the responses of the subject as a linear combinatio
the strength of each channel, i.e.,

Rk5(
i 51

6

wiEik , ~1!

whereRk is the mean percent-correct score for conditionk
and Eik is the strength of thei th channel corresponding t
condition k. The strength of each channel is a binary val
that can be either 0 or 1 depending on whether the chann
off or on, respectively. The value ofk ranges from 1 to 22
spanning all channel combinations~Table III!. Forming the
prediction errorek as

ek5Rk2(
i 51

6

wiEik , ~2!

we can estimate the channel weights by minimizing the s
of all the squared errors with respect towi . Alternatively,
Eq. ~1! can be written in matrix form as

R5EW, ~3!

where R is a 22-dimensional vector containing the me
percent-correct scores for conditions 1 to 22,E is the data
matrix ~2236! consisting of the strengths of each chann
~Table III!, andW5@w1 ,w2 ,...,w6# is a 6-dimensional vec-
tor consisting of the desired channel weights.

The above set of equations represents an overdeter
istic system of equations since we have 6 unknowns~the
channel weights! and 22 equations~one for each condition!.
We calculated the weightsW by solving the matrix equation
given by ~3! using a least-squares approach

W5~ETE!21ETR. ~4!

After obtaining the solution from Eq.~4!, we normalized the
weights so that the sum of all the weights was equal to 1

B. Results and discussion

The relative weights of the various channels are sho
in Fig. 6 for the vowel and consonant stimuli. As can
seen, the shape of the weighting function was different
vowels and consonants. For vowels, there was uneq
weighting across the various channels, suggesting that e
channel contributed differently in understanding these vo
tokens. Channels, 1, 3, and 4, centered at 393, 1037,
1685 Hz, respectively, received the largest weight. This o
come was consistent with the listener’s reduction in perf
mance in experiment 1 when those channels were remo
Also, consistent with our data from experiment 1, chann
2, 5, and 6 received the lowest weight.

The weighting function for the consonants was relative
flat. This suggests that for consonant recognition all chann
are equally important. This outcome is consistent with
data reported recently by Mehret al. ~2000!. Mehr et al. es-
timated the frequency-importance function of nonsense
lables using the correlational method. Speech was divi
into six frequency bands, and a randomly chosen leve
filtered noise was added to each channel on each trial. C
nels in which the signal-to-noise ratio was more highly c
Kasturi et al.: Holes in the spectrum
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FIG. 6. Frequency-importance func
tions for vowels and consonants.
ne
lt
n
rg
i

n

g
ith

il-
he
related with performance had a larger weight, and chan
with smaller correlations had lower weights. Their resu
showed a flat weighting function for normal-hearing liste
ers. Unequal weighting functions, accompanied with a la
variability among subjects, was noted for the CI listeners
their study.

The individual listener’s weighting functions are give
J. Acoust. Soc. Am., Vol. 112, No. 3, Pt. 1, Sep. 2002
ls
s
-
e
n

in Fig. 7 for vowel and consonant recognition. Weightin
functions are given for 6 of the 20 subjects, 2 subjects w
the highest vowel scores~Fig. 7, panels a and b!, 2 with the
middle vowel scores~panels c and d!, and 2 with the lowest
vowel scores~panels e and f!. Most listeners had a relatively
flat weighting function for consonants with a small variab
ity. There was a larger variability among subjects in t
s
FIG. 7. Individual listener’s frequency-importance functions for vowel and consonant recognition. Panels~a! and~b! show the frequency-importance function
for two subjects with the highest vowel scores, panels~c! and ~d! show the functions for two subjects with middle scores, and panels~e! and ~f! show the
functions for two subjects with the lowest vowel scores.
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shape of the weighting functions for vowels, suggesting t
subjects used different listening strategies for vowel recog
tion.

The fact that the weighting functions for vowels an
consonants were different suggests that subjects were u
different listening strategies to identify vowels and cons
nants. For vowel identification, listeners rely primarily o
spectral cues and therefore place more emphasis or m
‘‘weight’’ on the channels that codeF1 andF2 information.
For consonant identification, listeners rely on both tempo
envelope and spectral cues, which are distributed acros
channels. Hence, all frequency bands contributed equall
consonant identification, at least for the filter spacing use
this study. The data from experiment 1~Fig. 3! are consistent
with this conclusion. The fact that consonant recognition
mained relatively constant, around 70% correct, regardles
which pairs of channels were removed, clearly demonstra
that all channels contributed equally to consonant reco
tion. Had the listeners placed more emphasis on cer
channels or pairs of channels, we would have seen a
matic decrease in performance at those channel~s!, as we did
with the vowels. We suspect that, in general, the frequen
importance function must be dependent, among other fac
on the speech material and the frequency spacing u
Studebakeret al. ~1987!, for instance, showed that the sha
of articulation index function and the crossover frequen
depended on the speech material.

We did not vary the frequency spacing in this study, b
rather used the logarithmic spacing typically implemented
current cochlear-implant processors~Loizou, 1998!. Accord-
ing to the data obtained in this experiment, logarithmic sp
ing provided an equal amount of speech information in e
frequency band for consonant identification. This outco
has important implications for cochlear implants. Logari
mic spacing would be desirable assuming that CI listen
are able to extract information fromall their electrodes. As
shown by many investigators~e.g., Fishmanet al., 1997;
Dorman et al., 2000; Zwolanet al., 1997!, that is not the
case. This suggests that the frequency spacing should be
tomized for each CI subject in such a way that their result
frequency-importance function has larger weights on
functional electrodes and smaller weights on the not-
functional electrodes.

Despite the differences between the least-squares
proach used in this study and the correlational method u
by Mehr et al. ~2000!, we obtained a similar~almost identi-
cal! weighting function for nonsense syllables. The test
process involved in deriving the weighting functions is tim
consuming, and therefore both methods are impractical
clinical applications. Another drawback of the correlation
method is that it is dependent on the number of trials u
for testing. As many as 1200 trials were required in so
cases to get significant raw correlations~Mehr et al., 2000;
Turneret al., 1998!. Our method is not largely dependent o
the number of trials, but requires an adequate numbe
conditions. In our study, we needed to run a total of 22 c
ditions, which is considerably less than the 135 conditio
needed for articulation index studies~e.g., Studebakeret al.,
1987! to estimate the frequency-importance function.
1110 J. Acoust. Soc. Am., Vol. 112, No. 3, Pt. 1, Sep. 2002
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brief, the least-squares approach proposed in this stud
another viable approach for obtaining frequency-importa
functions.

IV. SUMMARY AND CONCLUSIONS

~i! When a single hole was introduced in the spectru
vowel and consonant recognition decreased. The
gree of degradation in performance depended on
location of the hole or, equivalently, the frequen
band removed. For vowels, there was a signific
drop in performance when either of the frequen
bands, 1, 3, and 4 centered around 393, 1037,
1685 Hz, respectively, were removed. For consona
there was a modest, yet significant, drop in perf
mance when either of the frequency bands 4, 5, an
centered around 1685, 2736, and 4444 Hz, resp
tively, were removed.

~ii ! Vowel recognition was affected the most, with th
lowest performance~60% correct! obtained when
channel 3, responsible for codingF2 information,
was removed. Consonant recognition remained re
tively high at around 70% correct even when hig
frequency channels were removed. Feature anal
indicated that the drop in consonant performance w
primarily due to loss of place information. The ma
ner and voicing features were not affected by the
cation of the hole in the spectrum.

~iii ! When two holes were introduced in the spectru
vowel recognition decreased even further, and con
nant recognition remained constant around 70% c
rect ~the same as in the single-hole condition!.

~iv! Vowel recognition performance was dependent on
frequency location of the pairs of bands removed.
particular, removing pairs of bands that containedF1
and/or F2 information caused a significant drop
performance.

~v! In contrast, consonant recognition was only mildly a
fected by the location of the pair of frequency ban
removed. Consonant recognition remained robus
70% correct, even when the middle- and hig
frequency speech information was missing. This o
come is consistent with Lippmann’s~1996! findings
that accurate consonant recognition can be maintai
even when the middle frequencies in the spectrum
absent. Our study extended Lippmann’s findings
show that high consonant recognition can be ma
tained even in the absence of disjoint frequency ba
involving low-, high-, and/or middle-frequency infor
mation.

~vi! The shapes of the frequency-importance functio
derived in experiment 2 using a least-squares
proach, were different for vowels and consonan
This is in agreement with the notion that differe
cues are used by listeners to identify consonants
vowels.

~vii ! For vowels, there was unequal weighting across
various channels. Channels 1, 3, and 4 received
largest weight. The frequency-importance function f
consonants was relatively flat, suggesting that
Kasturi et al.: Holes in the spectrum
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channels contributed equally to consonant identifi
tion, at least for the logarithmic filter spacing used
this study. This has important implications for c
chlear implants. For CI listeners who are not able
extract useful information fromall their electrodes,
the logarithmic filter spacing might not be the optim
filter spacing.
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