The intelligibility of speech with “holes” in the spectrum
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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. @002 Acoustical Society of Americ4DOI: 10.1121/1.1498855

PACS numbers: 43.71.Es, 43.71.K§WT]

I. INTRODUCTION quencieq800 to 4 kHz. Shannoret al. (2001) assessed the
impact of the size and location of spectral holes with
Itis generally accepted that human listeners rely on Cuegochiear-implant and normal-hearing listeners. For the
that exist across several frequency bands to understang,mal-hearing listeners, holes were created by dropping off
speech. The question of how listeners use and combine iy 1, g low-, middle-, or high-frequency bands in a 20-noise-
formation across several frequency bands when understangz g cochlear-implartCl) simulation. Results showed that
ing speech is one that puzzled researchers for many decadq:@es in the low-frequency region were more damaging than

One of the earliest attempts to answer that question Waggjes in the middle- and high-frequency regions on speech
taken by French and Steinbe($947 with the computation recognition. In the study by Shannat al. a single hole

of the. articulatiqn ipdex(AI). By systematically onv—pass (varying in siz¢ in the low-, middle-, or high-frequency re-
and high-pass filtering the spectrum and measuring Speec&ions of the spectrum was introduced. A few other studies
recognition, French and Steinbefd947 determined the (e.g., Breeuwer and Plomp, 1984; Dormanal, 1989;

relative importance of various frequency bands. Although the,. . : " .
Al method was found to be very successful in predictingeR'eneret al, 1992 investigated speech recognition of dis

. C . . o . joint bands of low- and high-frequency information. Synergy
speech intelligibility in many listening conditions, it has one : .
: . . effects were demonstrated in the study by Rieeéal.
major shortcoming. The Al method does not take into ac-

. . I 1992 when subjects were presented with spectral informa-
count the fact that listeners may combine and utilize speec ; . .
. . . L lon contained in the low- and high-frequency bands. The
information from multiple disjoint bandse.g., Grant and

. intelligibility of sentences through single one-third-octave
Braida, 1991 bands centered around either 370 Hz or 6 kHz was roughl

Although many studies investigated the intelligibility of )27 t“ g I' i z g tz ";’W ug yt
high-passed-, low-passe(k.g., French and Steinberg, 1947; o when presented alone, but increased 1o o correc

Pollack, 1948; Kryter, 1962 and bandpassed-filtered speechWhen presented simultaneously. The study by Riestel .
(Warren et al, 1995; Stickney and Assmann, 200Tot (1992, as well as those of others, demonstrated that having
many studies have investigated the p,erception oficcess to low- and high-frequency information enabled lis-

bandstopped-filtered speeche., speech with holes in the teners to identify speech with relatively high accuracy. Lis-

spectrum or speech composed of disjoint frequency bands€ners seemed to flll in” the missing speech information. .
The aforementioned studies examined speech recogni-

Lippmann (1996 investigated the intelligibility of conso- . . o )
nants that had a single hole in the middle of the spectrumion €ither for a single hole varying in frequency location
High consonant intelligibility (~90% correct was main- (and siz¢ or for a single hole in the middle of the spectrum.
tained even after removing speech energy in the middle frel Ne scope of those studies was therefore limited in the sense

that it did not consider how speech is recognized when it is
composed of multiple disjoint bands involving low-, middle-,
dElectronic mail: loizou@utdallas.edu and/or high-frequency information. The present study ad-
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TABLE I. The first two formant frequencien Hz) of the male and female vowels used in this study.

had hod head hayed heard hid heed hoed hood hud who'd
F1 Male 627 786 555 438 466 384 331 500 424 629 319
Female 666 883 693 492 518 486 428 538 494 809 435
F2 Male 1910 1341 1851 2196 1377 2039 2311 868 992 1146 938
Female 2370 1682 1991 2437 1604 2332 2767 998 1102 1391 1384

dressed this question in a systematic fashion considering al to derive frequency importance functions for vowel and
possible combinations of missing disjoint bands from theconsonant recognition.
spectrum.

The answer to the question of how listeners use andl. EXPERIMENT 1: HOLES IN THE SPECTRUM
combine information across frequency bands, whether iso-
lated or disparate, is not only important for understandinqn v
speech perception but it is also important for understandin
speech perception by cochlear-implant listeners or hearin

The intelligibility of speech having either a single hole
arious bands or having two holes in disjoint or adjacent
Yands in the spectrum was assessed with normal-hearing lis-

Yeners. The extent of the effect of the location, size, and

|mp§1|red listeners in ge”e"?": Cochlear mplants f':lr.e.based O|51attern of spectral holes on vowel and consonant recognition
the idea that there are surviving neurons in the vicinity of theWas evaluated

electrodes. The lack of hair cells and/or surviving neurons in

certain areas of the cochlea essentially creates fRdl&n A. Method
the spectrum. The extent of the effect of holes in the specy gypjects
trum on speech understanding is not well understood. It is Twenty normal-hearing listene(@0 to 25 years of age
not known, for instance, whether the spectral holes can ac-

count for some of the variability in performance among CIparticipated in this experiment. All subjects were native
X : . e . speakers of American English. The subjects were paid for
listeners. It is therefore of interest to first find out which set

of hole patterts) is most detrimental for speech recognition, their participation. Eleven of the subjects were tested at the

The answer to that question would then be useful for deterl_Jnlverszlty of Texas at Dallas and the remaining nine subjects

S . .~ “'were tested at Arizona State University.
mining ways to somehow make up for the lost information.

The aim of this study is to examine the effect of the
location and size of spectral holes on vowel and consona
recognition. Understanding this effect will provide insights ~ Subjects were tested on consonant and vowel recogni-
as to why some Cl listeners do not perform well, despite thdion. The consonant test used 16 consonants in /aCa/ context
wealth of information they receivicochlear-implant listen-  taken from the lowa consonant teyler et al, 1987. All
ers receive only a small numbé4—6) of channels of fre- the syllables were produced by a male speaker.
quency information, despite the fact that some implant pro-  1he vowel test included the words: “heed, hid, hayed,
cessors transmit as many as 20 channels of informéatign, ~ h€ad, had, hod, hud, hood, hoed, who'd, heard” produced by
Fishmanet al, 1997; Dormaret al, 2000]. In addition, we male and female talkers. A total of 22 vowel tokens was used
could use the data of this study to develop a frequencyfor testing, 11 produced by 7 male speakers and 11 produced
importance function that takes into account the fact that lisPY 6 female speakefsiot all speakers produced all 11 vow-
teners could combine information from disparate frequency'Sl- The stimuli were drawn from a set used by Hillenbrand
bands in the spectrum. In experiment 1, speech was prc?—t aI.(lQ95). The first two formant frequencigas est|mated
cessed through six frequency bands, and synthesized asbéi H|I!enbrand et al) of the vowels used for testing are
sum of sine waves with amplitudes equal to the rms energ@Ven in Table I.
of each frequency band, and frequencies equal to the center ]
frequencies of the bandpass filtefSix channels were used 3- Signal processing
as we found in previous studide.g., Loizouet al,, 1999 Speech material was first low-pass filtered using a sixth-
that six channels were enough to achieve high levels obrder elliptical filter with a cutoff frequency of 6000 Hz.
speech understandifdo synthesize speech with a hole in a Filtered speech was passed through a pre-emphasis filter
certain frequency band, we set the corresponding sine waweith a cutoff frequency of 2000 Hz. This was followed by
amplitude to zero. We systematically created holes in each dfandpass filtering into six different frequency bands using
the six frequency band®ne hole at a timeand examined sixth-order Butterworth filters with center frequencies of
vowel and consonant recognition. Similarly, speech was syn393, 639, 1037, 1685, 2736, and 4444 Hz, respectively. The
thesized with two holes in the spectrum, by setting the corfrequency boundaries of the six bands are given in Table II.
responding sine wave amplitudes to zero. All possible comThe filters were designed to span the frequency range from
binations were created, including the scenarios where tw800 to 5500 Hz in a logarithmic fashion. The output of each
holes were in adjacent frequency baffifgis making a larger channel was passed through a rectifier followed by a second-
hole) or where the two holes were in disjoint frequency order Butterworth low-pass filter with a center frequency of
bands. The data from experiment 1 were used in experimert00 Hz to obtain the envelope of each channel output. Cor-

n% Speech material
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TABLE Il. The 3-dB frequency boundaries of the six bands with the corre-did not remove any frequency bands. Overall, subjects were
sponding center frequenciéslz) of each band. tested with a total of 22 conditions.

Lower Upper Center
Band frequency(Hz) frequency(Hz) frequency(Hz) 4. Procedure
1 300 487 393 The experiments were performed on a PC equipped with
2 487 791 639 a Creative Labs SoundBlaster 16 soundcard. Stimuli were
° o 1o84 1087 layed to the list lly through Sennheiser HD
4 1284 2085 1685 played to the listeners monaurally through Sennheiser H
5 2085 3388 2736 250 Linear Il circumaural headphones. The words were dis-
6 3388 5500 4444 played on a computer monitor, and a graphical user interface

was used that enabled the subjects to indicate their response
by clicking a button corresponding to the word played. No

. . . feedback was given during the test.
responding to each channel a sinusoid was generated wi e .
. At the beginning of each test the subject was presented
frequency set to the center frequency of the channel and with . ) o .
. with a practice session in which the vowels or consonants
amplitude set to the root-mean-squaleahs) energy of the

channel envelope estimated every 4 ms. The phases of tHEre processed through six channels—no holes were intro-
P y ' P d%ced (baseline condition After the practice session, the

sinusoids were estimated from the fast Fourier transform . ; : .
: . bjects were tested with the various spectral hole condi-

(FFT) of the speech segment. The sinusoids of each ban . . .
were finally summed and the level of the synthesized speecﬁ'wons' Two groups of subjects were used, 11 from University
f Texas—Dallas and 9 from Arizona State University. The

segment was adjusted to have the same rms value as t% subjects at The University of Texas at Dallas were tested

original speech segment. . I
. with the 14 test conditions labeled as, 0, 1, 2, 3,4, 5,6, 7, 9,
To create a hole in frequency band(B<N<6), we set 15, 16, 18, 20, and 21 in Table Ill. The zeroth condition

the amplitude of the sinusoid corresponding to frequencycorresponded to the baseline condition in which all six chan-

232(1?!\; ;c;léle ;cr)ﬁ S“E)Sggs stﬁzi; )?thhtc\alvs;zr?gl;Ss,lvr\}grtehgﬂrgtnea:jlnt;nr%ls were present. The nine subjects at Arizona State Univer-
P ' Y. X ity were tested with the fifteen conditions labeled as 0, 1, 2,

setting the amplitudes of the sinusoids in frequency bandsr\i 45 6.8 10 11 12 13 14 17 and 19 in Table Ill. Note
and N to zero. Speech was synthesized using the remamm{ﬂat both groups of subjects were tested with the baseline

four channel amplitudes. o . . "
Vowel and consonant stimuli were created for six Single_condmon. The order in which the conditions were presented

hole conditions and 15 two-hole conditions as shown inVaS partially counterbalanced between subjects to avoid or-

Table I11. All possible combinations of removing two out of der effects. In the vowel and consonant tests, there were nine

. . . repetitions of each vowel and each consonant. The vowels
the six frequency bands were considered. For comparative .

. e . and the consonants were completely randomized.
purposes, we also created a baseline condition in which we

B. Results
TABLE IIl. The 22 test conditions considered in this study. The zeroth .
condition corresponds to the baseline condition. The chésimeimoved in The mean percent-correct scores for the single-hole con-
each condition are indicated with a zero. ditions are shown in Fig. 1. A one-way ANOVA with re-

peated measures showed a significant main effect of the lo-
cation of the spectral hol¢F(6,60)=9.7,p<0.0005 on

Channel Channel Channel Channel Channel Channel

Condition 1 2 3 4 5 6 o .

consonant recognitiorRost hoctests according to Tukefat
0 1 1 1 1 1 1 alpha=0.05 showed that the scores obtained with channels
; 2 é i i 1 i 4, 5, or 6 off were significantly lower than the baseline score.
3 1 1 0 1 1 1 The average scores of the baseline condition were not sig-
4 1 1 1 0 1 1 nificantly different p=0.313) between the two groups of
5 1 1 1 1 0 1 subjects. The scores obtained with channels 1, 2, or 3 off
6 1 1 1 1 1 0 were not significantly different from the baseline score.
; 8 2 é i 1 i The consonant confusion matrices were analyzed in
9 0 1 1 0 1 1 terms of percent information transmitted as per Miller and
10 0 1 1 1 0 1 Nicely (1955. The feature analysis is shown in Fig. 2. A
11 0 1 1 1 1 0 one-way ANOVA showed a nonsignificant effefdt(6,60)
12 1 0 0 1 1 1 =14.6, p=0.484 for the feature “manner” and a nonsig-
12 i 8 1 (1) é 1 nificant effect for the feature “voicing”F(6,60)=2.7,p
15 1 0 1 1 1 0 =0.06]]. The feature “place” was significantlyF(6,60)
16 1 1 0 0 1 1 =15.6,p<0.0005 affected.Post hocTukey tests showed
17 1 1 0 1 0 1 that conditions in which channel 4, 5, or 6 were removed
18 1 1 0 1 1 0 were significantly different from the baseline condition.
;g i 1 i 8 2 c1> For the vowel data, a one-way ANOVA showed a sig-
21 1 1 1 1 0 0 nificant main effecf F(6,54)=14.5,p<0.0003 of the loca-

tion of the spectral hole on vowel recognition.pdst hoc
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9
g 60- FIG. 1. Mean percent scores for vowel
8 and consonant recognition as a func-
t 501 tion of the location of the spectral
§ hole. The holes were centered around
& 401 the channel center frequencies. In the

- Consonants baseline condition, all channels were

30 —~Vowels present.

20

10

0 1 2 3 4 5 6 Baseline
Channel Off

Tukey test showed that the scores obtained with channels 1he scores obtained with channel pairs that included channels
3, or 4 off were significantly different from the baseline score4, 5, or 6 were significantly lower than the baseline score
(p<<0.05). The score obtained when channel 2 was off wagp<0.05). This seems to be consistent with the single-hole
not significantly different from the baseline score. The factconditions, and reinforces the message that channels 4, 5,
that channels 1, 3, and 4 were found to have a significanand 6 are very important for consonant recognition.
effect on vowel recognition was not surprising since those  The consonant confusion matrices were analyzed in
channels cover the1—-F2 frequency range. terms of percent information transmitted. The feature analy-
The mean percent-correct scores for the two-hole condisis is shown in Fig. 4. A one-way ANOVA with repeated
tions are shown in Fig. 3. The mean scores dropped signifimeasures showed a significant eff¢€t(15,120=5.5, p
cantly when a second hole was introduced in the spectrunx:0.0005 for the feature “manner,” a significant effect for
The baseline score for consonant recognition dropped frorthe feature “voicing” [F(15,120) 3.5,p<0.0003, and a
89.06% to an averag@cross all conditionsof 69.6%. A  significant effect[ F(15,120)=6.7,p<<0.0003 for the fea-
one-way ANOVA showed a significant main effect on con-ture “place.” Post hocTukey tests showed that the manner
sonant recognition when two holes were introduced in thescore obtained with channel pdit,2) removed was signifi-
spectrum [F(15,120)=6.4,p<<0.0005. Post hoc Tukey cantly lower (p<<0.0005) than the baseline score. The voic-
tests showed that several channel pair combinations signifing scores obtained with channel paik2 and (1,4) re-
cantly affected consonant recognitiofl,2), (1,4), (1,6 moved were significantly lowemp<0.005) than the baseline
(2,9, (2,6), (3,9, (3,6), (4,9, (4,6, and(5,6). The drop in  score. All place scores were significantlp<0.005) lower
performance when both channels 1 and 2 were removed wdkan the baseline score.
due to the low scores obtained for nagat/,/n) and labial- For vowel recognition, a one-way ANOVA showed a
stop consonant/b/,/p/) recognition. Overall, we found that significant main effect[F(15,75)=6.9,p<0.0005 when

100+

— " - = N - &

90

80 -

70
-
3
£ 604
8
= 50l FIG. 2. Percent information transmit-
g ted for the features place, manner, and
& 404 voicing as a function of the location of
o

= Place the spectral hole.

301 -4 Manner

20 O Voicing

10+

0 1 2 3 4 5 6 Baseline
Channel Off
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1001
901 "
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701 FIG. 3. Mean percent scores for vowel

and consonant recognition as a func-

tion of the location of the pair of spec-
tral holes. The holes were introduced

50 .

at frequencies centered at the channel

40- pairs indicated. In conditiofl,4), for

-m Consonants instance, channels 1 and 4 were re-

304 moved from the spectrum. In the base-

= Vowels line condition, all channels were

204 present.

60

Percent correct

10

0 T T T T T T T T T T T T T T T T
0 (1,2) (1,3) (1,4) (1,5) (1,6} (2,3) (2,4) (2,5) (2,6) (3,4) (3,5) (3,6) (4,5) (4,6) (5,6) Baseline
‘ Channel Pair Off

two holes were introduced in the spectrufust hocTukey 1. Effect of location of spectral holes

tests showed that several channel pair combinations were - . N
significantly affected on vowel recognition,?), (1,3, _ For vowels, StatIStIC§I| analysis showed a significant drop
(1,4,(2,3, (2,4, (3,4, (3,5, and (5,6). The drop in vowel in performance when either chanqels 1, 3, or 4, centered'at
performance when both channels 5 and 6 were removed ways: 1037, and 1685 Hz, respectively, were removed. It is
due to the low scores obtained for the vowels in “heed,”safe to assume that chann_el 1 CO(EB information, and
“hid,” and “hayed.” Post hocTukey tests showed that the channels 3 and 4 codE2 mformatl_on for most vowels
scores obtained with channel pairs that included channel 1, $7aPle ). Channel 3 may also codel information for some

or 4 were significantly lower from the baseline scorgs ( [cmale vowels(i.e., vowels in *hod” and *hud”). Depend-
<0.05), consistent with the outcome in the single-hole coniNd ©n how high theF2 frequency is for some speakers,
ditions. More specifically, the lowest scores on vowel recogcha@nnel Sand, indirectly, channel)@nay also be important

nition were obtained with channel paits,2), (1,3, (1,4), for the recognition of some vowels. Channel 5 may, for in-
and (3,4). stance, cod€& 2 information for some vowel§.e., heed, hid,

hayed produced by female speakers or children who gener-
ally have a high=2 frequency. Indeed, close examination of
the individual vowel’s scores indicated that the identification
of the female vowels in “heed,” “hid,” and “hayed”
The above results suggest that vowel and consonant redropped significantly when both channels 5 and 6 were re-
ognition suffer when holes are introduced in the spectrummoved.
The degree of degradation in recognition performance as It is interesting to note that vowel recognition perfor-
well as effect of the location of the spectral holes was differ-mance was not significantly affected when channétén-

C. Discussion

ent for vowels and consonants. tered at 639 Hgwas removed. Channel 2 most likely codes

100 .

90

80 .

704
g
£ 604
Q - . . . .
° 50 FIG. 4. Percent information transmit-
§ e "*‘ ted for the features place, manner, and
5 0] ¥ ‘ \‘___‘.7___A\ » voicing as a function of the location of
o e the pair of frequency bands removed.

S
30+
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104 -=\Voicing

0 T T T T T T T T T T T T T T T T
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100 - recognition. It should be noted that the drop in performance,

90 - Er::me although statistically significant, was not dramatic for either

80 - ' consonant or vowel recognition. Even in the worst-case con-
70 ditions, vowel and consonant recognition remained about
§ 60 70% correct. So, relatively high vowel and consonant recog-
S ) nition performance can be maintained even with a single
g . hole in the spectrum. This outcome is consistent with the
8 data reported by Shannet al. (2001) with cochlear-implant

+ listeners. Shannoet al. artificially created single holes by

201 turning off a number ofapical, middle, or baspklectrodes

10 in Cl listeners who were fitted with the 22-electrode Nucleus

U - " device. Holes were created that were 2—8 electrodes wide

had hod head hayed heard hid heed hoed hood hud ho'd . . .
% o8 s hayediear® TE 1% e corresponding to 1.5—6.0-mm width. High vowel and conso-

nant recognition was maintained even when as many as four

FIG. 5. Mean percent scores on individual vowel recognition for the condi-electrodes were turned off either in the low-, middle-, or
tion in which channel 2 was removed from the spectrums 20). The dark ; ;

. . ; . igh-fr ncy regions.
and white bars give the scores obtained with vowels produced by female anla 9 equency regions
male speakers, respectively. Error bars indicate standard errors of the mean.

Medial vowel

F1 information either together with channel 1 or alone. In-2' Effect of size and pattern of spectral holes

formation abouf 1 is captured by channel 2 alone when the In 5 out of the 15 conditions tested, the size of the hole
first formant frequency of the vowel falls near the centeror equivalently, the width of the notch in the spectrum,
frequency of channel 2. In that case, a peak in the channeloubled, since in these conditiofise., channel pairgl,2),
spectrum is observed at channel 2, and consequently remo{2,3), (3,4), (4,5, and(5,6)] the channels that were removed
ing channel 2 will significantly reduced performance. This iswere adjacent to each other. This caused a large drop in
demonstrated in Fig. 5, which shows the listeners’ individualvowel recognition performance, and only a moderate drop in
vowel performance when channel 2 was removed. Vowegls / performance for consonant recognition. Vowel recognition
and /a/ were the only vowels that were significantly affecteddropped in some cases to as low as 47% correct. The lowest
because thé1 frequency of those vowels happened to beperformance occurred wheR1 information was missing
near the center frequency of channel 2. For the remaininge.g., pair(1,2)], whenF2 information was missingdjpairs
vowels, however, as evident from Fig. 5, listeners seemed t®,3), (3,4)], or when bothH-1 andF2 information was miss-
infer F1 information from channel 1 when they did not have ing [pair (1,4)].
access to channel 2 information. This suggests that having a Consonant recognition was only mildly affected by the
rough estimate of 1 is sufficient for the recognition of most location of the pairs of frequency bands removed. The de-
vowels. That was not the case wH2, since removing either crease in consonant identification was due primarily to the
channels 3 or 4 affected vowel recognition. loss of place informatioriFig. 4). The manner and voicing
For consonants, statistical analysis showed a significarfeatures were significantly affected only when information
drop in performance when either channels 4, 5, or 6 wer@boutF1 was missing. Overall, consonant identification re-
removed. This outcome is consistent with the conventionamained robust and hovered around 70% for most conditions.
view that high-frequency cues are important for recognitionEven when the middle- and high-frequency bands were ab-
of place. So, the drop in consonant recognition performanceent, consonant recognition remained around 70% correct.
was primarily due to a reduction in information transmitted This outcome is consistent with the data reported by Lipp-
for place(Fig. 2. mann (1996, who evaluated consonant recognition by pre-
Removing any of the low-frequency channéls-4) af-  senting a low-pass band below 800 Hz and a high-pass fre-
fected vowel recognition, and removing any of the high-quency band with cutoff frequency varying from 3.15 to 8
frequency channelg4—6) affected consonant recognition. kHz. He observed a high score of 91% correct when the
Interestingly enough, channel 4, which had a center frehigh-pass cutoff frequency was 3.15 kHz. This corresponded
quency of 1685 Hz, was found to be important for bothto the case where channels 4 and 5 were removed in our
vowel and consonant recognition. The freque(t§85 H2 study. The score for that condition was 67.5% correct. The
corresponding to channel 4 is close to the well-known crosséifference in scores between our study and Lippmann’s can
over frequency estimated in articulation index studies. De- be attributed to the fact that our listeners only had access to
pending on the speech material used, the crossover frequentyur channelgtwo channels were removgdf frequency in-
was found in articulation index studies to be in the range oformation. Similar findings were reported by Dormanal.
1550 to 1900 HZStudebakeet al, 1987; Hirshet al, 1954; (1989 with ClI listeners fitted with a four-channel processor.
French and Steinberg, 1947 No significant difference was found between the consonant
Overall, with the exception of channel 2 which did not identification score obtained with only channelgldw fre-
significantly affect either vowel or consonant recognition,quency and 4(high frequency activated and the score ob-
removing single channels caused a modest, but significatdined with all four channels activated. Our study extended
reduction in performance in vowel and consonant recogniborman’s and Lippmann’s findings to show that high conso-
tion. Consonant recognition was less affected than vowehant recognition can be maintained even in the absence of
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not only middle frequencies but also low-high, low-middle, We calculated the weight; of each channel by predict-

low-high, and middle-high frequency information. ing the responses of the subject as a linear combination of
Overall, we can say that vowel recognition seems to behe strength of each channel, i.e.,

sensitive to the size and pattern of holes in the spectrum. 6

This was not surprising, since it is known that listeners rely szz WiE;, (1)

primarily on spectral cues to identify vowels. In contrast, i=1

listeners make use of both temporal-envelope cues anq SP&khere R, is the mean percent-correct score for condition
tral cues to |de_nt|fy consonants. In the absence of sufﬂmenénd E. is the strength of théth channel corresponding to
spectral cues, listeners probably rely more on temporal Cueg,giion k. The strength of each channel is a binary value

to identify consonants. _AS shown in this experiméfig. 4), that can be either 0 or 1 depending on whether the channel is
these temporal cues did not seem to be affected by the fr%-ﬁ or on, respectively. The value ¢ ranges from 1 to 22

qu:encyllocation of the pair of bagdﬁ rem(r)]\{m*cerf)t when spanning all channel combinatiofifable Ill). Forming the
channelq1,2) were removefl We believe that is the reason prediction errore, as

that consonant recognition remained relatively higtv0%
correcy even when two holes were introduced in the spec-
trum. The above results have certain implications for co- &= Rk—; WiEik, @)
chlear implants. The finding that the location and pattern of

holes affects mostly vowel recognition suggests that in cowe can estimate the channel weights by minimizing the sum
chlear implants, neuron survivédesponsible for the holes in ©Of all the squared errors with respectg. Alternatively,

the spectrumought to account for some of the variability in Ed. (1) can be written in matrix form as

vowel recognition performance among Cl listeners. R=EW, 3)

6

where R is a 22-dimensional vector containing the mean
percent-correct scores for conditions 1 to E2is the data
matrix (22X 6) consisting of the strengths of each channel
(Table IIl), andW=[w;,w>,...,Wg] is a 6-dimensional vec-

Several investigators have used the Al method to detefr consisting of the desired channel weights. .
mine frequency-importance functions. The Al method uses a "€ @bove set of equations represents an overdetermin-
quantity between 0 and 1 to represent the proportion ofStic System of equations since we have 6 unknowthe
speech information available in a specific frequency band tghannel weightsand 22 equationéone for each condition
the listener. This information is then multiplied by a We calculated the weight&/ by solving the matrix equation
frequency-importance or “weighting” function, which is ob- 9iven by (3) using a least-squares approach
tained using a rather time-consuming process of low-pass \w=(ETE) " E'R. (4)

and high-pass filtering speech. The Al method assumes that . ) .
the information contained in each band is independent of thé\fter obtaining the solution from Ed4), we normalized the

information contained in other bands and does not take intéﬂve'ghts so that the sum of all the weights was equal to 1.

account the fact that listeners may combine speech informa-
tion from multiple disjoint bands. This was first demon- B. Results and discussion
strated by Kryte(1962, who evaluated recognition of pass-

band speech, and showed that the Al could not adequatex =

predict Iintelligibilit;g Og paGSSband jp;ec.h.b;s;milasr findir;gs seen, the shape of the weighting function was different for
were also reported by Grant an raid991). Severa vowels and consonants. For vowels, there was unequal

rr;ethods were pTogpsedhin the Iilterature t’?h c;rcgm\[/)er;]t thi%veighting across the various channels, suggesting that each
shortcoming, including the correlation method by o E?rtychannel contributed differently in understanding these vowel
and Turner(1996 and a recent method based on Stat'St'Caltokens Channels. 1. 3. and 4. centered at 393 1037. and
decision theory by Musch and Bu800). In this experi- 1685 Hz, respectively, received the largest weight. This out-

ment, we use the data from experiment 1 to derive %ome was consistent with the listener’s reduction in perfor-

frequency-importance function based on a least-squares 4Mance in experiment 1 when those channels were removed.

proach. Unlike the Al methqd, the' proposed Ieast-sqqareﬁgso’ consistent with our data from experiment 1, channels
approach makes use of the listener’s scores on perception gf o * _ +'c"\ o civad the lowest weight

vowels and consonants composed of disjoint frequency The weighting function for the consonants was relatively

bands. flat. This suggests that for consonant recognition all channels
are equally important. This outcome is consistent with the
data reported recently by Mekt al. (2000. Mehr et al. es-

Our approach to obtain the importance of each fretimated the frequency-importance function of nonsense syl-
guency band follows the method proposed by Ahumada anthbles using the correlational method. Speech was divided
Lovell (1970. We used the results from experiment 1 tointo six frequency bands, and a randomly chosen level of
predict the importance or perceptual “weight” of each chan-filtered noise was added to each channel on each trial. Chan-
nel. nels in which the signal-to-noise ratio was more highly cor-

IIl. EXPERIMENT 2: FREQUENCY-IMPORTANCE
FUNCTIONS

The relative weights of the various channels are shown
ig. 6 for the vowel and consonant stimuli. As can be

A. Least-squares approach
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shape of the weighting functions for vowels, suggesting thabrief, the least-squares approach proposed in this study is
subjects used different listening strategies for vowel recognianother viable approach for obtaining frequency-importance

tion.
The fact that the weighting functions for vowels and

functions.

consonants were different suggests that subjects were usitldg SUMMARY AND CONCLUSIONS

different listening strategies to identify vowels and CONSO-~
nants. For vowel identification, listeners rely primarily on
spectral cues and therefore place more emphasis or more
“weight” on the channels that codél andF2 information.

For consonant identification, listeners rely on both temporal-
envelope and spectral cues, which are distributed across all
channels. Hence, all frequency bands contributed equally to
consonant identification, at least for the filter spacing used in
this study. The data from experimentHig. 3) are consistent
with this conclusion. The fact that consonant recognition re-
mained relatively constant, around 70% correct, regardless of
which pairs of channels were removed, clearly demonstrated
that all channels contributed equally to consonant recogni(ii)
tion. Had the listeners placed more emphasis on certain
channels or pairs of channels, we would have seen a dra-
matic decrease in performance at those chagnels we did

with the vowels. We suspect that, in general, the frequency-
importance function must be dependent, among other factors,
on the speech material and the frequency spacing used.
Studebakeet al. (1987, for instance, showed that the shape
of articulation index function and the crossover frequency
depended on the speech material.

We did not vary the frequency spacing in this study, butj)
rather used the logarithmic spacing typically implemented in
current cochlear-implant process@t®izou, 1998. Accord-
ing to the data obtained in this experiment, logarithmic spac-
ing provided an equal amount of speech information in eachiy)
frequency band for consonant identification. This outcome
has important implications for cochlear implants. Logarith-
mic spacing would be desirable assuming that CI listeners
are able to extract information fromil their electrodes. As
shown by many investigatorg.g., Fishmaret al, 1997; (v)
Dorman et al, 2000; Zwolanet al, 1997, that is not the
case. This suggests that the frequency spacing should be cus-
tomized for each CI subject in such a way that their resulting
frequency-importance function has larger weights on the
functional electrodes and smaller weights on the not-so-
functional electrodes.

Despite the differences between the least-squares ap-
proach used in this study and the correlational method used
by Mehret al. (2000, we obtained a similafalmost identi-
cal) weighting function for nonsense syllables. The testing
process involved in deriving the weighting functions is time
consuming, and therefore both methods are impractical for
clinical applications. Another drawback of the correlational (vi)
method is that it is dependent on the number of trials used
for testing. As many as 1200 trials were required in some
cases to get significant raw correlatiofMehr et al,, 2000;
Turneret al,, 1998. Our method is not largely dependent on
the number of trials, but requires an adequate number of
conditions. In our study, we needed to run a total of 22 con+vii)
ditions, which is considerably less than the 135 conditions
needed for articulation index studiés.g., Studebakest al,

1987 to estimate the frequency-importance function. In
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When a single hole was introduced in the spectrum,
vowel and consonant recognition decreased. The de-
gree of degradation in performance depended on the
location of the hole or, equivalently, the frequency
band removed. For vowels, there was a significant
drop in performance when either of the frequency
bands, 1, 3, and 4 centered around 393, 1037, and
1685 Hz, respectively, were removed. For consonants,
there was a modest, yet significant, drop in perfor-
mance when either of the frequency bands 4, 5, and 6,
centered around 1685, 2736, and 4444 Hz, respec-
tively, were removed.

Vowel recognition was affected the most, with the
lowest performance(60% correck obtained when
channel 3, responsible for coding2 information,
was removed. Consonant recognition remained rela-
tively high at around 70% correct even when high-
frequency channels were removed. Feature analysis
indicated that the drop in consonant performance was
primarily due to loss of place information. The man-
ner and voicing features were not affected by the lo-
cation of the hole in the spectrum.

When two holes were introduced in the spectrum,
vowel recognition decreased even further, and conso-
nant recognition remained constant around 70% cor-
rect (the same as in the single-hole condijion

Vowel recognition performance was dependent on the
frequency location of the pairs of bands removed. In
particular, removing pairs of bands that contaired
and/or F2 information caused a significant drop in
performance.

In contrast, consonant recognition was only mildly af-
fected by the location of the pair of frequency bands
removed. Consonant recognition remained robust at
70% correct, even when the middle- and high-
frequency speech information was missing. This out-
come is consistent with Lippmannid996 findings
that accurate consonant recognition can be maintained
even when the middle frequencies in the spectrum are
absent. Our study extended Lippmann’s findings to
show that high consonant recognition can be main-
tained even in the absence of disjoint frequency bands
involving low-, high-, and/or middle-frequency infor-
mation.

The shapes of the frequency-importance functions,
derived in experiment 2 using a least-squares ap-
proach, were different for vowels and consonants.
This is 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. Channels 1, 3, and 4 received the
largest weight. The frequency-importance function for
consonants was relatively flat, suggesting that all
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