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Recognition of consonants, vowels, and sentences was measured in conditions of reduced spectral
resolution and distorted spectral distribution of temporal envelope cues. Speech materials were
processed through four bandpass filtesalysis bands half-wave rectified, and low-pass filtered

to extract the temporal envelope from each band. The envelope from each speech band modulated
a band-limited noisécarrier bands Analysis and carrier bands were manipulated independently to
alter the spectral distribution of envelope cues. Experiment | demonstrated that the location of the
cutoff frequencies defining the bands was not a critical parameter for speech recognition, as long as
the analysis and carrier bands were matched in frequency extent. Experiment |l demonstrated a
dramatic decrease in performance when the analysis and carrier bands did not match in frequency
extent, which resulted in a warping of the spectral distribution of envelope cues. Experiment Ill
demonstrated a large decrease in performance when the carrier bands were shifted in frequency,
mimicking the basal position of electrodes in a cochlear implant. And experiment IV showed a
relatively minor effect of the overlap in the noise carrier bands, simulating the overlap in neural
populations responding to adjacent electrodes in a cochlear implant. Overall, these results show that,
for four bands, the frequency alignment of the analysis bands and carrier bands is critical for good
performance, while the exact frequency divisions and overlap in carrier bands are not as critical.
© 1998 Acoustical Society of Amerid&0001-496@08)02210-3

PACS numbers: 43.71.Ky, 43.71.Es, 43.66[T&S]

INTRODUCTION indicated how little was understood about recognition of
speech under conditions of minimal or distorted spectral in-
Speech pattern recognition has been evaluated underfarmation.
wide variety of conditions that alter and reduce spectral and In the design of prosthetic devices we face a dilemma
temporal information. Speech has proven to be a robust sigrvhich has both theoretical and practical implications: how
nal that is resistant to many forms of distortion and informa-do we maximize the speech information transmitted, given
tion reduction. For example, speech can be recognized evehe limitations of the prosthetic device interface to the ner-
when the spectral information is reduced to three sinusoidgsous system? Hilet al. (1968 partitioned the problem into
that track the formant transitions over tinfRemezet al,  two parts: analysis issues and presentation issues. The analy-
1981). Even removing all spectral cues in speech results in &is problem is concerned with how to parcel speech informa-
surprisingly high level of speech phoneme discriminationtion in a way that preserves the maximum amount of infor-
and recognition(Schroeder, 1968; van Tasedt al, 1987, mation, given the limitation of a small number of channels.
1992; Rosen, 1992; Drullman, 1995; Turmetral, 1995; Sh- The presentation problem is then to define the optimal map-
annonet al, 1995, and provides significant assistance for lip ping of the channels of speech information into perceptual/
reading(Erber, 1972; Granét al,, 1985, 1991 neural channels via the prosthesis.
Cochlear implants present an interesting case for under-
standing speech pattern recognition. In cochlear implants &. The analysis problem

relatively small num_ber of e_Iectrodes activate. tonotopic The analysis problem depends primarily on the distribu-
patches of neurons with a portion of the speech signal. HoWgo, of critical speech pattern information in frequency and

ever, the physiological response to electrical stimulation igjme \what temporal and spectral patterns of information are
quite different from the normal acoustic response. AMONGnqgt critical for speech recognition? If we are limited in

other differences, all neurons activated by an electrode argimer the temporal or spectral domains, what are the most
driven in a h!ghly deterministic fashiofvan den Honert and important speech cues remaining within those limitations?
Stypulkowski, 1984, 1987; Hartmanetal, 1984. Even o example, if we could determine that a listener had only
Wlth these _abnormal properties in the physiological responsgy, o potential receiving channels for speech information,
patients with as few as four electrodes have demonstrat€gat is the best way to divide speech information into two

high levels of speech recognition—higher levels than mostyannels to preserve the maximum number of distinctions
researchers have predicted might be possible with such sgey4sg gifferent talkers and listening conditions? One indica-

vere quantization of spectral information. This observation;s comes from the original research on the articulation in-
dex (Al) which attempted to define an importance function
dElectronic mail: Shannon@hei.org for each spectral segment of spedEletcher and Steinberg,
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1929; French and Steinberg, 194Fletcher and colleagues inable intensity level$Zeng and Shannon, 1992, 1994; Nel-
used high-pass and low-pass filtered speech to find that 15G®n et al, 1997, which may be adequate for speech. In
Hz was the frequency around which low-frequency and high€ontrast, spectral resolution in an implant depends on many
frequency contributions were equal for speech recognitionfactors, including the number of electrodes, the proximity of
Articulation theory further defined the importance of eachthe electrode to the remaining neurons, and the degree of
spectral region’s contributions to the recognition of speech.neuronal survival in the individual patient. Because several
Using a different approach, Shannenal. (1995 sys-  of these factors are difficult to evaluate in implanted patients,
tematically reduced spectral information in speech to onewe have developed an acoustic model of implant speech pro-
two, three, or four bands of modulated noise. The surprisingessing that allows us to parametrically measure the effect of
result was that speech was highly recognizable with onlytonotopic distortions in the speech pattern in normal-hearing
three or four bands of noise, each modulated by the envelogdesteners.
from that same spectral band in speech. However, even with
this result it is not clear that the four frequency bands chosef. Rationale of present study
by Shannoret al. were the optimum for speech information
content. One of the purposes of the present study is to stu
then:m)p;]ortance of spectral parameters for speech pattern "®4Coustic simulation of a cochlear implant that systematically

Th tof t Linf i ired f hreduced spectral information. In this simulation speech was
€ amount ot temporal Information required Ior Speechy; ;iqeq jnto several contiguous frequency bands. The enve-
recognition has recently been evaluated in conditions of re

. . lope of each band was extracted by full-wave rectification
duced spectral informatiofVan Tasellet al, 1987; Turner P y

- ) and low-pass filtering at 160 Hz. This envelope was then
etal, 1995; Shannoet al, 1995; Dormaret al, 19972. In used to modulate a band of noise. In the original experiments

these studies envelope information was low-pass filtered %hannoret al. (1995 changed the number of bands and the
successively lower frequencies and used to modulate ban toff frequency of the envelope filter. High levels of speech

.Of noise or a sinusoid as a carrier. No ch'a.nge was observer cognition were possible with only four modulated bands of
in vowel, consonant, or sentence recognition as long as thﬁ

; . oise, modulated at relatively low rates. These results were
low-pass envelope filter cutoff was 50 Hz or higher. Remov- y

: | fluctuati b 50 Hz had froct obtained in normal-hearing listeners in whom the global pat-
Ing envelope fluctuations above Z nad no etiect on reCeo o speech information, while spectrally reduced, was at
ognition, while removing envelope fluctuations between 2

X ST o east presented to the appropriate tonotopic region of the
and 50 Hz resulted in reduced phoneme discriminability an%ochlepa via the modulategaoiZe bands P g

reduced speech recognition. Thus speech recognition is pos- Recent studiesDorman and Loizou, 1998; Dorman

sible with only four bands of noise, even when each band i$;; .| 1997a: Fishmaet al 1997 validated the noise-band
modulated with low-frequency envelope information beIOWsimuIation of cochlear implants by comparing the simulation

50 Hz. results to performance of cochlear implant patients with the
same number of channels. The performance of normal-
hearing listeners with the noise-band simulation sets an up-
In sensory prosthetic devices the goal is to convey inforper bound on the performance of implant listeners with the
mation through an impaired sensory modality or through arsame number of channels. The results from the best perform-
alternate sensory modality. Thus we must understand thieg implant listeners were similar to those from the normal-
limitations and capabilities of the impaired or substitutehearing listeners for the same number of channels. Poor per-
sense to fully utilize its information carrying capacity. In the forming implant listeners may be using fewer effective
case of cochlear implants, acoustic information is being prespectral channels, or there may be other processing deficits
sented to the auditory system, but electrical stimulation actiunderlying their poor performance.
vates the auditory system in a manner that produces highly But how would speech recognition be affected by tono-
unnatural patterns of neural activity. Some of the differencesopic alterations in the minimal pattern of information?
between acoustic and electrical stimulation are critical limi-When the central auditory system is already working with a
tations for conveying speech information, while other differ-minimal spectral representation of spedels in implanty
ences may be of only secondary or no importance. Tdow would recognition be affected by changes in the spectral
achieve the best match between the speech features extractéidtribution of information along the nerve array? In cochlear
from the acoustic signal and the information transmitted tamplant listeners the neural population stimulated by a given
the electrically stimulated nerve, we must understand whiclelectrode may be larger or smaller than for the adjacent elec-
patterns of neural activity are critical for speech recognitiontrode. If uniformly spaced electrodes stimulate nonuniformly
and which are secondary. spaced segments of nerve, this would result in a warping or
Psychophysical experiments with cochlear implantsstretching of the spectral distribution of envelope cues. In the
have demonstrated that temporal processing in implant pgresent experiments we systematically alter the spectral lo-
tients is relatively normalShannon, 1983, 1986, 1989, 1990, cation and extent of four bands of speech envelope informa-
1992. Intensity processing is abnormal in implant listeners,tion. Since four was the minimum number of bands that pro-
but is still capable of restoring normal loudness growth withvided a high level of speech recognition, any detrimental
the proper loudness mapping function in the speech procesnanipulation of the pattern of envelope information should
sor. However, implant listeners only have 20-40 discrim-result in a reduction in speech performance. These manipu-

To simulate the limited spectral cues available to co-
lear implant listeners Shannet al. (1995 developed an

B. The presentation problem
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lations may not only provide insights into the difficulties Recognition of words in sentences was measured using the
faced by cochlear implant patients, but may also demonstratgound track from the City University of New York laser
the sensitivity of normal speech pattern recognition to altervideodisc everyday sentencé®oothroydet al, 1985. Data

ations in the spectral distribution of information. were collected for 24 sentences, representing 100 key words,
from each subject. The sentences were of easy-to-moderate
I. METHOD difficulty, presented with no context, and no sentences were

repeated to an individual listener. No feedback was provided
other than the overall score for each condition.
Subjects were eight native speakers of American En-
glish, normal-hearing adults, ranging in age from 22 to 50p. pata analysis
years old. Their hearing was tested in a standard audiometric , , .
fashion to ensure that their thresholds were better than 20 g " €ach experiment the experimental conditions were

HL. Two of the authorRVS and JW were two of the eight tgsted .for significant diff_erences from a comparison condi-
subjects. tion using a standard pairgeest. In addition, the results of

experiments Il were tested against a single-channel condition
to evaluate the loss of spectral information. Results of all
tests of significance are presented in Tables I-1V.

A. Subjects

B. Equipment and signal processing

All signals were digitized at a 10- or 20-kHz sample rate

and passed through a pre-emphasis filte6 dB/octave be- || EXPERIMENT I: LOCATION OF BAND DIVISIONS
low 100 H2. Signals were then split into frequency bands . ) ) ) .
(third to fourth order Elliptical IIR filters For the standard The first experiment investigated the importance of the

condition(STD) the output from each filter was 15 dB down SPacing of the cutoff frequencies that define the four bands.
from the level in the passband at the frequency where adjalhree conditions were tested: linear spacing of the four
cent filters overlapped. For conditions with increasing overands(LIN), tonotopic spacingLOG), and one intermediate
lap between adjacent filters the same nominal cutoff frequenSPacing(STD). In the linear(LIN) condition the crossover
cies were used as in the STD condition, but the slopes of théquencies(—15 dB down of the four filters were nomi-
filters were reduced to the specified value. Thus condition§2lly 1000, 2000, and 3000 Hz. The filter crossover frequen-
with shallower slopes had more energy at the crossover poirdi€S in the standar¢STD) condition were 800, 1500, and
between adjacent filters. The envelope was extracted by fulR900 Hz which were selected to be the same as the filters
wave rectification and low-pass filteririg-6 dB/octave EIl- USed by Shannoat al. (1993. In the tonotopidLOG) con-
liptical IR filter with cutoff frequency of 160 Hz, selected to dition the frequency spectrum from 80 to 4000 Hz was di-
be well above the 50-Hz value where previous research hagded into four equal distances on the basilar membrane,
shown no deterioration in temporal clieShe envelope de- corresponding to crossover frequencies of 332, 845, and
rived from each band was then used to modulate a whitd886 Hz(assuming a 35-mm cochlear length and using the
noise. The modulated noise was frequency limited by filterformula of Greenwood, 1990Fourth-order IIR elliptical fil-

ing with a bandpass filteithird to fourth order Elliptical IR~ €rs were then designed to implement these crossover fre-
filters). This last bandpass filtering reduced the modulatiorfluencies. In this experiment the same filters were used for
depth to some degree because it removed the modulatidhe analysis and for filtering the noise carrier bands. The
sidebands. The resulting modulated noise bands were thenl D data are taken from the results of Shanebal. (1995,
combined, low-pass filtered at 4 kH& kHz for experiment ~ collected earlier with the same eight subjects with the same
1) (Kronhite 3343: 24 dB/ogt amplified (Crown D75 and test ma_terlals. The LIN anq LOG conditions were run in
presented to the listener through headphofiE®H-49).  randomized order for each listener.

Overall levels were calibrated for each combination of paExperiment I: Results and discussion

rameters to produce an average A-weighted output level of

75 dB for continuous speech. Figure 1 presents the results of experiment | for sen-

tences, vowels, and consonants, and Table | presents the tests
of significance between the experimental conditions and the
STD condition. In the STD condition sound-only perfor-
Consonant and vowel stimuli were taken from the soundnance was 90%-95% correct on all three tests. Performance
track of the lowa audiovisual speech perception laser videoen sentences and vowels was significantly lower in the LIN—
disc (Tyler et al,, 1989. A single male talker was used for LIN condition and performance on all measures was signifi-
both vowels and consonants. Three exemplars of each tokerantly lower in the LOG—-LOG condition. Although these
were selected randomly. Consonant confusion matrices wergores are lower than the STD condition, they still represent
compiled from 10 presentations of each of the 16 mediahigh levels of speech recognition. Consonant recognition
consonantshdgptkImnfsfvzj6/ presented in an was slightly(but significantly better in the LIN-LIN condi-
/al-consonant-/a/ context. Vowel confusion matrices werdion than in LOG-LOG, while vowel recognition was
compiled from nine presentations of each of the eight vowelslightly better in the LOG—-LOG condition.
in an /h/-vowel-/d/ contextheed: /hil/, hawed: /bd/, head: These results indicate that the exact crossover frequen-
/hed/, who'd: /hud/, hid: /hd/, hood: /lwd/, hud: /lad/, had:  cies in a four band representation are relatively minor factors
/haed/, heard: /lxd/, hoed: /hd/, hod: /kvd/, hayed: /hd/). in speech recognition. We speculate that the STD condition

C. Test materials
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TABLE I. Pairedt-tests of significance for the data from experiment I. point for distinguishing coarse speech featui&se, 1985.

LIN-LIN vs LOG-LOG vs LIN-LIN vs
STD-STD STD_STD LOG-LOG IIl. EXPERIMENT II: WARPING THE SPECTRAL
DISTRIBUTION OF ENVELOPE CUES

Sentences 7.26 4.76 -0.21 . ] )
Vowels 8.77 3.39 —3.4P In cochlear implants the extent of auditory nerve excited
Consonants 0.85 431 2.4 by each electrode depends on many factors, including the
Significant at=<0.01 level (dE-7). elec'grqde bipole orientation, the_prOX|m|ty c_>f the_electrode_ to
bSignificant at<0.05 level (df7). surviving neurons, and the location and uniformity of surviv-

ing neurons. For example, some pathologies may produce
foor spiral ganglion survival in the basal portion of the co-

tion at 1500 Hz, a frequency known to divide high from low chlear and better survival in the apical region. Other patholo-
second formants and a frequency division point commonl)gie_s may produce relatively uni_form nerve survival along the.
used in automatic speech recognition systems to separa‘?@t're cochlea. MOSt cochleqr implant speech Processors di-
voiced from unvoiced stimuli. This is probably due to the vide the acouspc spec'trum into equal tonotoplcally.spaced
fact that the central pattern recognition system has adapted nds a:nd thg mforr;‘]atlon Ifrom each.of these ban?sr:s roluted
the variety of talkers and listening conditions. Information ©© @n eeqtro eint € scala tympanl. However, If the elec-

provided by second formant varies across talkers, roo rodes activate nonuniform regions of nerve due to a combi-
acoustics, and competing noise conditions. A specific, fixedation of the above factors, this strategy creates a mis-
set of frequency divisions might be best for a given talker,matChed condition in which t_he speech (_anvelope mforma_tlon
but a specific set of filter divisions may not be optimal acrosEXtracted from uniformly wide tonotopic bands are being

a range of different talkers or listening conditions. For ex-Presented to sectors of nerve of varying widths. In the ex-
ample, the best dividing point may be different for male andample above, the basal electrode may stimulate a broad sec-

female talkers due to differences in their formant frequen-{o" ©f Nerve in a region with sparse neuronal survival, while

cies. In a normal ear with many effective processing chanf—‘he apic;al elgctrode may .stimullate a narrow sector of nerve
nels this is probably not a problem, but in processors with dn aregion with good .surV|vaI.. Since these two electrodes are
reduced number of channels 1500 Hz probably representspc{esent'ng envelope information from comparable bands, the

compromise frequency which provides the best dividingresu“ is a distortion of the spatid@onotopig distribution of
envelope information: The envelope information from high-

frequency regions will activate a disproportionately wider
section of the cochlea than the envelope from low-frequency

had slightly higher scores because there was a band tran

4 Bands, 160 Hz LP, N = 8

100

i Sentences ] regions.
80+ . To simulate such a mismatch a different frequency ex-
60 ] tent was used for the analysis and carrier bands. In this ex-
40k ] periment the speech envelope information was extracted
- . from linearly spaced bands and used to modulate tonotopi-
- 20 ] cally spaced noise bandkIN-LOG), and vice versdLOG-
9 108 E —= ] LIN). In these conditions the same envelope information was
C L Vowels —— - extracted as in experiment I, but the tonotopic extent of the
5 80 1 ] cochlea that received that information was different from the
O 60t ] analysis band. Thus the tonotopic representation of speech
40 C | . envelope cues was “warped.”
8 o0 F ] Figure 2 presents a comparison of spectrograms for the
C i R A I | N STD-STD, LIN-LOG, and LOG-LIN conditions for the ut-
0“_’ 100 F Coreomart s = terance “shoo cat.” Note how the spectral distribution of
- — — i ] energy over time is altered for the conditions in which the
80 - ] ; ap £ i
- . analysis and carrier filters are mismatched. For a speech
60 L1 ] sound that contains a sweep in spectral energy crossing from
40 1 one band to another, the transition in the processed version
o0+ 4 occurs at the right time, but in the wrong tonotopic location.
Ot 7 Experiment II: Results and discussion
Analysis: STD LIN LOG . . .
Carrier:  STD LIN LOG Figure 3 presents the results for the tonotopic warping

, . o conditions on sentence, vowel, and consonant materials.
FIG. 1. Results of experiment I: Location of band divisions. Percent correctN . . . .
recognition of sentence&op), vowels (middle), and medial consonants NOt€ that a dramatic and significant reduction in perfor-
(lowen for three frequency divisions. All conditions used matched analysismance was evident in all conditions, compared to the STD—
bands and noise carrier bands, 4-band processors and a 160-Hz, low-pa8¥D, LIN—LIN, or LOG—LOG conditions(Table Il). The
envelope filter. In all figures error bars indicate one standard deviationconsonam scores for the mismatched conditions were onIy
Dotted line indicates chance level of performance and dashed line indicateg o o . . .
the level of performance with no spectral cusmgle-channel results from  20%—55% correct, which were not significantly different

Shannoret al, 1995. (Table 1) from the consonant scores with the same subjects
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Analxsis: STD LIN LOG
FIG. 2. Example spectrograms of the utterance “SHOO CAT” from con- Carrier:  STD LOG LIN

ditions of experiment |l: Tonotopic warping _of fenvelope cues. Upper pan‘eIFIG. 3. Results of experiment II: Tonotopic warping of envelope cues.
shows spectrogram from STD—STD condition: a four band processor witl ashed and dotted lines are the same as in Fia, 1

no tonotopic warping. In the middle panel envelope cues were extracte 9. L

from logarithmically spaced filters and used to modulate noise bands that

were spaced linearl. OG-LIN) and in the lower panel the reverfelN- Speech when access to the full range of speech cues is re-
LOG). stricted.
We speculate that people may be able to learn to recog-

) ) . nize speech even with these distortions, because the informa-
and the same materials for a single band processor with gy, is still present. Prior studies of the learning time for
spectral cueglevel indicated in each panel of Figs. 1, 3, 4, ajtered or distorted speecBlesser, 197Rindicate that sev-
and 5 by a horizontal dashed line€Consonant scores in the grg) days or even weeks may be necessary for learning to
single band condition are higher than those observed by Vagnderstand running speech, similar to the relearning time for
Tasselet al. (1987 because a single male talker was usedsjtered vision(Kohler, 1964.
and the subjects had considerable practice with this stimulus
set, which probably resulted in some incidental learningyy, EXPERIMENT Ill: FREQUENCY SHIFTING
(Van Tassekt al,, 1992. Vowel recognition was reduced to ENVELOPE CUES
25% correct. Like the consonant score, this level of perfor-

mance was no bettéand possibly a bit worgehan the score Cochlear implant electrodes are inserted through the

with no spectral cueélable Il). Sentence recognition scores round window into the scala tympani for a length of 20-25
b ) 9 mm. The multiple stimulating electrodes in a fully inserted

) . » 0
in the mismatched conditions were less than 10% correct. device are located at tonotopic locations corresponding to

These results indicate that. th.e m'smatCh'”_Q of the Sp_ecfrequencies of 800 Hz and above. If the electrode carrier is
tral extent of envelope cues eliminates the ability of the Ils-not fully inserted, the tonotopic location of the most apical
tener to utilize the minimal spectral cues provided by thesectrode corresponds to an even higher frequency. However,
stimuli. If the envelope cues are in their proper tonotopicy|| present commercial implant speech processors divide the
locations and extents, they can be integrated for speech regy,qio spectrum into multiple, contiguous frequency bands. A
ognition, even with only four bands. But when the tonotopicprocessed version of the information in each of these bands

distribution of envelope information is warped, performance(usua"y the envelopds presented to a single electrode pair.
falls to the level achieved in the single band case, which

provides no spectral cues at all. In this case the same spectralpLE 1. Pairedt-tests of significance for the data from experiment .
envelope information is present as in the four band LIN—LIN

or LOG-LOG conditions and the information is still distrib- LIN-LOG vs LOG-LINvs  LIN-LOG vs  LOG-LIN vs
uted tonotopically. However, the central pattern recognition STD-STD STD-STD Single channel Single channel
system apparently cannot utilize the tonotopic distribution ofSentences 32.19 83.7F 2.24 0.50
envelope information when the pattern is distorted. From thig/©%e!S 15.50 10.49 ~1.70 —347

: : R, C t 9.88 9.8¢% 0.66 1.22
result we infer that the relative tonotopic distribution of en- onsonan®

velope information is a critical dimension for recognition of 2Significant at<0.01 level (d=7).
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Analysis: LOG  LOG LIN LIN LIN LIN LIN Analysis: STD STD STD STD  STD  STD
Shift: 0 8 mm 0 1k 2k 3k 4k Carrier: 3 dB 6 dB 18dB STD 200Hz SINE

FIG. 4. Results of experiment Ill: Frequency shift. Dashed and dotted lineg=|G. 5. Results of experiment IV: Band overlap. Dashed and dotted lines are
are the same as in Fig. 1. the same as in Fig. 1.

The output of the lowest-frequency analysis band is preyom experiment I(LIN-LIN and LOG-LOG are repro-

sented to the most apical electrode pair. The output from thg,ced here for comparison. For the LOG-8 mm shift condi-

next lowest band is presented to the second most apical pajfon the consonant score was not significantly reduced, but

and so on, until all bands are assigned to all usable electroqge \o\e score was dramatically reduced and the sentence
pairs. If we assume that each electrode is stimulating NeUrong, - gnition score was reduced to essentially Zetatistical

near its cochlear location, this stimulation scheme will resu“signiﬁcance results are presented in Tablg Withough all

in a basal shift of the speech pattern. If the neuron survival IS the temporal cues in the four bands were preserved and
uniform and the electrode proximity to those surviving neu- o . . ) _
the four bands maintained their relative tonotopic spacing

rons is uniform, the speech pattern will simply be shifted . .
. . o . _and extent, speech recognition was completely disrupted.
from its normal location. However, if either neuron survival . o
In the LIN shift conditions there was a graded effect as

or electrode location are nonuniform the speech pattern on . . )
the auditory nerve will be both shifteahd warped. a function of the amount of frequency shift. For a 1-kHz shift

To simulate these conditions we shifted the noise carriep‘lN'1 k) the consonant score was similar to the unshifted

bands relative to the analysis bands. In one condition thgondition, while the vowel score was significantly reduced.

. . 0,
analysis bands were arranged tonotopic4llG) and the The sentence score was strongly reduced to only 10% correct

noise carrier bands were shifted 8 mm basally in cochleaf’©™ the unshifted score of 80% correct. As the frequency
location using the Greenwodd 990 formula, which was a shift increased the consonant score decreased, while the
shift of nearly two octaves. This resulted in a condition simi-VOWel and sentence scores remained at low levels for all
lar to a cochlear implant that was not fully inserted. In thisreguency shifts, probably indicating a floor effect.
case the noise carrier bands were at the following frequency We anticipated that the detrimental effect would be less
locations: band 1: 500—1156 Hz: band 2: 1156—2640 HziN the LOG shift condition than for the LIN shift condition
band 3: 2640—5052 Hz: and band 4: 5052—10 200 Hz. IPecause the relative tonotopic pattern was preserved, and
another set of conditions linearly spaced analysis band§mply shifted in mm along the cochlea. If the central mecha-
(LIN) were used and the output noise carrier bands wer8isms for speech pattern recognition stored templates of
shifted up in frequency by 1, 2, 3, or 4 kHz from the analysisrelative speech envelope patterns in terms of mm along co-
bands. This manipulation resulted in a basal shift of thechlea or along the nerve arrayiller, 1989), we would ex-
speech pattern and a compression of the pattern in terms gect that the LOG shift condition would result in relatively
tonotopic distance. little decrease in performance. This was clearly not the case,
suggesting that the central representation is stored in terms of
absolute not relative cochlear place. The LIN shift condi-
Figure 4 presents the results from the frequency shiftions may have resulted in a smaller decrease in performance
conditions for sentences, vowels and consonants. The result@cause the shift in terms of mm in the cochlea was smaller

Experiment Ill: Results and discussion
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TABLE Ill. Paired t-tests of significance for the conditions of experiment IlI.

LIN 1 k vs LIN 2 k vs LIN 3 k vs LIN 4 k vs LOG 8 mm vs

LIN—LIN LIN—-LIN LIN-LIN LIN—LIN LOG-LOG
Sentences 22.24 28.64 27.58 31.44 21.27
Vowels 9.77 9.26¢ 11.1%8 8.64 11.43
Consonants 0.74 4.833 6.56 9.43 2.28

aSignificant at<0.01 level (d=7).
bSignificant at<0.05 level (df=7).

in the high-frequency regions than for the LOG shift condi-riers were simply sinusoids near the center frequency of each
tion. band. In another conditiofSTD-200 Hz the noise carrier
Recent clinical survey&Bredberg and Lindstrom, 1996; bands were 200-Hz-wide bands of noise for each channel. In
Hartrampfet al, 1996; Kumakawat al, 1997 have shown these two conditions there was no overlap in the output of
poorer performance in cochlear implant patients with shorthe carrier bands and, in fact, the output stimulus had spec-
electrode insertion depths, even after a substantial period afal regions in which no stimulus was present. To simulate
experience. Dormart al. (19970 simulated the effect of increasing overlap between output channels the carrier noise
electrode insertion depth in normal-hearing listeners with théyands were fixed at the nominal crossover frequencies of the
noise-band technique. They found that the performance levedTD configuration and the slopes of the filters broadened
of normal-hearing listeners was similar to that of cochleafrom —24 to —18 to —6 to —3 dB/octave. Since the filters
implant listeners when the noise carrier bands were shifted ifyere generally separated by an octave or less this last con-
mm to simulate typical electrode insertion depths. This resuljition resulted in overlap such that the output level at the

implies that the implanted listeners did not improve theircenter of a band was only 3 dB above the level from the
performance with practice, but were performing similarly to adjacent carrier bands.

normal-hearing listeners with the same signal processing and ) )
tonotopic shift and no practice. Experiment IV: Results and discussion

Rosenet al. (1997) recently measured performance as a  Figure 5 presents the results of the carrier overlap con-
function of training in normal-hearing listeners with a four dition for sentences, vowels and consonants, and Table IV
noise-band processor and a 6-mm tonotopic shift. Initial perpresents the statistical comparisons. In general, the degree of
formance was reduced to chance by the 6-mm shift, a resuverlap in the output carrier bands had relatively little effect
similar to the 8-mm shift in the present experiment lll. After on speech recognition. Broadening the carrier bands from
only 3 h oftraining, they found substantial improvement, but sjnysoids to bands of noise with18 dB/octave slopes pro-
performance at that point was still only half of the level qyced a significant effect on consonant and sentence recog-
achieved with the STD—-STD condition. The Rosaral.re-  pjtion, but the absolute performance level was still quite
sult indicates that some relearning is possible for tonotopihigh_ For the—3 and—6 dB/octave slope conditions all re-

cally shifted speech patterns, but the clinical studies suggeg}jts were significantly lower than the STD condition.
that complete accommodation may not be possible even after - consider the limiting conditions for such manipulations.

prolonged experience. We know that as the filter slopes are broadened to 0 dB/
octave the output is reduced to a single-band processor and
V. EXPERIMENT IV: SPECTRAL SMEARING the performance would be reduced dramatically, to less than

In a cochlear implant it is widely assumed that good5% correct on sentences. Yet-a8 dB/octave, which results
speech recognition requires selective stimulation of distinctn extensive overlap, listeners still were able to correctly
neural populations by each electrode. It is also assumed thigtentify words in sentence material at 25%. This is an en-
neural overlap is inversely correlated with electrode dis-couraging result for cochlear implant speech processor de-
crimination, i.e., that electrodes that stimulate different neusign. It indicates that speech recognition is possible even
ral populations are easily discriminable while electrodes thawith considerable overlap between electrodes. Apparently al-
stimulate overlapping neural populations are poorly discrimidnost total overlap is necessary to reduce performance to the
nated. In acoustic listening, the analogous assumption is thatngle-band level.
broadened auditory filters observed in some hearing impaired At the other end of the scale, 200-Hz-wide carrier bands
listeners are the primary cause of reduced speech intelligibilend sinusoidal carriers, which result in a sparse spectral rep-
ity in those listener¢Boothroydet al.,, 1996; ter Keurt al, resentation, still allow nearly perfect recognition of sentence
1992, 1993; Mooreet al, 1992. material with only four modulated sinusoids, replicating a

Electrode interaction in cochlear implants or broadenedecent result by Dormast al. (19973. Earlier studies with
auditory filters in impaired hearing was simulated by broad-sinusoidal vocoders required 8—10 bands to achieve similar
ening the filter slopes on the noise carrier bands. The analyevels of performancéHill et al, 1968, in some cases be-
sis bands were fixed at the same frequencies and filter slopeause they were using low-pass filters for envelope extrac-
as in the STD condition. However, the slopes of the noisdion of only 15—20 Hz. With this severe filtering, some of the
carrier bands were systematically varied to produce condimore rapid temporal cues and voicing periodicity was lost,
tions of varying degrees of overlap. At one extreme the carand more spectral channels had to be added to make up for
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TABLE IV. Pairedt-tests of differences from the STD—STD condition for the conditions of experiment IV.

STD 3dB STD 6 dB STD 18 dB STD 200 Hz STD Sine
Sentences 9.98 9.2¢% 3.27 2.09 —54P
Vowels 16.38 9.77 0.96 2.48 0.29
Consonants 10.81 10.38 3.14 2.29 —-1.90

&Significant at<0.01 level (d=7).
bSignificant at<0.05 level (d& 7).

the loss of temporal information. In a normal cochlea, a si-experiments to demonstrate the robustness of speech pattern
nusoid or narrow band of noise is represented in the neurakcognition to some distortions in the tonotopic pattern but
response across a considerable tonotopic extent due to thet to others.
normal cochlear processingRose etal, 197]). So the The data of experiments Il and Il on spectral warping
“sparse” spectral representation of the sinusoidal andand shifting demonstrate some conditions which have a more
200-Hz noise-band stimuli actually resulted in an internaldetrimental effect on vowels than on consonants. Drullman
representation on the auditory nerve that was more contigwet al. (1994 found that conditions of temporal smearing had
ous than the spectrum. a larger detrimental effect on consonants than on vowels. As
speech cues are reduced to a minimum it appears that reduc-
tions in temporal and spectral cues have differential effects
VI. GENERAL DISCUSSION on consonants and vowels. Shannetrmal. (1995 demon-
strated that consonantal voicing and manner cues are cor-
The present series of experiments builds on earlier workectly perceived even when spectral cues are reduced to only
with signal correlated noiséSchroeder, 1968; Rosen, 1992; two bands of modulated noise, indicating that those conso-
van Tassekt al, 1987, 1992; Turneet al, 1995; Shannon nant contrasts require only minimal spectral information.
et al, 1995. Those experiments removed all spectral infor-However, vowel recognition and consonantal place of articu-
mation in speech and preserved only the broadband temporkition required more spectral detail for high levels of recog-
envelope. Recognition of consonants was surprisingly highition, indicating that vowel recognition depends more on
even in the complete absence of any spectral informatiorspectral cues than on temporal cues. In the present experi-
Turneret al. (1995 and Shannoet al. (1995 extended this ments temporal cues were preserved across all conditions
technique to two bands. In their experiments speech was filand spectral cues were distorted by shifting or warping. In
tered into a high-pass band and a low-pass band, divided gkveral conditions consonant recognition was only slightly
1500 Hz. The envelope from the high-pass band of speeciegraded while vowel recognition was reduced to single-
was used to modulate a high-pass band of noise and similariyhannel levels. This result is consistent with those previous
for the low-pass band. Recognition of vowels and consonantstudies in that vowel recognition is more sensitive to spectral
improved dramatically with two modulated noise bands comdistortions than is consonant recognition. In conditions
pared to one. This result demonstrated that temporal envavhere consonant performance was relatively good and vowel
lope information, quantized into two spectral bands, was sufperformance was podifFig. 4, LOG-8 mm conditioy) sen-
ficient for overall high recognition performance on tence recognition was completely disrupted. This suggests
consonants and was sufficient for recognition of almosieither that both vowel and consonant phonemic recognition
100% of the voicing and manner information. In addition, must achieve a certain minimal level before the linguistic
Shannonet al. (1995 expanded the technique to three andretrieval can be successfully accomplished or that vowels are
four bands, which resulted in high levels of sound-onlymore important than consonants for sentence recognition.
speech recognition. Information transmission analysis The present experiments measured speech recognition
(Miller and Nicely, 195% showed that the improvement from performance without any practice in conditions of shifted
two to four bands was primarily due to increased informationand warped spectral distribution of envelope cues. Certainly,
on place of articulation, as might be expected. experience with the altered spectral distributions will im-
The present series of experiments investigated speegfrove performance, as demonstrated by Ble$$872 and
recognition by starting with the minimal spectral representarecently by Rosert al. (1997. However, our intention was
tion that resulted in good speech recognitidrbands: STD— to take a ‘“snapshot” of the effect of spectral alterations
STD). This limited set of cues was then perturbed/distortedcompared to existing normal acoustic pattern recognition.
to see which dimensions were most critical for speech recwhether or not these altered patterns can be fully learned and
ognition. We might expect considerable robustness to smaivhether performance will ultimately return to the unaltered
distortions in amplitude or spectral cues because these typésvel is a separate and important question. From the present
of distortions occur commonly in everyday listening condi- results it is not possible to predict which pattern of alteration
tions. However, in listeners with limited capacity for pro- from the present experiments might be learnable.
cessing acoustic signals, like the severely hearing impaired
or cochlear implant listeners, the remaining cues they hav¥/!l- SUMMARY AND CONCLUSIONS
available may be more delicate and more sensitive to distor- Speech recognition is a complex and robust process that
tion. The present experiments extend the results of previousan be accomplished under conditions of severe distortion in
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the original signal. Under ideal listening conditions the cen-Fishman, K., Shannon, R. V., and Slattery, W. (#997. “Speech recog-
tral pattern recognition and linguistic access mechanismsnition as a function of the number of electrodes used in the SPEAK co-
have a rich and redundant set of peripheral cues. As Iisteninlg‘:t‘l‘:g'r”r_'p'a;; dsgigfnhbs:gcisség; ; Sgﬁi‘jl‘a;'ssrte‘“:ﬁizﬁe‘tﬁgsg
conditions deteriorate, or under con_d_ltlons of penphergl Pa- gl syst. Tech. J8, 806-854.

thology, the central pattern recognition must work with agrench, N. R., and Steinberg, J. @947). “Factors governing the intelli-
reduced set of cues from the periphery. The present series ofibility of speech sounds,” J. Acoust. Soc. A, 90—119.
expe”ments t”es to quanufy the effect Of Corrupted and |im_Grant, K. W., ArdeII, L., Kuhl, P., and Sparks, u985 “The contribution

. - - - . of fundamental frequency, amplitude envelope, and voicing duration cues
ited peripheral information on speech recognition. to speech reading in normal subjects,” J. Acoust. Soc. A 671-677.

Previous Work(ShannorEt al, 1995 demonstrated that Grant, K. W., Braida, L. D., and Renn, R.(199)). “Single band amplitude
four bands of modulated noise were sufficient for high levels envelope cues as an aid to speechreading,” Q. J. Exp. Psy4Bal.
of speech recognition. The present experiments expand thig21-645.
previous result to define which parameters of such a reducedf eelr‘WOOQ, D. 52)531990- “IAtCOQbIJeez freqttlegcy-p;s;:igg Sl;;nczt:ﬁoonsfor sev-

. e e eral species—. ears later, . ACoust. >o0cC. . - .
representatlon are most critical for speech recognition. Ex-Hartmagm R. Toppy, G.. and Kiinke, RL984. “Discharge patterns of cat
periment | demonstrated that the exact cutoff frequencies primary auditory fibers with electrical stimulation of the cochlea,” Hear-
which define the four bands were not critical for speech rec- ing Res.13, 47-62.
ognition. Experiment Il demonstrated that warping the specHartrampf, R., Dahm, M. C., Battmer, R. D., Gnadeberg, D., Straus-Schier,
tral distribution of envelope cues renders speech completely”- Rost, U., and Lenarz, T(1995. “Insertion depth of the Nucleus

. .. . .~ electrode array and relative performance,” Ann. Philseipzig) 104,
unintelligible. Experiment Ill demonstrated that a tonotopic .7 »g, y P Yeipzig)

shift of the envelope pattern resulted in poor intelligibility, wii, F. 3., McRae, L. P., and McClellan, R. PL968. “Speech recognition
even when the relative cochlear distribution of envelope cuesas a function of channel capacity in a discrete set of channels,” J. Acoust.
was preserved. This result indicates that the central patternSoc. Am.44, 13-18.

recognition mechanisms are not robust to even linear tra_né(_ohler, I. (1964. The Formation and Transformation of the Perceptual

. . World, translated by H. Fiséinternational Universities Press, Vienna
lations of the pattern along the neural array, at least Wlthoukumakawa’ K., Tadeka, H., and Ujita, NL997. “Determining the opti-

training. Experiment IV demonstrated that the selectivity of mum insertion length of electrodes in the Cochlear 22-channel implant:
the envelope carrier bands was not critical for speech recog-Results of a clinical study,” Adv. Otolaryngob2, 129-134.

nition; performance deteriorated only when the bands werdiller, G. A., and Nicely, P. E{1955. "An analysis of perceptual confu-
broadly overlapping, smearing the tOhOtOpiC specificity of sions among some English consonants,” J. Acoust. Soc. 2in338—

352.
envelope cues. Miller, J. D. (1989. “Auditory-perceptual interpretation of the vowel,” J.
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