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The importance of intensity resolution in terms of the number of intensity steps needed for speech
recognition was assessed for normal-hearing and cochlear implant listeners. In experiment 1, the
channel amplitudes extracted from a six-channel continuous interleaved sait@i8)gorocessor

were quantized into 2, 4, 8, 16, or 32 steps. Consonant recognition was assessed for five cochlear
implant listeners, using the Med-EI/CIS-link device, as a function of the number of steps in the
electrical dynamic range. Results showed that eight steps within the dynamic range are sufficient for
reaching asymptotic performance in consonant recognition. These results suggest that amplitude
resolution is not a major factor in determining consonant identification. In experiment 2, the
relationship between spectral resolutigrumber of channelsand intensity resolutiofnumber of

step$ in normal-hearing listeners was investigated. Speech was filtered through 4—-20 frequency
bands, synthesized as a linear combination of sine waves with amplitudes extracted from the
envelopes of the bandpassed waveforms, and then quantized into 2—32 levels to produce stimuli
with varying degrees of intensity resolution. Results showed that the number of steps needed to
achieve asymptotic performance was a function of the number of channels and the speech material
used. For vowels, asymptotic performance was obtained with four steps, while for consonants, eight
steps were needed for most channel conditions, consistent with our findings in experiment 1. For
sentences processed though 4 channels, 16 steps were needed to reach asymptotic performance,
while for sentences processed through 16 channels, 4 steps were needed. The results with
normal-hearing listeners on sentence recognition point to an inverse relationship between spectral
resolution and intensity resolution. When spectral resolution is goer, a small number of
channels is availabjea relatively fine intensity resolution is needed to achieve high levels of
understanding. Conversely, when the intensity resolution is poor, a high degree of spectral
resolution is needed to achieve asymptotic performance. The results of this study, taken together
with previous findings on the effect of reduced dynamic range, suggest that the performance of
cochlear implant subjects is primarily limited by the small nunieur to six) of channels received,

and not by the small number of intensity steps or reduced dynamic rang€00©® Acoustical
Society of Americd.S0001-49660)04911-0

PACS numbers: 43.71.Ky, 43.71.ESWT]

I. INTRODUCTION In contrast, cochlear implant listeners have a small dy-
namic range, typically 5-30 dB, and receive only a small
Normal-hearing listeners can detect amplitude changegumber (four to siY of channels of spectral information
over a 100-dB acoustic dynamic range with a high resoluthrough their device, despite the large number of electrodes
tion. The total number of discriminable intensity steps forstimulated(Fishmanet al, 1997; Wilson, 199% The inten-
normal acoustic hearing, as calculated from Weber fractiongity difference limens(DLs) in electrical stimulation are
reported by Schrodest al. (1994, was .found to be over 89 comparable, and sometimes better, than the DLs in acoustic
(Nelsonet al, 1998. The large dynamic range coupled with stimylation, depending on the intensity level. Implant listen-
fine intensity resolution and fine spectral resolution allowsg g can detect 1—2-dB changes in intensity near threshold
normal-hearing listeners to maintain high speech intelligibil-5,4 0 25_0.5-dB changes at higher intensity leves.,
ity in background noise and in extreme signal conditionsShannon, 1983: Nelsoet al, 1996; Pfingstet al, 1983:

lacking traditional spectral cues. Hochmair-Desoyeret al, 1981; Dillier et al, 1983. Al-
though some implant listenerge.g., Hochmair-Desoyer
dElectronic mail: loizou@utdallas.edu etal, 1981 can detect smaller intensity changes than
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normal-hearing listeners, the difference is not enough tdhe eight implant subjects in the Nelsehal. (1996 study
compensate for the large difference in dynamic range. Théed us to wonder whether the performance of the poorly per-
number of discriminable steps within the dynamic range iforming subjects was limited by a small number of steps. To
considerably smaller than the number of steps in acoustigain a purchase on the answer to this question, we created,
hearing, and also varies considerably among subjects. Nelsdar presentation to implant patients, VCV syllables that had
et al. (1996 found that in some subjects the 30-dB dynamicbeen quantized into 2—-512 intensity steps. In this manner we
range of speech was coded by fewer than 8 steps while iaxperimentally controlled the intensity resolution available
other subjects it was coded by less than 45 stéfise three  to the patients. At issue in experiment 1 was how many
factors cited above, spectral resolutimmimber of channels  quantized steps are necessary for patients to achieve an
dynamic range, and intensity resolutiGtmumber of discrim- asymptotic level of consonant recognition. We chose conso-
inable intensity steps across the dynamic rangee all fac-  nant recognition as our measure since amplitude envelopes
tors that can potentially affect the performance of cochleaare significant cues to consonant identity.
implant subjects. The number of channels available clearly ~To better understand the role of intensity resolution on
affects the transmission of spectral cu@orman et al,, speech recognition one also needs to take into account the
1997; Loizouet al, 1999; Shannort al, 1995, while the  number of channels available. There might be a trade-off
dynamic range and the number of discriminable steps magelationship between spectral resolutiomumber of chan-
affect the coding of temporal-envelope cues. However, thé@els and intensity resolutionumber of quantization steps
extent to which these factors, separately and/or by interacthis hypothesis is based on our vié@ormanet al, 1997
tions, affect speech understanding is not yet well understoodhat when speech is processed through a small number of
We have addressed the effect of reduced dynamic rangehannels, the relative differences in across-channel ampli-
on speech understanding in a previous st(dyizou et al,  tudes must be used to code frequency information. In this
2000. In that study, we simulated the effect of reduced dy-View, if intensity resolution were to be distorted, then speech
namic range using normal-hearing listeners as subjects t@cognition ought to decline. On the other hand, when speech
avoid the confounding facto®.g., surviving ganglion cells, is processed through a large number of channels, fine inten-
electrode insertion depth, et@ssociated with cochlear im- Sity resolution might not be needed, since the frequency in-
plants. Signals were processed in a manner similar to a siformation can be coded by the channels which have energy.
channel continuous interleaved samplinglS) processor These questions are investigated in experiment 2 with
(Wilson et al, 1991 and output as the sum of sine waves normal-hearing listeners, where we assess speech intelligibil-
with frequencies centered in the middle of each analysidly as a function of number of channels and as a function of
band. The amplitudes of the sine waves were compressed f§imber of intensity steps. Normal-hearing listeners were
fit within a 6-, 12-, 18-, and 24-dB dynamic range. Our re-used because the channels and steps manipulations cannot be
sults showed a significant effect of compression for all tesindependently controlled with implant listeners due to the
materials, although the effect of the compression was differMany confounding factors qssouated with electrical stimula-
ent for the three test materiaigowels, consonants, and sen- fion. The results of experiment 2 could also be used to
tences. Vowel recognition was affected the most by the _benchmark the performance of _cochlear_ implant listeners,
compression, while consonant recognition was affected thk€-» {0 assess whether cochlear implant listeners extract the
least by the compression. Sentence recognition was mode?@me amount of information as normal-hearing listeners un-

ately affected. Similar findings were reported by Zeng and!€r Similar conditions of reduced intensity resolution. To
Galvin (1999 with four implant listeners using the produce speech with varying degrees of intensity resolution,

Nucleus-22 SPEAK speech processor. Two conditions of rewe synthesized speech as a linear combination of sine waves

duced dynamic range were examined. In the first condition@1d quantized the amplitudes of the sinewaves to 2—-32 lev-

they reduced the electrode dynamic range to 25% of the fuffls- The intelligibility of vqwels, consonants, and_ sentences

range by artificially raising the threshold levels to 75% of theWaS assessed as a function of spectral resolution and as a

dynamic range. In the second condition, they created a pitunction of intensity resolution.

nary representation of the acoustic amplitudes by further de-

creasing the comfortable levels to 76% of the dynamic rangd!- EXPERIMENT 1: ELECTRIC HEARING

Their results showed that vowel recognition was significantlyy pethod

affected(although marginally by the dynamic range reduc- )

tion, whereas consonant recognition was not significantly af- Subjects

fected. The subjects were five postlingually deafened adults
The above studies demonstrated a significant effect, alwho had used a CIS processor for periods ranging from 3 to

beit mild, of dynamic range reduction on speech recognition4 years. Each of the patients had used a four-channel,

It is possible, however, that the number of discriminablecompressed-analog signal procesfoeraid for at least 4

steps available in the patient’s dynamic range may be a morgears before being switched to a CIS processor. The patients

important factor for speech perception than the dynamicanged in age from 40 to 68 years and they were all native

range itself. That is, a patient with a large dynamic rangespeakers of American English. Biographical data for each

might only have a few discriminable steps, and, similarly, apatient are presented in Table I. Four patients were fitted

patient with a small dynamic range might have a large numwith a six-channel CIS processor and one pati@® was

ber of steps. The variability in the number of steps amonditted with a five-channel CIS processor.
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TABLE I. Biographical data of the five cochlear-implant users who participated in this study.

Age Age at
(years at which Score on  Score on
detection hearing aid Age fit H.LN.T NU-6
of hearing gave no with Age at  Etiology of sentences words in
Subject  Gender loss benefit Ineraid testing hearing loss in quiet quiet
S1 M 20 46 63 68 unknown 88 46
S2 F 10 46 47 55 unknown 44 20
S3 M 5 43 48 58 unknown 92 43
S4 F 7 31 33 40 unknown/ 100 80
hereditary
S5 F 23 48 51 57 unknown 100 71
2. Speech material to the electrodes for stimulation. The pulse width as well as

The consonant test consisted of 2Cy/ consonants in e stimulation rate was controlled through software. More
three vowel environmentsj 4 u/, produced by a single fe- information about the hardware of the laboratory processor
male speaker, and was taken from the consonant databaS@n Pe found in Poroy and Loizd@000.

recorded at the House Ear Institut@hannonet al., 1999. _ _ _ o
The 20 consonants were pdtgkfvsz{otfdzmnr 4 Signal processing and amplitude quantization

1jwl. Signals were first processed through a high-pass preem-
phasis filter(1200-Hz cutoff, with a 3-dB/octave roll-off,
3. Experimental setup and then bandpassed into six frequency bands using sixth-

. . order Butterworth filters. The center frequencies of the six
This experiment was performed on our laboratory co-

chlear implant processor, which was based on the design (ﬂz—;ndpass filters were 461, 756, 1237, 2025, 3316, and 5428

the Geneva/RTI/MEEI wearable procesgbrancoiset al, - The envellc.)peg of the filtered S|gr_1als_ were extracted by
e full-wave rectification and low-pass filteringsecond-order
1994. Several modifications were made to the Geneva de: . .
; . . - . Butterworth with a 400-Hz cutoff frequency. The six enve-
sign, the most important of which was the addition of five

current sources. The block diagram of the laboratory proceslpIoe _amphtudes_Ai (i=12,..6) were mappgd t.o electrical
. - . oo . amplitudeskE; using a power-law transformation:
sor is shown in Fig. 1. The input analog circuit consists of an
audio multiplexer that selects the source of the input signal E;=cAP+d,
to the processor, several fixed-gain amplifiers, one variable-
gain amplifier(adjusted externally by a sensitivity knplan ~ where ¢ and d are constants chosen so that the electrical
antialiasing filter, and a 16-bit A/D converter. The samplingamplitudes fall within the range of threshold and most-
rate of the A/D converter is controlled by the DSP chip, andcomfortable level, ang is the power exponent. The power
for this study it was fixed at 22 kHz. The cutoff frequency of exponentp was set equal t6-0.0001 to obtain a compres-
the antialiasing filter was set at 6.7 kHz. Once the signal ision function similar to the logarithmic function found in the
digitized, it is transmitted to the Motorola DSP56002 chip, Med-EI/CIS link devicé The electrical amplitudes were
where it is processed through the CIS stratégge descrip- then systematically quantized intoQ steps Q
tion in the following section The CIS outputs are finally fed =2,4,8,16,32,512) to create six different conditions with
through a SSI port to the current sources built around aarying degrees of intensity resolution. The 512-step condi-
digital-to-analog converter. Biphasic pulses are generatedion corresponded to the number of steps used in our default
with amplitudes equal to the CIS envelope outputs, and ser€lS implementation, and was labeled the “unquantized”

Microphone
®
Anti-aliasing
Sensitivity Filter
Control i
oniro Pre-amplifier H(D)
[~ e MOTOROLA
L ,I\ l | DSP56002
f
6.7 kHz
FIG. 1. Block diagram of the laboratory cochlear im-
l plant processor used in this study.
Auxiliary
Input
Electrode 1 6——-' Current Source 1 I I DAC1 I
i " : DSP/DAC
Interface
i : : Circuit
Electrode 6 <——| Current Source 6 | { pacs |
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FIG. 2. Example of a logarithmic compression function quantized uniformly

into eight steps. The solid curve shows the eight quantized levels and the

dashed curve shows the original, unquantized, logarithmic function. B. Results and discussion

.4 R .
Acoustic amplitude

The results, scored in terms of percent correct, are

condition.[Note that there are some differences between théhown in Fig. 3. Repeated measures analysis of variance
quantized steps of this study, and the psychophysical disshowed a significant main effecfF(6,24)=12.14, p
criminable steps measured by Nelsetral. (1996 (see Dis- <0.0009 for the number of stepsost-hocanalysis(Fish-
cussion in Sec. Il B As an example, Fig. 2 illustrates the er's LSD—least significant differengéndicated that the as-
quantization of the output dynamic range into eight uniformymptote in performance was obtained with eight steps, i.e.,
steps. The quantization step sizds, were estimated from consonant recognition did not improve when eight or more

the threshold THR) and most-comfortabléMCL) levels of ~ steps were used.
each electrode as follows: The individual subjects’ performances are shown in Fig.

4. The subjects’ performances on consonant recognition var-
ied considerably, from a low of 45% corrgsubject S2to a

high of 90% correctsubject S4 For most subjects, perfor-
mance improved substantially as the number of steps in-
creased from two to eight, with only a small change in per-
formance when more than eight steps were used. The fact
that eight steps were sufficient for achieving asymptotic per-
cf’ormance on the difficult test of consonant recognition dem-
onstrates that a high degree of amplitude resolution is not

lation rate of 2100 pulses/s. The electrodes were stimulated® ©¢552"Y for consonant recognition. If eight steps are suffi-

in the same order as in the subject’s daily processors. For acfcnr:iégf?rr:t I'aninl;?;%::,ate'?;grﬁgg::%ﬁtéoonnggnr::nﬂae% i
but one subject, the electrodes were stimulated in “stag- P P P 9

gered” order.

A MCL,;— THR,

i - Q_ 1 1
where THR and MCL are the threshold and most-
comfortable levels of theth electrode, respectively. Note
that since each electrode had different values for TEifd
MCL,, the step sizedi were different for each electrode.

The quantized envelope amplitudes were finally used t
modulate biphasic pulses of duration 46/phase at a stimu-

i=1,2,..,6,

100

5. Procedure :2' . Egé

The test was divided into six sessions, one for each ste_ 7] pa
condition. The six conditions were counterbalanced amon 601
subjects to avoid any order effects. There were nine repeti§
tions of each consonant, presented in blocks of three repets 591
tions each. The consonants were completely randomized. AS 40
test sessions were preceded by one practice session in whi  30;
the identity of the consonants was indicated to the listeners 20

The stimuli were presented to the subjects through ¢ 10]
direct electrical connection using our laboratory processora g ' - .

10 160 1000

a comfortable listening level. To collect responses, a graphi
cal interface was used that allowed the subjects to identify

the words the.y he'ard by clicking on the corresponding buttorti. 4. Individual cochlear implant subjects’ performance on consonant
on the graphical interface. recognition as a function of the number of steps in the dynamic range.

Number of steps
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nition since, judging from Nelsoat al. (1996 and Zeng and sonants accurately with only eight steps in the dynamic
Shannon(1999, most patients have at least eight discrim-range.
inable steps in their dynamic range. The outcome that eight steps were enough for consonant
Wilson and colleagueginpublishedl have conducted an recognition demonstrates that fine temporal-envelope cues
experiment similar in design to ours for a single Ineraid sub-are not needed for accurate consonant recognition when there
ject using a four-channel CIS processor. The subject waare enough spectral cues. As shown in Fig. 5, the waveform
tested with a high raté6900 pulsesjsand a low-ratg500  that was quantized into eight steps lacks the temporal fine
pulses/s CIS processor. For the 24-consonant t€Bgler  structure present in the original signal. Yet, the 8-step con-
et al, 1987, 8 steps were needed to attain asymptotic personants were identified with roughly the same accuracy as
formance with the high-rate process@onsistent with our the 512-step consonants. Drullmé&l®95 has also demon-
findings, and 16 steps were needed for the low-rate processtrated that fine temporal cues are not needed when full spec-
sor. Wilson’s results suggest the possibility that the numbetral cues are available. He processed speech intbdtave
of steps needed for consonant identification might be deperchannels, computed the envelopes of each channel, and
dent on the stimulation rate. modulated the envelopes with noise. The processed wave-
Why is it that 8 steps, and not 16 or 32 steps, are suffiforms had the original speech envelopes but the temporal
cient for accurate consonant recognition? The answer can tstructure of noise. High speech intelligibility was obtained
found by examining closely the quantized waveforms in Fig.even when the envelopes were quantized into two levels. In
5. As one might expect, quantization affects the coding ohis study, however, the normal-hearing listeners had more
temporal-envelope cues. These cues become progressivedgectral informatior{24 channelscompared to the cochlear-
less clear as the number of steps is reduced from 32Fég2  implant listeners(at most 6 channelsof this study. Two
5). The envelopes obtained using two and four steps providsteps were not enough, in our study, to maintain high conso-
very little, and possibly not perceptually meaningful, infor- nant recognition. We suspect that a greater nunéight) of
mation about manner of articulation. That is, the patients willsteps was needed to compensate for the lower spectral reso-
most likely perceive the presence or absence of the signaljtion. This hypothesis is investigated in experiment 2.
but would not be able to tell whether the signal is a conso-  Contrary to the Zeng and Galvii999 study, we found
nant or a vowel, let alone identify the consonant or vowel.that performance drops significantly when the number of
To visual inspection, manner cues improve significantlysteps is reduced to twbinary representation We suspect
when the number of steps is increased to eight. With eighthat the difference in outcome is due to two factors. First, in
steps, the voiced segme(the vowel 4/, in our casgof the  the Zeng and Galvin study, the two output levels used in the
word /apa/ can be easily discriminated from the unvoiced binary condition were both above threshold, whereas in our
segmentthe closure, burst and aspiration pf,/in our casg study, only one of the two levels was above threshold. Sec-
This information about manner of articulation contained inond, the speech-processing strategies, SPEAK and CIS, that
each channel coupled with the across-channel envelope invere used in the two studies were different. The SPEAK
formation allowed the implant listeners to identify the con- strategy uses a large number of electro®3 and extracts
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mostly spectral peak information, which is well preserved  To produce speech with varying degrees of spectral
even for the binary representation of electrical amplitudesesolution, speech was filtered through 4—20 frequency
(see Fig. 3 in Zeng and Galvin, 199®n the other hand, the bands, and synthesized as a linear combination of sine waves
CIS strategy of this study uses fewer numl&k) of elec- with amplitudes extracted from the envelopes of the band-
trodes and extracts primarily temporal-envelope informatiorpassed waveforms, and frequencies equal to the center fre-
from the acoustic signal. The results of the two studies takequencies of the bandpass filters. To produce speech with
together suggest that the number of intensity steps needed fearying degrees of intensity resolution, we quantized the am-
speech recognition might be dependent on the number inpyitudes of the sinewaves to 2—32 levels. The intelligibility
channels supported by the cochlear implant processor. Thisf vowels, consonants, and sentences was assessed as a func-
hypothesis is investigated in experiment 2. tion of spectral resolution and as a function of intensity reso-
Experiment 1 demonstrated that only a handful of stepdution in normal-hearing listeners.
are needed by cochlear implant listeners for consonant iden-
tification under quiet conditions. However, under more real-A. Method
istic conditions with background noise, a greater number ofl
steps might be needed. Zeng and Gal(d899 noted that i _ _ )
although the dynamic range reduction degraded phoneme Nine gradl_Jate students from _Anzona State_ University
recognition in quiet marginally, it had a significant effect in S€rved as subjects. All of the subjects were native speakers
noise. Similarly, Wilson and colleaguésnpublisheil noted ~ ©f American English and had normal hearing. The subjects
that more steps were required to reach asymptotic perforeére paid for their participation.
mance in noise. More studies are needed to investigate the
effect of number of steps on speech understanding undef Speech material
noisy conditions. The test material included sentences, consonants in
It should be noted that the amplitude quantization stepgaCa/ context and vowels inhAV/d/ context. The consonant
(Ai) of this study do not represent the discriminable stepsest was a subset of the lowa consonant tésler et al,
measured by Nelsoret al. (1996 using psychophysical 1987 and consisted of 16 consonants &#C4/ environment
methods. For some subjects in the Nelsmral. study, the  spoken by a single male speaker. Five repetitions of each
amplitude DLs were not constant across the dynamic rangeonsonant were used in a blocked and randomized test se-
but decreased as a function of the dynamic range, i.e., thguence. The vowel material consisted of the vowels in the
step sizes were smaller in the upper dynamic range and relarords “heed, hid, hayed, head, had, hod, hud, hood, hoed,
tively larger in the mid-to-low dynamic range. In our study, who'd, heard.” Each word was produced by three women
the step sizesAi) were uniform across the dynamic range, and three girls. The stimuli were drawn from a set used by
much like the amplitude DLs in two of the subjects in the Hillenbrandet al. (1995. All the stimuli were presented in a
Nelsonet al. study. It is important to note, however, that the completely randomized test sequence.
dynamic range was defined differently in the two studies. In  The sentence material was from the TIMIT database
our case, the dynamic range was defined from threshold t@Garofoloet al, 1993. A different set of 15 sentences was
most-comfortable leve(MCL), as commonly implemented used for each condition. A total of 540 sentences were ran-
in commercial speech processors, while in the Nelsbal.  domly selected from the TIMIT database from the DR3
study it was defined from threshold to maximum acceptablénorth midland dialect region. The sentences were produced
loudness(MAL ) level. If we exclude the upper dynamic by an equal number of female and male speakers—one sen-
range, from MCL to MAL, where the step sizes are smallertence per speaker. The 540 sentences were divided into 36
we are left with the mid-to-low dynamic range where thelists (for 6 channel conditions<6 quantization conditions
step sizes are more uniform. On this view, the uniform quanwith 15 sentences in each list. Fifteen sentences were used
tization steps used in this study are a reasonable approximéor the first channel condition, 15 different sentences were
tion to the uniform perceptual steps found in the low- toused for the second channel condition, etc. There were eight

. Subjects

mid-dynamic range of implant users. sentences spoken by eight different male speakers and seven
sentences spoken by seven different female speakers within
IIl. EXPERIMENT 2: ACOUSTIC HEARING each list. Each sentence contained, on the average, 7 words,

In experiment 1, we found that eight intensity stepsand the 15 sentences in each list contained, on the average, a
: total of 100 words.

within the dynamic range were enough for asymptotic con-
sonant recognition by implant listeners who were using a ) o

six-channel CIS processor. In this experiment, we investigatd- AMplitude quantization

whether this outcome holds when speech is processed Critical to the quantization process is the determination
through a largeror smallej number of channels. We hy- of the quantization step sizes, which are, in turn, dependent
pothesize that there is a trade-off between spectral resolutioon the amplitude dynamic range. The dynamic range itself is
(number of spectral channglawvailable and the intensity a function of the frequency ban¢e.g., Boothroydet al.,
resolution (number of stepsneeded. This hypothesis was 1994. We therefore determined the quantization step sizes
motivated by our previous work on the need for accuratdor each band separately.

intensity resolution for processors using a small number of  We filtered the speech materi@owels, consonants, and
channelgDormanet al, 1997; Loizouet al,, 1998. sentencdsthroughn (4-16 bandpass filters, and estimated
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the envelopes of the bandpassed waveforms in each freur results, we decided to normalize the synthesized speech
qguency band. We then determined the envelope-amplitudeegments in order to preserve the originalatura)
dynamic range(i.e., the difference between the maximum consonant-to-vowel ratios.

and minimum amplitudesf each channel by computing the We also processed the speech material through a simu-
envelope histograms of the speech material. The maximuriation of the SPEAK strategy used in the Nucleus-22 device
envelope amplitude in each channel, denotel a5 wherei (McDermottet al,, 1992; Loizou, 1998 We did that so that

is the channel number, was chosen to include 99% of allve could compare our results with those reported by Zeng
amplitude counts in that channel. The minimum envelopeand Galvin(1999. The signal was processed into 20 chan-
amplitude K}, was set 0.5 dB above the rms value of thenels the same way as before, except that only théasik of
noise floor. TheX! . and X! . values were then used to 20) highest channel amplitudes were used for synthesis in

max min
estimate the quantization step sizd, of each channel as each 4-ms segment. We adopted the filter spacing used in the

follows: SPEAK strategySeligman and McDermott, 1995Note that
this signal processing strategy is sometimes referred to as the
Ximax_ximin _ 6-0f-20 strategy, since only 6 out of the 20 amplitudes are
i:v' i=12,..n, used for stimulation in each cycle.

In addition to the quantized speech material, we also
whereQ is the number of quantization levels or steps, and processed speech as described above but without quantizing

is the number of channels. Note that each channel had tge envelope amplitudes. We used this condition for com-

different value forximax andXimm since the envelope dynamic paratlve reasons and refer to it as the “unquantized” condi-

range of each channel was different. Consequently, the stetB)n'
sizesAi were different in each channel. Th&,,, and X,
values are analogous to the most-comfortaleCL) and 5. Procedure

threshold values in cochlear implants. The experiment was performed on a PC equipped with a
Creative Labs SoundBlaster 16 soundcard. The subjects lis-
tened to the speech material via closed ear-cushion head-

4. Speech synthesis phones at a comfortable level set by the subject. A graphical
interface was used that allowed the subjects to select the

After estimating the quantization step sizes for each freygwel or consonant they heard using a mouse. For the sen-
quency band, we processed the speech material as followgnce material, subjects were asked to type in as many words

Signals were first processed through a preemphasis filtefg they could understand.

(1200-Hz cutoff, with a 3-dB/oct roll-off, and then band- Before each condition, subjects were given a practice

passed into frequency bandsn(=4,6,8,12,16) using sixth- gessjon with examples of spee¢mowels, consonants, or

order Butterworth filters. Logarithmic filter spacing was Usedsentence)sprocessed through the same number of channels
for n<8 and mel spacing was used fo=8. The center and the same number of steps in that condition. None of the
frequencies and the 3-dB bandwidths of the filters can b&entences used in the practice was used in the test. A sequen-
found in Loizouet al. (1999. The envelopes of the signal tja| test order, starting with speech material processed
were extracted by full-wave rectification, and low-pass f"ter'through a large number of channels=<16) and continuing

ing (second-order Butterworthwith a 400-Hz cutoff fre- {5 speech material processed through a small number of

quency. The envelope amplitudes were estimated by compughannels A=4), was employed. We chose this sequential

ing the root mean-squarems) energy of the envelopes test design to give the subjects time to adapt to listening to
every 4 ms. The envelope amplitudes were then uniformlyhe ajtered speech signals. The test order for the different

quantized toQ discrete levelsQ=2,4,8,16,32). Sine waves nymber of steps in each channel condition was counterbal-
were generated with amplitudes equal to the quantized envemced between subjects.

lope amplitudes and with frequencies equal to the center fre-
guencies of the bandpass filters. The phases of the sinusoigs
were estimated from the fast Fourier transfoifskT) of the ’
speech segmeriMcAulay and Quatieri, 1986 The sinuso- The results, scored in percent correct for vowels and
ids of each band were finally summed and the level of theconsonants and in percent words correct for sentences, are
synthesized speech segment was adjusted to have the sas®wn in Fig. 6. A two-factofchannels and stepsepeated

rms value as the original speech segment. We found the nomeasures analysis of varianéBNOVA) on the sentence
malization of the synthesized speech segments to be absdata showed a significant main effect of number of channels
lutely necessary to maintain high levels of speech intelligi-{ F(5,45)=371.6,p<0.0005, a significant effect of number
bility. Without this normalization the synthesized consonantof steps| F(5,45)=586.9,p<0.0005, and a significant in-
segments could have the same rms levels as the vowel se@raction between number of channels and number of steps
ments, thereby affecting the consonant-to-vol@V) ratios. [F(25,225)=34.1,p<0.0005. Post hocanalysis, according
Pilot experiments showed that this normalization can have # Fisher's LSD, showed that asymptotic performance for the
dramatic effect on performance for the two- and four-stepd-channel condition was reached with 16 steps, for the 6-, 8-
conditions. Therefore, to avoid having improper vowel-to-and 12-channel conditions with 8 steps, and for the 16-
consonant ratios as a factor that might potentially confouna¢hannel and 6-o0f-20 channel conditions with 4 steps.

Results
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Number of steps FIG. 7. Percent information received for the features “place,” “manner,”

and “voicing” as a function of the number of channels and as a function of
FIG. 6. Performance of normal-hearing listeners on sentence, consonarnte number of steps.
and vowel recognition as a function of the number of channels and as a
function of the number of steps. In the “Unqg” condition, the speech mate-

rials were left unquantized. =0.068) with the 32-step and unquantized conditions.
Asymptotic performance for the 8-channel and 6-of-20 chan-
A two-factor (channels and stepsepeated measures nel conditions was reached with four steps.
ANOVA on the vowel data showed a significant main effect The results for feature analysiéviiller and Nicely,
of number of channelgF(5,45)=100.3,p<0.0005, a sig- 1955 for the consonants are shown in Fig. 7. A two-factor
nificant effect of number of step$F(5,45)=82.1, p (channels and stepsepeated measures ANOVA performed
<0.0009, and a significant interaction between number ofon the three featurgglace, manner, and voicingeparately
channels and number of sted5(25,225)=4.5,p<<0.0005. indicated a significant main effect of number of channels
Post hocanalysis, according to Fisher’'s LSD, showed that(p<<0.005), a significant effect of number of stepp (
asymptotic performance for all channel conditions, except0.005) and a significant interactiopp€0.005) between
for the six-channel condition, was reached with four stepsnumber of channels and number of steps. For the feature
For the six-channel condition, the vowel performance with 8“place of articulation,” post hocanalysis, according to Fish-
steps did not differ significantlyp0.05) from the 4-, 16-, er’s LSD, showed that asymptotic performance for the 6-, 8-,
32-step or the unquantized conditions. and 12-channel conditions was reached with eight steps,
Similar repeated measures ANOVA on the consonanthile for the 16-channel and 6-0of-20 conditions it was
data showed a significant main effect of number of channelseached with four steps. Performance for the four-channel
[F(5,45)=29.4, p<0.0005, a significant effect of number condition was flat across the different numbers of steps used,
of steps[F(5,45)=112.3,p<0.0005, and a significant in- in line with the percent-correct results. For the feature “man-
teraction between number of channels and number of stepger of articulation,” post hoc analysis (Fisher's LSD
[F(25,225)= 8.3, p<0.0009. Post hoc analysis, according showed that asymptotic performance for the 6-, 12-, and 16-
to Fisher’'s LSD, showed that asymptotic performance for theehannel condition was reached with eight steps, while for the
6-, 12-, and 16-channel conditions was reached with eigh4- and 8-channel conditions it was reached with four steps.
steps. Consonant performance for the four-channel conditioRerformance was flat for the 6-of-20 condition, with no sta-
was low and uniform across the number of steps used. Thistically significant differences between the scores obtained
score obtained with 2 steps did not differ significantly ( with 2 and 32 steps. For the feature “voicingpost hoc
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analysis(Fisher's LSD showed that asymptotic performance The data from the Zeng and Galvid999 study are

for the 6-, 8-, 12-, and 16-channel conditions was reacheéntirely consistent with the data from normal-hearing listen-

with only four steps. Performance was flat for the 4-channekrs(experiment 2if we assume that the Nucleus-22 implant

and 6-of-20 conditions. listeners have 20 functional channels. However, several ex-
periments have shown that this is not the case. Fishehah
(1997 and Wilson(1997 have demonstrated that the perfor-

C. Discussion mance of N22 implant listeners reaches asymptote when

The statistical analysis indicated, consistent with Ouronly four to seven channels are activated. This also seems to

original hypothesis, a significant interaction between spectra%e lthe ctasde Wlith the N|22 t'rr]np:fllg; Ilstﬁnetrs, 'In thle ?engfand
resolution and intensity resolution for all test materials. The alvin study. or vOwels, the patients fevel ot pertor-

minimal number of steps needed to reach asymptotic perforr—n‘m_Ce at asymptot€20 t_'-zlectt r?d(;SS(ya ctwateci an((jj Iull dy-
mance was a function of the number of channels availabl83M'C rangg was approximately o correct, and for con-

. ) 0 L
and the speech material used. For the sentence test, the nupnants it was approximately 70% correct, which 'is

ber of steps needed to obtain high levels of intelligibility wasEduivalent to the performance of normal-hearing listeners us-
ng four to six channels of stimulatiaffrig. 6). Furthermore,

found to be inversely proportional to the number of channeld ing th b f electrod tivated f 4 to 20
available. Sixteen steps were needed to reach asymptotic pép_creasmg € number of electrodes activated Irom = 10
proved the consonant score by only 10%0% versus

formance for speech processed through four channels. | i .
P P g % correck, whereas in our studgFig. 6) the mean conso-

contrast, four steps were sufficient for speech processe ; _ db nately 4 y
through 16 or more channels. High sentence inteIIigibiIitynan score improved by approximately 40080% versus

0 .
scores (90% were obtained even with two steps when 100% correctwhen the number of channels increased from

speech was processed through the 6-0f-20 strategy. The se‘h—to 20. This suggests that, most likely, the N22 patients

tence results confirm our original hypothesis about thavere not using 20 channels of information when all 20 elec-

tradeoff relationship between spectral resolution and intent/0des were activated, but rather 4 to 6 channels. Thus there

sity resolution. When the spectral resolution is péce., a is converging evidence thal) the N22 patients receive the

small number of channels is availaplelatively fine inten- equivalent of 4 to 6 channels of information, arid)(the

sity resolution is needed to achieve a high level of speec|]1\|22 paﬂenﬁs are;hnot perform|trr11g te;ththﬁlzlgveltpf ? 6-0f-20
understanding. Conversely, when the spectral resolution jgrocessor. [T we then assume that the patients were us-
good (i.e., a large number of channels is availatiae in- ing only four channels, then the pattern of performance of

tensity resolution is not needed to achieve high levels ofur vael and consonant _da(nﬁig. 6 f?l”S in line with the
understanding. data in the Zeng and Galvin study. With four channels, there

A different pattern of performance was obtained for is hardly any difference in vowel or consonant performance

vowels. Asymptotic performance was obtained with fourds W€ Increase the.number of steps from 2 to(Bg. 6),
steps in all channel conditions except for 6. Vowel per- much like the data in Fh'e Zeng and Galvin study on vowel
formance seemed to be more dependent on the number gpd Ictzqnsclnnan; recognltlct)na. d . ducti
channels available, which was not surprising since fine spec- d IS cbear fror;: our IS L;hle,;sdon )éqamlc ralrjtged re lfJC lon
tral resolution is needed for accurate vowel identification 2N¢ NUMPET OF channels that degrading amplitude informa-
High vowel identification score&>90%) were obtained with tion and degrading frequency information have different ef-
eight or more channels, in agreement with our previous fing{€Cts on sentences, as compared to consonants and vowels.

ings (Dormanet al,, 1997. The vowel performance obtained Degrading frequency informatioi.e., reducing number of

with eight or more channels and four steps was not signifi-Channe|$ has a large effect on consonants and vowels but a

cantly different than the vowel performance obtained in theSmaller effect on sentenc¢Bormanet al, 1997; Shannon

unquantized condition. et al, 1995. In contrast, degrading amplitude information

Compared to vowels, a greater number of steps aQas a large effect on sentences but a smaller effect on con-

needed to identify consonants. Eight steps were needed fglonants and vowels. The latter outcome may be the result of

most channel conditions to reach asymptotic pen‘ormancé.he IO_SS of a_mplltude-based word and syllabic segmentation
Hes in the time waveforrtsee Zue, 1985

Eight steps were needed for consonants processed throuﬁ
six channels, consistent with our findings with cochlear im-
plant listeners in experiment 1. The finding that more stepév' CONCLUSIONS

are needed to identify consonants than vowels is not surprigd) For five cochlear implant listeners using a six-channel
ing, since the quantization affects the coding of temporal- CIS processor, eight quantized amplitude steps were suf-
envelope cues, which are more important for consonant iden- ficient for achieving asymptotic levels of consonant rec-
tification than vowel identification. Feature analysis also  ognition in quiet. Eight steps were sufficient for both
indicated that eight steps are needed for the features “place” better performing and poorly performing patients. These
and “manner” to reach asymptotic performance in most results suggest that amplitude resolution is not a major
channel conditions, while only four steps are needed for the factor in determining consonant identification.

feature “voicing.” Overall, eight steps are needed to reliably (2) The outcome that eight steps were enough for consonant
transmit information about place, manner, and voicing, con-  recognition provides yet another demonstrati@ng.,
sistent with the number of steps needed to reach asymptotic Drullman, 1995 that fine temporal-envelope cues are
performance on consonant recognition. not needed for accurate consonant recognition when
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there are enough spectral cu@smaximum of six chan- 2The power exponen was set equal te-0.0001 to match the logarithmic
nels, in our case, for the |mp|ant |istenbrs compression function, of the forg=A log(1+cx)+B, used in the Med-El

(3) The implication of these findings for the design of co- device, whereA andB are constants used for mapping the acoustic signal
between threshold and most comfortable level, and a constant that

chlear implant processors is that the compression func'controls the shape of the compression functiors612, in our case It
tion, which is used to map the acoustic input to electrical should be noted that the value of the power expomectrresponding to
output, need not be defined with high resolution. Conse-logarithmic mapping depends on the input range, and, in particular, on the
quently, the size of the compression tables stored in pro-Minimum value ok (X pip). If X n=0, then the value g=0.2 will yield
cessor memory could be greatly reduced. a logarithmic mapping similar to the one used in the Med-El device,

; . ’ . whereas ifX ;,=1, then the value op= —0.0001 will yield a logarithmic
(4) For normal-hearing listeners listening to speech Pro-ansing. in our implementations min=1.

cessed through 4—20 channels and channel amplitudes

guantized to 2—32 steps, the number of steps needed to

achieve asymptotic performance was a function of theBoothroyd, A., Erikson, F., and Medwetsky, [1994. “The hearing aid
number of channels and the speech material used. input: A phonemic approach to assessing the spectral distribution of

5 F | toti £ btained wit speech,” Ear Hearls, 432—442.
( ) Or vowels, asymptotic periormance was obtained wi hDiIIier, N., Spillman, T., and Guntensperger,(1983. “Computerized test-

four steps and was independent of the number of chan-ing of signal encoding strategies with round window implant< athlear
nels. For consonants, eight steps were needed for mosProstheses: An International Symposijuedited by C. W. Parkins and S.

hannel ndition r h m i rforman W. Anderson, Ann. N.Y. Acad. Sc#05 360-369.
Ch"." .e co .d tions t% eacf_ a.sy ptO_thC pehIO a CeDorman, M., Loizou, P., and Rainey, DL997). “Speech intelligibility as a
This is consistent with our findings with cochlear im- g nciion of the number of channels of stimulation for signal processors

plant listeners in experiment 1. using sine-wave and noise-band outputs,” J. Acoust. Soc. A@2,
(6) For sentences 16 steps were needed to reach asymptotig403-2411.

: ; rullman, R.(1995. “Temporal envelope and fine structure cues for speech
performance with 4 channels, while 4 steps were needeaime”igibi“w,,, 3. Acoust. Soc. Am.97, 585-592,

fo-r sentences P"OC?S_S(?Q through 16 or more C.hannelﬁishman, K., Shannon, R., and Slattery, {#997. “Speech recognition as
High sentence intelligibility score@0%) were obtained  a function of the number of electrodes used in the SPEAK cochlear im-
even with two steps when speech was processed throuq:rp'am processor,” J. Speech Hear. Ré8(5), 1201-1215.

- rancois, J., Tinembart, J., Bessat, C., Leone, P., Rossman, F., and Peliz-
a 6-0f-20 strategySPEAK typé. These results reaffirm zone, M.(1994. “Implants cochle aires: Un processeur portable pour le

our hypothesis that there is an inverse relationship be- geveloppement de I'algorithme CISActes de le conference DSP,94
tween spectral resolution and intensity resolution. When Paris.
spectral resolution is podi.e., a small number of chan- Garofolo, J., Lamel, L., Fisher, W., Fiscus, J., Pallett, D., and Dahlgren, N.

. . - . . . . . (1993. “DARPA TIMIT: Acoustic-phonetic continuous speech corpus,”
nels is availablg relatively fine intensity resolution is 5T Technical Repofdistributed with the TIMIT CD-ROM.

needed to achieve high levels of understanding. Conwillenbrand, J., Getty, L., Clark, M., and Wheeler, KL995. “Acoustic
versely, when the intensity resolution is poor, a high characteristics of American English vowels,” J. Acoust. Soc. A,
degree of spectral resolution is needed to achieve 3099-311L . .
. Hochmair-Desoyer, I., Hochmair, E., and Fischer(E81). “Four years of
asymptotic perfor.mance. . . experience with cochlear prostheses,” Med. Prog. Tect8)dl07-119.
(7) The results of this study, taken together with previousLoizou, P.(1998. “Mimicking the human ear: An overview of signal pro-
findings(Zeng and Galvin, 1999; Loizoet al., 2000 on cessing techniques for converting sound to electrical signals in cochlear

; implants,” IEEE Signal Process. Ma@5(5), 101-130.
the effect of reduced dynamlc range, suggest that thEoizou, P., Dorman, M., and Fitzke, J2000. “The effect of reduced

Per_formance of cochlear implant SUb_JeCtS is primarily " gynamic range on speech understanding: Implications for patients with
limited by the small numbeffour to six of channels cochlear implants,” Ear Hea21(1), 25—31.

received, and not by the small number of steps or reloizou, P., Dorman, M., and Powell, ¥1998. “The recognition of vowels

; i« produced by men, women, boys and girls by cochlear implant patients
duced dynamlc range. Therefore, more research is using a six-channel CIS processor,” J. Acoust. Soc. A8 1141-1149.

needed to find ways to increase the number of channel;izoy, p., Dorman, M., and Tu, 21999. “On the number of channels

transmitted by cochlear implants. needed to understand speech,” J. Acoust. Soc. b8, 2097-2103.

McAulay, R., and Quatieri, T(1986. “Speech analysis/synthesis based on
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