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I. Introduction 

The purpose of this project is to design and evaluate speech processors for implantable auditory 
prostheses. Ideally, the processors will extract (or preserve) from speech those parameters that are 
essential for intelligibility and then appropriately represent those parameters for electrical stimulation of 
the auditory nerve or central auditory structures. Work in the present quarter included the following: 

1. 

2. 

3 .  

4. 

5 .  

Studies with Ineraid subjects SR2 and SR14. The studies for both subjects included measures of 
intracochlear evoked potentials for a variety of stimuli. The studies with SR14 also included (a) 
initial fitting of a continuous interleaved sampling (CIS) processor, (b) measures of speech 
reception with CIS processors using different pulse durations and rates, and (c) measures of speech 
reception with single-channel processors, for comparison with evoked potential and psychophysical 
results obtained at the University of Iowa (by Carolyn Brown and Paul Abbas) and io our 
laboratory for single electrodes with SR14’s implant. The studies with SR2 also included 
additional measures of complex tone perception with a CIS processor. 
Initial studies with the first patient in the Nucleus percutaneous series, NP-1. Studies included 
evaluations of CIS and spectral peak (SPEAK) processing strategies. 
Hosting a site visit for Terry Hambrecht and Bill Heetderks, to review and discuss project 
activities and plans (site visit held at RTI and Duke University Medical Center, July 14 and 15). 
Presentation of project results in an invited lecture at the 127th Meeting ofthe Acoustical Society of 
America (Cambridge, MA, June 8). 
Continued preparation of manuscripts for publication, including an invited paper for Advances in 
Otolaryngology -- Head & Neck Surgery, on “Advances in coding strategies for cochlear 
implants. ” 

In this report we present results from further studies of complex tone perception with cochlear implants. 
Results from the additional studies indicated in points 1 and 2 above will be presented in future reports. 
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11. Further Studies of Complex Tone Perception 
by Implant Patients 

Background 

Preliminary pilot studies of multichannel processing of complex tones were described in a 
previous Quarterly Progress Report for this project [Lawson, et al., 19931. A variety of digitally 
synthesized complex tone stimuli were input to a continuous interleaved sampling (CIS) 
processor which in turn stimulated a research subject's intracochlear electrode array. The data 
collected included anecdotal descriptions of the percepts elicited by individual stimuli, anecdotal 
descriptions of the perceived differences between members of various pairs of complex stimuli, 
and surveys of relative overall pitch judgments within such complex stimulus pairs. 

Each stimulus was approximately 0.5 seconds in duration (22,000 samples at 44.1 H z ) ,  
including approximately 11 msec each of linear fade-in and fade-out (500 samples each). Each 
stimulus was presented from a digitally synthesized file of 16-bit samples, constructed by adding 
pure tone sinusoidal partials selected from the harmonics either of a single fundamental or of two 
hndamentals differing by a chosen musical interval. Single fundamentals were chosen from a 
four octave equal tempered scale ascending from 110 Hz. When two hdamentals were to be 
separated by a consonant pitch interval within a single stimulus, however, the frequency interval 
was made exact (i.e. just intonation was used within stimuli). Consistent with the spectral 
envelopes of typical musical tones, relative nth harmonic amplitudes proportional to l/n were 
chosen to ensure relatively strong beat phenomena. [See Rossing, 19901. A glossary of musical 
terms used in this report may be found on page 43. 

For simplicity of analysis, we also required that each partial used in a stimulus fulfill an 
additional criterion with respect to the CIS processor for which it was intended. The criterion 
ensured that each partial be represented exclusively in a single processing channel -- falling at a 
frequency that put it within 1 dB of the maximum sensitivity of that channel's input passband, for 
instance, and at least 10 dB down in any adjacent band. In some cases a minimum of 20 dB of 
adjacent band rejection was imposed, further reducing the number of available partials. 

Within those constraints, we designed combinations of partials to test the efficacy and 
relative salience of various potential mechanisms for conveying subtleties of perceived pitch and 
timbre to cochlear implant patients. Examples of such mechanisms included harmonic 
consistency of partials between and within channels and beat rate patterns between and within 
channels. Some stimuli were designed with conflicting cues to assess their relative salience. 

The research subject chosen for the pilot studies was Ineraid patient SR2. He was 
selected on the basis of (1) excellent performance with existing processor designs, already 
extensively studied in our laboratory and elsewhere, (2) exceptional analytic and descriptive 
abilities regarding his auditory percepts, (3) experience as a musician -- both before losing his 
normal hearing and recently with an analog clinical prosthesis, and (4) familiarity with some 
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basic music theory. Percutaneous access is available to all six of the electrodes implanted in 
SR2's right cochlea. He is right handed. 

The CIS processors used in the preliminary studies included a standard 6-channel design 
[number 163b] that had been used by the subject for a wide range of previous studies in our 
laboratory, an 1 1-channel virtual channel interleaved sampling (VCIS) processor [200b] also 
previously evaluated in our lab, and a six channel CIS variation [284] without the normal 
preemphasis. The parameters for these processors are included in a table accompanying the 
discussion below of an additional processor used in more recent complex tone studies. [For a 
general description of the design of CIS processors see Wilson, et al., 1991. VCIS designs are 
described in Wilson, et af., 1994.1 

The experimental conditions explored in the preliminary pilot studies included 
presentation of the two complex tones of a stimulus pair with and without a one second 
intervening delay. As the preemphasis filter typically included in CIS and VCIS processors 
effectively contributes a spectral weighting proportional to harmonic number over part of the 
represented frequency range (attenuating components below 1.2 kHz at 6 dB/octave), a condition 
essentially correcting for this effect was included among the pilot studies. The effect of order of 
presentation within each stimulus pair also was explored. There was no balancing of the overall 
loudness across stimuli, within or among pairs. 

Preliminary results from those pilot studies included indications of the importance of 
channel (place) cues, the importance of intrachannel beat frequencies as (temporal) cues, and the 
predictability of relative strengths among competing spectral cues in some cases. We noted two 
distinct patterns of changes in percept that occurred after extended initial comparisons of certain 
pairs of stimuli: (1) an irreversible change, after which the original percept could not again be 
found by the subject, and (2) the sudden emergence of an ambiguity, with the subject thereafter 
able to obtain either percept at will. Examples of complex tone stimuli were found for which the 
use of preemphasis filtering, the choice of pair presentation order, and the imposition of an 
interstimulus delay would, individually or in combination, dramatically affect the subject's 
percepts We observed, on occasion, a surprising ability of the subject to recognize musical 
intervals and accurately to match his (monitored)  voice pitch to that of an electrically conveyed 
complex tone. 

Summary of New Studies 

The previously reported complex tone studies were carried out in June, 1993. Subject 
SR2 since has returned to our laboratory for additional speech processor studies on four 
occasions: in December of 1993 and in March, May, and August of 1994. The present report 
will describe further complex tone investigations carried out as time permitted during those 
visits. We shall discuss six distinct new studies, as outlined on the next page. Two of the studies 
represent systematic explorations of perceptual categorizations that the subject volunteered 
anecdotally during the original pilot studies. A third was designed to exploit and further explore 
some of the subtle abilities demonstrated by the subject in the earlier work. The remaining 
studies were designed to probe the limits of specific previously observed abilities and effects. 



Outline of Studies Described in this Report: 

+ Identification of Constituent Tones. The subject was asked whether or not a candidate 
tone was made up entirely of partials contained in a more complex reference tone. The 
data were analyzed both (1) in terms of how accurately the subject's responses could be 
predicted using various hypotheses involving potential cues, and (2) in terms of how 
various structural attributes of stimuli affected the subject's accuracy. A description of this 
study begins on page 13. 

+ Processor Bandpass Filter Order Effects. This study was a test of the sensitivity of our 
complex tone data to traces of spectral components in processor channels adjacent to the 
ones for which they were intended. Constituent tones identification tests were repeated 
with a CIS processor based on 24th order, rather than 12th order, bandpass filters. A 
description begins on page 18. 

+ Interval Consonance Judgments in a Nontraditional Context. A particular nontraditional 
musical scale supplies many of the same structural cues present in traditional consonant 
intervals, but sounds quite different to people with normal hearing. This study investigated 
whether a subject using a CIS processor could detect a difference. It collected anecdotal 
descriptions of both sequential and simultaneous complex intervals and is described 
beginning on page 2 I .  

+ Systematic Examination of Perceptual Category Assignments: Single Stimuli. A 
number of descriptive terms volunteered frequently by the subject during earlier complex 
tone studies formed the basis for this more structured, automated interview regarding a 
wide range of stimulus tones. Analysis of these data included association of descriptive 
categories both with stimulus structures and with the use of other such categories. A 
description begins on page 25. 

4 Systematic Examination of Perceptual Category Assignments: Stimulus Pairs. The 
same tones described in the single stimulus interviews later were presented in pairs in 
another automated interview. Comparison judgments along eight different perceptual 
dimensions were obtained. While their analysis is not yet complete, the study and 
preliminary findings are described beginning on page 3 1. 

+ Inconsistency Detection Thresholdr: Complex tones typically consist of several 
harmonics of a common fundamental. In such cases there is a high degree of consistency 
among the partials, each one being an integer multiple of the fundamental frequency and 
any pairs of adjacent harmonics beating at that same frequency. This study was designed to 
determine roughly how large an inconsistency must be in order to alter a complex tone 
percept for a CIS processor user. The stimulus pairs perceptual category interview was 
repeated for pairs of complex tones with gradually increasing inconsistencies in beat rates 
and/or absolute frequencies. A description of the study begins on page 35. 
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Most of the stimuli used in all these studies were like those used earlier. One study 
additionally required the synthesis of partials based on fundamentals separated by an arbitrary 
frequency interval. In another, stimuli were restricted to odd harmonics only and to 
fundamentals along a highly unusual musical scale. The basic approaches to stimulus design and 
synthesis, however, have remained the same throughout all the studies to date. 

While our complex tone studies continue to be restricted to work with a single subject, 
knowledge gained from other types of investigations with him have added whole new dimensions 
to the unique set of advantages he offers such pilot research. In psychophysical experiments we 
have obtained periodicity pitch saturation data for the same pulse configuration used in SR2's 
processors (33 ps per phase balanced biphasic). Direct intracochlear evoked potential (EP) 
measurements for similar stimuli have indicated an accompanying onset of a failure of EP 
magnitudes to accurately represent each pulse's amplitude within a stimulus pulse train. We have 
demonstrated that an ensemble model of electrical neural stimulation can accurately predict 
SR2's EP responses to a wide range of stimulus patterns like those produced by his processors. 
Finally, SR2 recently has begun use of a six channel, 40 p/phase CIS strategy on an everyday 
basis as part of a study by Eddington, et al., at Massachusetts Eye and Ear Infirmary. 

Relevant results of the psychophysical study are summarized in Fig. 1. 200 ms trains of 
33 @phase pulses at various rates were presented to the subject's electrode 3 (numbered from 
the apical end of the array). Amplitudes were adjusted for most comfortable loudness at each 
rate and then for constant loudness across all stimuli. The subject was asked to nominate a pitch 
for each stimulus (on a scale of 0 to 100) and the results are displayed here for 30 randomized 
presentations at each rate. The dependence of perceived pitch on pulse rate decreases markedly 
above a rate of 400 pps and disappears somewhere between 800 and 1600 pps. [Wilson, et al., 
1994a.l 
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Figure 1. Saturation of Perceived Pitch with Increasing Pulse Rate 



Similar 200 ms trains of constant amplitude 16.4 @phase pulses were presented to the 
subject's same electrode while intracochlear EPs were recorded differentially between the 
unstimulated adjacent electrode 4 and an external electrode on the scalp over the ipsilateral 
mastoid. We found that during these 200 ms tones the measured EPs for successive pulses 
would typically share a constant amplitude for rates of up to 400 pps. At higher pulse rates, 
however, there was an increasing tendency of alternate pulses to elicit EPs with significantly 
different alternating amplitudes, i.e. an apparent decreasing ability of the eighth cranial nerve to 
convey the relative amplitudes of each succeeding pulse. [See Fig 11 in Wilson, et al., 1994a.l 

In a further experiment directly relevant to the representation of our complex tones by 
CIS processors, SR2's electrode 3 was stimulated with continuous carrier trains of 1000 pps 33 
ps/phase pulses whose amplitudes were sinusoidally modulated at various frequencies. The 
depth of modulation was 100%. Fig. 2 displays 20 ms segments of these recorded EPs for six 
modulation frequencies ranging from 50 to 400 Hz. For modulation rates at and below 200 Hz, 
SR2 described his percept as "smooth and tonal", while 300 Hz modulation of the 1000 pps 
carrier was perceived as "rough and complex" and 400 Hz modulation as having two separate 
tones. (In order to avoid overlap among EPs, the pulse carrier rate in this experiment was lower 
than either of those used in our complex tone study processors. Deconvolution techniques may 
allow measurements for significantly higher pulse carrier rates in the near hture.) 

The relationships among (1) pulse rate for each processor channel, (2) maximum 
amplitude modulation rate within each channel, (3) the patterns of stimulation evoked on the 
eighth nerve, and (4) the nature of the percept produced have obvious relevance to our complex 
tone studies. An ensemble neural model that could accurately predict EPs for a wide range of 
such conditions would be of enormous value in the design and interpretation of complex tone 
perception experiments. Such a model, under development in our laboratory under a separate 
NIH project, has achieved the necessary level of performance. In Fig. 3 we have plotted EP 
magnitudes from the data of Fig. 2 (open squares, connected by lines) along with predictions of 
the model (filled squares). Correlation coefficients over 50 and 200 ms intervals are shown to 
the right of each 50 ms plot. [Further improvements in the agreement between model and 
observed EPs can be expected. The benefit of adding membrane noise to the model already has 
been shown. See Wilson, et al., 1994a.l 

Clearly, for any given carrier pulse rate there will be a maximum modulation rate that can 
be represented accurately, and a corresponding limitation on the processor channels' temporal 
envelopes in response to a steady state complex tone. The potential use of intrachannel beat rates 
as complex tone spectral cues, for instance, will be circumscribed by such limitations. The 
maximum steady state modulation rate in a processor channel that could result from one of our 
complex tone stimuli would be beating between two partials at the extreme frequencies satisfying 
our exclusivity criteria for that channel. For a typical six channel CIS processor with bandpass 
filters of 12th or higher order, this means approximately the following maximum beat rates: 
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Figure 2. Intracochlear Evoked Potentials: 33 @phase, 1000 pps Carrier 
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Figure 3. Comparison of Neural Ensemble Model Results to EP Data 
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Note that, in the absence of any low pass filtering of channel envelopes, the highest beat rates in 
channels 1,2, and 3 would lie within the linear range of SR2's perceived pitch vs. pulse rate data, 
that the highest beat rates in channel 4 would extend into the reduced sensitivity range, and that 
channels 5 and 6 could receive beat rates above the subject's pitch saturation rate for such pulses. 
Note also that the use of a fourth order 400 Hz low pass smoothing filter on the envelope of each 
channel (as is the case in typical CIS processors, including the ones in our complex tone studies) 
should substantially reduce the incidence of modulations that are badly distorted on the eighth 
nerve. 

Modeling studies andfor EP measurements for typical CIS rates (2525 pps for SR2's best 
six channel processors) may lead to a more optimal choice of envelope smoothing filter. In Fig. 
4 we show the results of such a modeling study, including the amount of membrane noise that 
has been found to optimize agreement with measured EPs for lower pulse rate stimuli. Note that 
these predictions for both 400 and 600 Hz modulation frequencies show strong EP amplitude 
variations at 100 Hz -- the beat frequency with respect to a 500 Hz subharmonic of the carrier 
rate in both cases . Use of even higher carrier pulse rates (and correspondingly shorter pulse 
durations) may substantially improve the representation of usehl modulation frequencies on 
SR2's auditory nerve. Also, reduction in the cutoff frequency of the envelope smoothing filter 
might reduce or eliminate the distortion shown in the 400 Hz modulation panel of Fig. 4. 

Corresponding intracochlear EP data may soon be available for higher pulse rates. We 
note in passing that the EP data already displayed indicate that the 11 msec onset and offset ramp 
transients of our complex tone stimuli will not approach any modulation speed limit for our 
studies' pulse carrier rates. 

One additional processor was used in the course of our recent complex tone studies. 
Otherwise identical to processor number 163b, number 355 incorporated 24th rather than 12th 
order bandpass filters. Parameters varying among the four processors are indicated in the 
following table; principal parameters common to all four included balanced biphasic pulses 33 ps 
per phase in duration, full wave rectification and 400 Hz fourth order smoothing on each 
channel's envelope, and a staggered order for stimulating the channels (e.g. 6-3-5-2-4-1). 
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Figure 4. Neural Ensemble Model EP Predictions for a Higher Carrier Rate 
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Processor Channels BP filters PuIse Rate Preemphasis? 

163b 6 12th order 2523 pps yes 
284 6 12th 2 5 3  no 
355 6 24th 2 5 3  Yes 
200b 11 12th 1364 Yes 

The experimental conditions in the more recent studies were a subset of those used 
earlier. A one second delay was imposed between the two tones of every stimulus pair and a 
minimum delay of one second was required between any two Stimulus pairs. The processors 
used in the recent work always included the usual preemphasis- 

We turn now to a description of the individual new sr~di i t t s ,  in the order in which they 
were conducted. 

Identification of Constituent Tones 

A conclusion from the original pilot studies was that subject SR2 was capable of subtle 
enough distinctions among complex tone percepts for us to undertake a constituent tone 
identification study. An interactive computer program was written to administer such a study, 
organized into panels each of which contained one reference stimulus and five candidate 
stimuli. The subject's task was to identify each of the candidam that was a constituent of the 
more complex reference. Fig 5 shows the display window t h a ~  along with a computer mouse, 
was used by the subject to control the presentation of stimuli and to record his responses. 

In the figure, the window is shown just as it appeared nhen beginning consideration of a 
new panel of stimuli. Whenever the subject clicked his mouse on the large Play Reference 
"button" a digital recording of the reference stimulus would be played into his 163b processor, 
subject only to a minimum delay of one second between any two playback operations. The 
smaller Play 1 button was also available at this initial stage for playing the first candidate 
stimulus on demand, again subject to a minimum one second delay between stimuli. The buttons 
for playing the other four candidate stimuli, their labels dimmed, were not yet available. M e r  
listening to the 1 st candidate and the reference, as many times as desired and in any order, the 
subject was asked to click the mouse on one of the two "radio bmons" to the right, indicating 
whether the first candidate tone sounded as though it was included in the reference tone. The 
only clarifying instruction available to the subject was 'Ifthere is anything in the candidate tone 
that is not in the reference tone, answer "No". Early in the study SR2 volunteered that the task 
"was like picking out individual notes in a remembered chord-" As soon as a response was given 
for the first candidate, all labels for that candidate were dimmed and the corresponding buttons 
disabled, while the labels for the second candidate were intensified and those corresponding 
buttons made hct ional .  This sequence was repeated, with tbe subject comparing only a single 
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Figure 5. Subject's Control Window for Constituent Tones Identification Test 

successive candidate to the reference, until a response was given for the last of the panel, the fifth 
candidate. At that point all the labels were intensified and all the buttons enabled, along with the 
Done button. The subject was then free to listen to any of the candidates and the reference, any 
number of times and in any order, and revise any of his previous judgments using the same radio 
buttons. When he was satisfied with the final result he could click on the Done button, restoring 
the window to the condition shown in Fig. 5 and bringing up a new panel of stimuli. The 
supervising program recorded the number of times each stimulus was played at each juncture, 
and the initial and final choices made for each candidate. An investigator adjusted the playback 
master gain as necessary to keep each reference tone loudness close to but no more than MCL. A 
total of 139 panels were administered, divided into four separate sessions over a nine day period. 

The reference and candidate stimuli were chosen to evaluate the perceptual effects of a 
wide range of potential cues of pitch and timbre. A table summarizing the major characteristics 
of each panel's stimuli is presented in Appendix I. Those characteristics were the fundamental on 
which each stimulus was based and lists of the included harmonics of each and of the processor 
channels in which they would be represented. 

Using the information contained in Appendix I it is a straightforward task to produce 
attribute matrices indicating which candidate tones share which characteristics with their 
respective reference tones. When a given attribute of a particular candidate tone is exactly 
matched within the corresponding reference tone, the matrix entry for that comparison is set to a 
binary 1. Examples of such matrices are included as Appendix II. 

One instructive way to use these matrices is in comparisons of a subject's identifications 
of constituent tones with predictions based on the assumption of effective use of particular 



attributes as cues. Given the hypothesis that a particular attribute or set of attributes underlies the 
subject's identifications, one need only compute the product of the corresponding matrix entries 
for each candidate tone (i.e. perform logical ANDs) and compare the results with the subject's 
response set. The results can be divided into percent correct predictions (the sum of predicted 
constituent identifications that were in fact made by the subject and predicted rejections that 
matched the subject's judgments), percent errors in which predicted constituent identifications 
were not made by the subject, and percent errors in which predicted rejections were identified as 
constituents by the subject. Since the subject's responses were binary, prediction accuracies must 
differ significantly from 50% in order to support any conclusion. Such comparisons can be made 
for various relevant subsets of test panels, to search for evidence of reliance on different 
combinations of attributes as cues in different situations. It is also possible to compare the 
subject's initial responses (based on ordered consideration of one candidate at a time) and final 
judgments (after opportunity to cross-compare all stimuli within a panel and alter any of the 
initial responses). 

As examples of these techniques, we shall discuss several subsets of our 139 constituent 
identification test panels. We begin with a set of panels for which each candidate is a single pair 
of adjacent harmonics, sometimes represented in a common channel and sometimes in separate, 
adjacent channels. The reference stimuli vary in complexity from two to five harmonic partials. 
This set includes 41 panels of stimuli [numbers 17-32,67-82, and 107-1 15. See Appendices I 
and I1 for stimulus attributes in detail], so a total of 205 responses are represented. In nine of the 
panels the fundamental frequencies on which some of the candidate and reference tones' 
harmonics are based differ by one semitone (G'-208 Hz); in all other cases the fundamental 
frequency is a constant G-196 Hz across stimuli and panels. For this number of responses, a 6% 
deviation from chance (Le. from 50%) is significant at a confidence level of 95%. 

Fig. 6 displays statistical prediction results for a wide range of hypotheses about what 
attributes might influence SR2's responses for these panels. The hypotheses are, from left to 
right with their labels capitalized: Channel(s) stimulated, Harmonics used, appearance of 
adjacent harmonics in Different channels, appearance of adjacent harmonics in a common 
(Same) channel, and absolute Fundamental frequency [which is also the beat frequency between 
any two adjacent harmonics]. The remaining hypotheses invokepairs of those five potential 
cues, requiring that both match to predict identification of a candidate as a constituent of the 
reference tone. Note that the simultaneous invocation of the three attributes channel(s), 
harmonics, and fundamentals (C, H, and F) will produce predictions of analytically perfect (Le., 
all "correct") responses. (Depending on the subset of panels under consideration, other attribute 
combinations may also produce predictions of perfect responses.) The three rows of bar graphs 
correspond to (1) the percentage of correct predictions of SR2's responses under each hypothesis 
(based on the sum of both correctly predicted "Yes" and "No" responses), (2) the percentage of 
candidates for which "Yes" responses were predicted but the subject responded "No", and (3) the 
percentage of candidates for which "No" was predicted but a "Yes" was entered by SR2. Each 
pair of bars indicates any difference between the subject's initial and final judgments. 

Clearly the most predictive single attribute hypotheses in this case are channel(s) (C) and 
harmonics (H). Combining those two (CH) produces only a slightly better set of predictions, as 
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Figure 6 .  Example of Hypothesis Analysis, Constituent Tones Study 

does adding the weakest attribute -- fimdarnental frequency -- to harmonics (HF). In fact, CHF 
(a prediction of analytically perfect responses, not shown in the figure) is a slightly better 
prediction of the subject's responses (69% of initial, 73% of final responses) than any of these. 
[Note that, for this subset of panels, DS also would predict perfect identifications, and that the 
fundamental cue (F') was relevant in only nine of the 41 panels. Overall, the subject made about 
twice as many false positive identifications as false negative exclusions.] 
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From the figure we see that the findamental attribute (F) alone is most likely to predict 
identifications that the subject will not make, while the different channel pair cue (D) is the 
single attribute most often failing to predict his "Yes" responses. Between the best two single 
predictor attributes, channel errors (C) are mostly false positives while harmonics alone (H) 
yields a more balanced set of errors. Between the two single attributes that were the intended 
focus of this set of panels -- same channel and different channel adjacent pairs ( S  and D) -- the 
latter is a bit more successfd as a predictor of the subject's responses. In general the best 
predictions tended to be slightly better for the final judgments than for the initial ones. 

The same full range of hypotheses has been analyzed for each of the other subsets of 
panels to be discussed, but in the interest of brevity only the general patterns of results will be 
presented. 

Single-partial candidate tones, reference tones composed of 2-5 partials; all from the 
same single harmonic series: This subset included 36 panels (1 -1 6,49-66, and 99-1 00). The 
common harmonic series was based on a G- 196 Hz fundamental. The best single attribute 
predictions of SR2's responses were obtained for H cues (64% initial, 67% final) and C cues 
(62% initial, 68 % final). CH [which constituted perfect identification for this subset] yielded 
the same prediction scores as H alone. 

Two-partial candidates, 2-5 parfial references; same single harmonic series: There 
were 64 panels satisfying these conditions (17-48,67-98), all based on the same G-196 Hz 
fundamental. Again H alone (77% initial, 81% final) was a slightly better predictor than C alone 
(76% initial, 78% final), and the [again perfect] CH prediction had essentially the same accuracy 
( 77% initial, 82% alone) as H alone. 

Single-partial candidates, 2-5 partial references; mired use of two fundamentals: The 
two fundamentals were separated by a semitone interval, G- 196 Hz and G#-208 Hz. This 
comparison subset included only 6 panels (101-106) comprising 30 responses. The best 
predictions using a single attribute were for H, with a difference between initial and frnal subject 
judgments that was unusual both in size and direction (70% initial, 60% final). CH predictions 
achieved exactly the same scores, but in this case analytically perfect criteria (CHF) eliminated 
one error that the subject also made (67% initial, 57% final). [Given the small number of 
responses a 10% deviation from chance score is significant at a confidence level of about 80%, a 
20% deviation, however, is significant at a 98% confidence level.] 

Two-partial candidates, 2-5 partial references; mixed use of two fundamentals: This 
was another comparison subset of only 8 panels (107-1 14), using the same pair of fundamentals. 
AI1 single-cue predictions produced scores in the 48-53% range, with the highest being for F and 
D (53% initial, 50% final in each case). In this case, however, combining the two best single 
predictors (FD) produced a poorer prediction (50% initial, 43% final) and the best double cue 
prediction was FS at 55% initial and 58% final. A prediction of perfect identification (CHF) was 
less faithful to the subject's performance (53% initial, 50% final). Here the [less correct] FS 
criteria not only got higher absolute prediction scores, but also were consistent with the 
identification errors introduced by the subject between his initial and final judgments. Note, 
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however that each of these differences involved only a very few responses out of the 40 in this 
small subset and cannot support any conclusions at this point. [With this few responses there can 
be only 60% confidence in a 5% deviation from chance in the prediction accuracy. The 
confidence level rises to 90% for a 10% deviation from a chance score (i.e. from SO%).] 

Two-partial candidates, 3-8 partial references; various different fundamentals: A final 
small comparison subset of 7 panels (1 15-121) used stimuli based on a wider variety of 
fbndamental frequencies. The best single predictor was C (74% initial, 83% final). All other 
single predictors were substantially less successful. In fact the only other predictor that could be 
combined with C without a decrease in predictive accuracy was S: CD, for instance, ( 5  1% 
initial, 43% final) was little better than D alone. Again, the limited number of responses in the 
subset leaves large uncertainties, but the best hypothesis predictions were notably better than a 
prediction of analytically perfect responses (CHF; 60% initial, 51% final), and again both in 
terms of absolute prediction score and consistency with the changes made by SR2 between initial 
and final responses. [A 20% deviation from chance in this case is significant with 98% 
confidence.] 

Two-partial candidates, 4-partial references; various fundamentals: A larger subset of 
18 panels (122-139) shared these conditions. Here F (73-74%) was the best single attribute for 
prediction, and explained the bulk of the 74-76% performance of both HF and perfect 
identification (CHF). D alone was also a good predictor (72-71%) but its performance was not 
improved by combination with any other cue. [With this many responses, a 10% deviation from 
chance is significant at a 95% confidence level.] 

The overall picture that emerges is that harmonics is at least as good a predictor of SR2's 
performance on these tasks as channel(s) cues for the simpler (less complex) panels, and the 
combination (CH) somewhat better than either alone. Where the task is the recognition of pairs 
of adjacent harmonic partials there are indications that, depending on the context, both 
intrachannel (S) and interchannel (D) adjacent harmonic pair cues may be utilized. 

Processor Bandpass Filter Order Effects 

All the constituent tones identification studies above were conducted during SR2's visit in 
December of 1993, In the course of subsequent visits to our laboratory in March and May of 
1994 we found time to repeat those studies with a modified processor, number 355, with 24th 
order bandpass filters defining the channels instead of the 12th order filters of number 163b. In 
all other respects the two processors were identical. We were interested in any effects an even 
greater degree of adjacent channel rejection might have on complex tone percepts. [In the 
present comparison studies, all the stimuli were composed of partials satisfying the exclusivity 
criteria for the 12th order filters with a minimum of 10 dB adjacent channel rejection. In this 
case the 24th order filter processor provides better adjacent channel rejection for partials near 
boundaries between channels. Alternatively, the 24th order filters could allow the qualification 
of additional partials, closer to those boundaries, under the same exclusivity criteria.] 



Unfortunate circumstances raised questions about some of the complex tone data 
obtained during both these visits. In March, fluid seepage at the margin of the subject's 
percutaneous connector was copious enough to provide a stimulation current shunt between 
electrode leads that produced noticeable changes in percepts on several occasions during the 
complex tone tests. Those tests were interrupted frequently to let the subject listen to live speech 
in an effort to detect and correct such shunts as early as possible. Only the first 100 panels were 
administered before the frequency of delays for connector cleanings caused us to abandon the 
attempt. The stimulation on some channels for some of those panels likely was reduced by 
current shunts at the connector. In May the full 139 panels were run, but subsequent evidence 
indicated the likelihood that processor channel number 5 was delivering no stimulation at the 
time. Since channel 5 was involved only in panels 1 16- 12 1 and 132- 139, though, the first 100 
panels of the May data can be used as a standard against which to assess defects in the March 
results. In doing hypothesis prediction analysis of the affected portions of the May data, both the 
normal matrices (Appendix 11) and a special set based on the assumption of no channel 5 
stimulation were used for comparison. 

We will discuss the 24th order bandpass studies, then, in two sections: (1) the four 
subsets for which straightforward comparisons are possible between the December and May data, 
two of which replace the questionable data from March, and (2) the subsets whose analysis is 
complicated by the possibility of a nohnctioning channel 5 in the May data. The first section 
includes the subsets with 2-5 partial reference tones that span single and two-partial candidate 
conditions based on either the same single fimdamental or a pair of hdamentals separated by a 
semitone. The second section will include the two subsets with stimuli based on a range of 
various hndamentals. 

Within the first section, the two large subsets with all stimuli based on a single 
fundamental yielded the same patterns of hypothesis prediction scores as before. For the subset 
with single-partial candidate tones, the highest absolute scores from December, March, and May 
were all about the same, the May scores being slightly lower than the others but not significantly 
so. Among the two-partial candidate tone subset scores, those for 24th order filters were higher 
than for 12th order and the May scores higher than the March ones. The HC hypothesis score 
was 83% initial, 86% frnal for the 24th order May data, for instance, compared to 80% initial, 
85% final for the questionable March studies and 77% initial, 82% final for the December 12th 
order analysis. 

The two smaller comparison subsets in the first section -- based on two fundamentals 
separated by a semitone -- showed a similar distinction between single and two-partial candidate 
results. For the single-partial subset, the large drop in the H prediction score from initial to final 
judgments was not seen in the 24th order data; the initial H score dropping and the final C score 
rising, making the latter hypothesis the most predictive (63% initial, 67% final). While the best 
hypothesis scores thus remained comparable between the two filter orders, however, the 24th 
order scores were higher with respect to an analytically perfect prediction (which was 66% 
initial, 57% final for the 12th order case, and only 53% initial, 50% final for the 24th order data). 
That is, the subject made more errors and the best hypothesis predicted them equally as well. 
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Again in the subset with two-partial candidates, the 24th order prediction scores were definitely 
higher with, however, the D hypothesis predictions improving vis a vis the S, both alone,and in 
conjunction with F [a 10% deviation from chance is significant with 90% confidence]. 

__-------_ 12th order filters---------- ----------- 24th order filters-------- 
hypothesis F S D FS FD F S D FS FD 
initial % 53 48 53 55 50 48 38 63 50 60 
final % 50 50 50 58 43 58 33 68 60 70 

For the 24th order filter data in the second section of subsets, the principal difference 
between results assuming that channel 5 was present and those assuming it inoperative was 
substantially improved C and S predictions in the latter case. In the smaller subset of this 
section -- the one whose reference tones were made up of from 3 to 8 partials -- D was a 89% 
predictor alone and both FC and FD achieved 94% scores, equal to a prediction of analytically 
perfect responses. This represented a substantial improvement over the most accurate prediction 
for the 12th order case (C, 74% initial, 83% final). The larger subset of the second section -- 
with 4 partials in each reference stimulus -- yielded essentially the same pattern for predictions 
based on single attributes for the two filter orders, with F rising from 73-74% to 74-78% for the 
latter case. Among multiple attribute predictions, however, FC and FS (79-82%) for the 24th 
order case replaced the best combination for the 12th order data FH (74-76%). Although S 
remained a much weaker predictor than D when used alone (47-46% vs. 73-74%) It was the only 
one of the two that could usefully supplement F. 

Thus we are left with the indication that increasing adjacent channel rejection for partials 
near the spectral boundaries between channels can lead to more simply predictable response 
patterns on a constituent tones identification task -- at least in many cases where the candidate 
tones are composed of two partials. During the March visit, limited data were also taken using 
the same 24th order processor while repeating some of our earlier pilot study surveys exploring 
perceived pitch differences between pairs of complex tones [Lawson, ef al., 19931. Those data, 
obtained both with and without a one second delay between tones, have not yet been analyzed. 
Nor have we yet undertaken analysis of patterns within the prediction errors for various 
hypotheses and subsets, or a search for any systematic variation in prediction scores with the 
degree of reference tone complexity. 

As a final overview of the constituent tones identification results, we combine all the 
responses from all three visits -- both 12th order and 24th order processors -- into a single table 
(next page) showing the percent of the subject's responses that were "correct" in the sense of 
describing the analytic acoustic structure of the stimuli. The stimuli are sorted according to the 
same five attributes we have used in the predictive analysis above. Each of the first eight lines 
corresponds to a possible configuration of the cues F, H, and C between a candidate a reference 
tone. [The lines are numbered, as well as labeled, to facilitate the discussion that follows.] The 
first three columns of numbers represent the responses for each configuration sorted into three 
cases: (1) where there are no pairs of adjacent harmonics in the candidate, (2) where the 
candidate contains a pair of adjacent harmonics presented within a single channel 
["intrachannel", SI, and (3) where the candidate contains such a pair presented in different 
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channels ["interchannel", D]. The final column summarizes all the responses for each FHC 
configuration and a final row summarizes all the responses in each column. Each numerical 
entry gives the number of responses and indicates the percentage of those responses that were 
analytically correct. For the row corresponding to F, H, and C all being the same between 
reference and candidate [the 8th row] a "correct" response means an identification -- a "Yes" 
response by the subject. For all other rows, "No" responses have been scored as correct. 

----attributes---- ------------ adjacent harmonic pairs----------- 
same different none intrachannel interchannel TOTALS 

FHC 1 
C FH 2 50% of 8 
H FC 3 

HC F 5 44% of 52 
FC H 6 51% of 290 
FH C 7 83% of 6 
FHC 8 54% of 766 

F HC 4 95% of 864 

89% of 36 
71% of 132 

89% of 36 
70% of 140 

100% of 8 100% of 4 100% of 12 
88% of 240 96% of 396 94% of 1500 

70% of 356 43% of 28 
55% of 580 
83% of 6 

78% of 276 
71% of 242 

70% of 124 63% of 260 58% of 11 50 

TOTALS 71% of 1986 79% of 400 79% of 1346 74% of 3780 

On line 8 we have the only cases in which the candidates were, physically, true 
constituents of their reference tones. Note that recognition of those candidates was not all that 
frequent, except when a pair of adjacent harmonics was present within a single channel. 

Turning now to the rest of the table, we note that the subject correctly detected 
differences between candidate and reference tones with accuracies of 70% or better whenever 
they differed in at least two attributes [lines 1-41. The weakest of those performances was in line 
2, where there were common channels of stimulation. In line 5 we see that the presence of 
interchannel pairs was very helpful in conveying differences in fundamental frequency, while 
intrachannel pairs were not. Similarly, in line 6 interchannel pairs were quite helpful in 
recognizing differences in harmonics alone. When fundamental frequency was the only attribute 
in common between stimuli [line 41, the presence of intrachannel pairs lproducing beat rates 
consistent with that fundamental] seems to have masked the other differences on occasion. In the 
absence of adjacent harmonic pairs in the candidates [first column], channel differences were 
more easily recognized [line 71 than purely harmonic differences [line 61, with the combination 
of differences in both attributes [line 41 leaving little doubt. Differences of fbndamental 
frequency alone [line 51 were dificult to recognize in the absence of an interchannel pair. 

Interval Consonance Judgments in a Nontraditional Context 

As part of our effort to understand how information supporting SR2's judgments about 
timbre and consonance is conveyed [see Lawson, et al., 19931, we decided to isolate some of the 
cues known to underlie such judgments in normal listeners through the use of a decidedly 
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nontraditional system of musical scales and intervals. The system we chose was the BP or 
Bohlen-Pierce scale [Matthews and Pierce, 19891. 

The most common musical scale in the West today is an equal tempered (ET) scale that 
spans an octave in twelve successive semitone intervals. Since the octave corresponds to a ratio 
of 2: 1 between fundamental fiequencies, each equal tempered semitone involves a frequency 
ratio of the 12th root of two (approximately 1.059). The BP scale is mathematically similar in 
that it spans a frequency factor of three in 13 equal intervals, each a ratio of the 13th root of three 
(approximately 1.088). The two scales are perceived as quite different by listeners with normal 
hearing. 

The BP scale was chosen for our purposes, not merely because it is different, but because 
it also allows fulfillment of many of the characteristics that contribute to the perception of 
consonance for more traditional intervals. This is true so long as all upper partials of the BP 
complex tones are restricted to frequencies that are odd integer multiples of the corresponding 
BP fundamental. 

The traditional ET scale provides acceptably close approximations to exact (just) 
consonant intervals such as the major fifth [frequency ratio 3:2], perfect fourth [4:3], major third 
[5:4] and minor third [6:5]. Such intervals between complex tones are characterized by the 
absence of low rate inter-partial beating and the presence of harmonically-related higher rate 
beats. Tones with only odd-harmonic partials based on the BP scale offer close approximations 
to such exact interval ratios as 5:3,7:5, and 9:7, with quite similar patterns among partials 
available to support judgments of consonance and dissonance. [Music theory note: The BP scale 
supports 3:5:7 major triads and 5:7:9 minor triads that are highly analogous to the traditional 
4:5:6 major chords. The BP equivalent of the major diatonic subset of the traditional chromatic 
scale (0 ,2 ,4 ,5 ,7 ,9 ,  and 11 ET semitones above the tonic; e.g. C, D, E, F, G, A, and B for a 
tonic C )  involves nine rather than seven tones (0, 1 ,3 ,4 ,6 ,  7,9, 10, and 12 BP semitones above 
the tonic), successive tonics being separated by a 3: 1 "tritave" rather than the traditional octave.] 
[Physics note: The design of acoustical (as opposed to electronic) musical instruments for 
performance of BP scale music would be complicated by the necessity of eliminating all spectral 
components at even-integer multiples of the hndamental frequency. Regardless of the type of 
instrument, there is the issue of even-harmonic components being contributed by the mechanical 
parts of the listener's ear, a concern neatly avoided in the present studies!] By having SR2 
compare perceived consonance among complex intervals based on BP and ET scales we hoped to 
gain some insights into the roles of various consonance cues. 

A set of 39 fundamentals along a BP scale ascending from 1 10 Hz (spanning three 
"tritaves") was examined, and all partials satisfying our 10 dB exclusivity criteria for a 12th 
order six channel CIS processor identified. Several sets of stimuli were synthesized to support a 
series of anecdotal response studies: (1) sequentially presented ET intervals (9 stimuli, each 
containing harmonics 2,4,6,  and 8); (2) sequentially presented BP intervals (1 1 stimuli 
containing harmonics 3, 5, 7, and 9 and 6 stimuli containing harmonics 1,3, 5 ,  and 7); (3) 
simultaneously presented BP complex intervals (16 stimuli using harmonics 3, 5,7, and 9 and 
three stimuli using 1,3, 5 ,  and 7); (4) simultaneously presented ET complex intervals (eight 
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stimuli using harmonics 2 ,4 ,6 ,  and 8). Each of these sets served in succession as the basis for a 
session with SR2, with an experimenter presenting the stimuli in various combinations and 
recording the subject's anecdotal responses. In a final two sessions simultaneous BP and ET 
complex intervals were intermixed sequentially for direct percept comparisons. The subject was 
not informed about the nature of the stimuli until after the entire series of sessions. These studies 
were done in May of 1994 using processor 163b. The playback level was adjusted at the 
beginning of each session so as not to exceed MCL for the stimuli of that session. 

The principal complex intervals involved in these investigations are summarized in the 
following table. Only even harmonics were used in synthesizing the ET stimuli, only odd in the 
BP stimuli. 

Ratio of Fundamental Interval in Semitones Interval 
Fre,quencies BP ET Name 

5:4 1.250 
9:7 1.285 
4:3 1.333 
7:5 1.400 
3:2 1.500 
5:3 1.667 
2:l 2.000 
7:3 2.333 

4 

5 

7 

12 

3 

4 

6 

10 

Major Third 1 
2 

Perfect Fourth 3 
4 

Perfect Fifth 5 
6 

Octave 7 
8 

In some respects the sequential intervals sessions produced quite similar results with both 
scale systems. Relative pitch was reported to be more ambiguous as intervals decreased for 
frequency ratios below 1.4, but less so at higher absolute frequencies. Those patterns were 
consistent across substantial variations in the pattern of channel stimulation from one tone to 
another. More of the BP stimuli contained two partials represented in a single processor channel 
than was the case for the corresponding ET stimuli. On every occasion that a BP stimulus did 
not include such a pair of partials the subject volunteered that it "was hard to pin down". Other 
spontaneous comments during the BP session included: "It's not falling on the note I want it to 
fall on", "This is a difficult relationship", "The second is hard to relate to the first", and "It's hard 
to identi@ the interval -- it doesn't fit into the socket of any identifiable interval." No such 
comments were offered during the ET session. Both sessions were organized so that several 
pairs separated by the same interval but occurring at different absolute pitches would be 
considered sequentially. SR2 frequently sang intervals (unmonitored) as he considered these 
stimulus tones, his vocalizations tending to become more accurate both in interval and in 
absolute frequency after he had heard the same interval at different absolute pitches. Among the 
ambiguous pairs, there were examples of intervals that initially were perceived as ambiguous and 
remained so, ones that became ambiguous only after repeated listening, and cases in which an 
unambiguous initial perception changed irreversibly after repeated listening. 
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When it came to simultaneous complex intervals (single tones synthesized by summing 
partials from both fundamentals), the BP session was conducted before the ET. The subject was 
told nothing about the nature of the stimuli except that he was to describe each one rather than, as 
before, considering them in pairs. The first stimulus considered was a low frequency 6-semitone 
BP interval (ratio 1.667) using harmonics 3, 5,7,  and 9. SI22 found it profoundly puzzling at 
first, describing it as "several tones -- almost an organ note in character -- synthetic but pleasant". 
The second stimulus was the same interval, played one BP semitone [ratio 1.0881 higher, and 
SW's  first comment was "very similar in texture and character -- higher than the first one by a 
little more than a full step". When the sequence of two such intervals was repeated at 
substantially higher absolute pitch, however, [fundamentals near 330 Hz, compared to the 
previous 130 Hz; the lowest partial frequencies were 990 and 390 Hz, respectively] he initially 
detected no difference between them. After repeated listening he came to hear "an additional high 
frequency component" in the upper one. The next stimulus was based on exactly the same 
fundamentals, but used harmonics 1,3, 5, and 7 instead of 3, 5, 7, and 9. SR2 immediately 
described the overall pitch as lower and described the tone as "more compact" and the pitch 
"more stable". After repeated listening he compared this stimulus to the preceding one in the 
following terms: "It sometimes seems like there is a perfect fifth between the last two; otherwise 
this one is the same note in a different voice, or with lower harmonics." [The interval between 
the lowest partials -- 3 and 1 -- of these same fundamentals was, in fact, a ratio of 3, i.e. an 
octave plus a perfect fifth.] When the next stimulus involved the same interval and partials a BP 
semitone higher, the subject struggled to interpret it in comparison to the previous one, 
mentioning Ywo different organ chords with one note in common" and a "minor to major chord" 
transition before settling on the same interval "up by a major third". Such insighthl comments 
continued as successively narrower simultaneous BP intervals were presented. SI22 began to 
hear most of the stimuli as combinations of two different pitches. At one point near the end of a 
sequence of 4-semitone intervals [ratio 1.41 he was struggling to decide whether the interval 
between the two pitches he heard was a perfect fourth [ 1-33] or a perfect fifth [ 1.5 3. Frequently 
he would return to finer grained analyses of spectral components rather than perceive a stimulus 
as a complex tone pair. Often his remarks were consistent with struggles to resolve competing 
consonance cues in terms of a traditional experience and vocabulary that allowed no such 
inconsistencies. Overall, he seemed both to accept these nontraditional constructs as analogous 
to familiar musical tones and to find them profoundly difficult to describe in those terms. 

In the corresponding ET session, considered in order of increasing interval width, SR2 
was perceiving the stimuli as two distinct notes by the time perfect fourths [ratio 1.3331 were 
being played and confidently identified the second perfect fifth as such. Octave intervals 
sounded to him "like more than one note -- at least two", but he did not volunteer the interval. 
Two octave intervals at different absolute pitches were heard as "having a lot in common, but I 
can't pin it down". That session ended with one of the most entertaining, if not enlightening, 
percepts of the study: a rapidly played octave-fifth-fourth-third sequence, all based on the same 
lower fundamental, evoked memories of tuning a ukulele to the words "my dog has fleas". 

In the final two sessions of these studies the very sequence of complex intervals shown in 
the table on the preceding page was explored, in two significantly different absolute frequency 
ranges [lower fimdamentals ranging from 141 to 235 Hz and from 256 to 330 Hz, respectively]. 



The subject was asked to consider three stimuli at a time, always corresponding to three 
successive lines from the above table. Thus, half the time he was considering one BP interval 
bracketed [in sequence and in width] by two ET ones and the rest of the time vice versa. For 
economy, we will refer to the stimuli using the line numbers at the right edge of the table. In the 
lower frequency session the stimuli were presented in increasing number order, and in the reverse 
order during the higher frequency session. The first session -- the lower absolute frequency one 
-- began with the first three stimuli from the table, a complex major third and perfect fourth 
bracketing an intermediate complex BP interval. SR2 commented that the first and third were 
"very similar in feature -- a two-note sound" with the third higher in pitch than the first "by a 
major third or perfect fourth". The middle stimulus, on the other hand, was described as 
"unrelated to one and three: the character of it is more . . . discordant". The next two sets of 
three stimuli, 2-3-4 and 3-4-5, were both accepted as having "pretty much the same character for 
all three", except that BP stimulus 4 was described as "a bit flat in the former set and ''a bit 
tighter" in the latter. For sets containing two ET and one BP stimulus, the subject frequently 
tried to characterize the overall pitch of a stimulus vis a vis the others in its set of three, with 
variable accuracy and consistency. While in general SR2 seemed to become less aware of 
differences between stimuli from the two scale systems as the sessions proceeded, BP stimulus 6 
-- the 5:3 interval -- was a notable exception. In the 4-5-6 context, stimulus 6 was judged 
"different from [4 and 51 -- made of two notes that don't belong together", while in the 5-6-7 set 
it was described as "weird -- hard to assign it to a pitch with respect to [5 or 71 -- it wants to be 
down a perfect fifth but it's not." [The lower fundamental was 141 Hz for stimulus 6 and 196 Hz 
for both the other two.] In the 6-7-8 context stimulus 6 was "flat or sour". In the subsequent 
higher fiequency session, stimulus 6 was again singled out, but only in the initial 8-7-6 context, 
as "somehow off from where you'd want it to be". With that single exception, all the stimuli in 
all the sets of the final session were accepted as ''very similar in feature" or "close in character -- 
the same instrument". 

Clearly SR2 was able immediately to detect inconsistencies between complex intervals 
based on the two scale systems, an impressive feat given the known crudeness of stimulation 
with cochlear implants. Apparently, with very limited experience, he also came to accept 
mixtures of the two on the basis of the structural patterns that were kept consistent among the 
stimuli. Despite his abilities with these subtle distinctions, of course, he often made substantial 
errors in (supposedly, much less subtle) relative pitch judgments. Detailed follow-up studies are 
planned. One particular item for further investigation is a non-analogous feature of complex BP 
tones that may be more significant for CIS processor users than for listeners with normal hearing: 
when adjacent BP overtones are represented in a single processor channel the resulting beat rates 
always correspond to the octave of the fimdamental (the difference between successive odd 
harmonics). The octave is, of course, an even harmonic. 

Systematic Examination of Perceptual Category Assignments: 
Single Stimuli 

While such anecdotal studies certainly have their rewards, they are always conducted in 
the hope of their leading to subsequent, more highly controlled experiments. In our earliest 



complex tone studies with SR2 [Lawson, et al., 19931 the subject volunteered a number of 
descriptive terms quite frequently. In an effort to gauge the stability and precision of these 
categories and the degree of independence among them we included in SR2's August 1994 visit 
systematic interviews regarding single stimulus percepts and percept pair comparisons. The 
interviews were computer controlled, strictly limiting the descriptive terminology and requiring 
every category to be considered on each occasion, thus avoiding some of the more obvious 
potential pitfalls of the anecdotal reports from the pilot studies. 

Descriptive categories were assigned to each stimulus by the subject, using a mouse and a 
sequence of two control display windows. The first of those windows is shown here as Fig. 7. 

Here is a new sound: 

Choose the one best description for the sound: 

o Single pure tone 

o Single complex tone 

o Pleasant combination of tones 

o Dissonance 

o Noise 

Figure 7. First Control Window, Single Stimulus Category Study 

The Play button could be clicked as many times as desired, to listen to the current stimulus tone. 
A minimum delay of one second was imposed between successive presentations. In this window 
the five options were mutually canceling "radio buttons". Once the subject had highlighted the 
best one by clicking on it, and was satisfied with the choice, he moved on to the next window by 
clicking on the Done button. 

The second primary window is shown in Fig. 8. Here the function of the Play button is 
the same as before, but as many of the categories as appropriate (or none) could be checked 
before moving on by clicking on Done. 
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For the same sound: 

Check as many as apply: 

o Modulated 

o Rough 

o Buzzy 

o Synthetic 

o Vowel-like 

o Chord-like 

o Smooth 

Figure 8. Second Control Window, Single Stimulus Category Study 

An auxiliary message then would appear on the screen, asking the subject "Did the sound 
seem to change afier repeated listening? 'I . Clicking on the No button provided would cause the 
return of Fig. 7's window with a new stimulus tone loaded. Clicking Yes, that there had been a 
change, would summon a sequence of two additional queries, with each indented line available 
for clicking as a response: 

Afrer it changed, could you then 
o hear it "BOTH ways"? 
o only hear it the "NEW way"? 

and then 

Have your answers described 
o only the ORIGINAL way it sounded? 
o only the NEW way it sounded? 
o BOTH? 

Depending on the answers to those questions, the two primary control windows would appear 
again for the same stimulus with one of the following three pairs of labels replacing the "Here is 
a new sound:" and '%br the same sound:" appearing in Figs. 7 and 8: (1) "Listen to the same 
sound again and describe the NEW way it sounds:'' and "Again, describing the new way it 



soundr: ': (2) "Listen to the same sound again and describe the ORIGINAL way it sounded:" and 
"Again, describing the original way it sounded:", and (3) "Without listening to the sound again, 
try to describe the ORIGINAL way it sounded:", and '%gain, describing the original way it 
sounded: ' I. In case (3), of course, the Play button would not appear in either window. 

The supervising computer program recorded the number of times each stimulus was 
played from each window and the categories selected in that window, as well as the history of 
any noted changes in percept. 

In studies over two days in August 1994, with SR2 using the 163b processor, this 
interview was administered for a total of 383 stimuli satisfLing our 10 dB channel exclusivity 
criteria for a six channel 12th order bandpass CIS processor. The stimuli included single 
complex tones with from one to eight harmonic partials, and a few instances (1 2) of simultaneous 
combinations of single harmonics or pairs of adjacent harmonics based on two different 
fundamentals. Most of the stimuli used in previous complex tone studies (except Bohlen-Pierce 
scale tones [see above]) were included. Some stimuli appeared more than once, to allow 
assessment of the repeatability of the subject's judgments. The playback gain was set initially to 
ensure that no stimulus would produce a percept above MCL in loudness, and not changed 
during the studies, All stimuli were audible, but a few were reported to be quite soft. 

The number of stimuli assigned each of the five mutually exclusive categories in the first 
control window is shown below: 

Single Pure Tone 110 
Single Complex Tone 248 
Pleasant Combination of tones 9 
Dissonance 16 
Noise 0 

Lists were prepared of stimuli in each of these categories except the largest, and each such list 
was examined for patterns in the structures of its members. These lists also may prove useful in 
constructing stimulus sets for future studies. The stimulus tones categorized as dissonances all 
involved intrachannel pairs of adjacent harmonics with beat fiequencies close to 200 Hz, most 
occurring in channel 3. All of the stimuli so identified were made up of harmonics of single 
fundamentals. Only about half of the stimuli categorized as pleasant combinations of tones in 
fact involved harmonics of more than one fimdamental. All but one included four or more 
harmonics and both intrachannel and interchannel occurrences of adjacent partials. In most cases 
there were intrachannel beats in two different channels. The one exception had two adjacent 
harmonics of a high fkndamental in channel 6, with a beat rate (1245 Hz) greatly attenuated or 
completely eliminated by the channel envelope's 400 Hz low-pass smoothing filter. Among the 
1 10 stimuli described as sounding like single pure tones, 23 were just that, while 59 had 
adjacent harmonic pairs but none in common channels, 22 had only intrachannel pairs, and 6 had 
pairs of both types. Only 3 of the 22 stimuli with purely intrachannel pairs had beat rates near 
200 Hz (c.f the pattern for dissonances). All but one of the 6 with pairs of both types had 
intrachannel beat rates at or above 400 Hz. 

. 



A change in percept while considering these single stimuli was reported in only five 
cases, none involving any change in categorization. 

The following table shows the percentages of each of these four initial categories that 
then received each of the seven "second window" labels. Percentages exceeding 65% are shown 
in boldface type. 

----------- Percentage of Initial Category receiving Label----------- 
Label Pure Complex Pleasant Comb. Dissonance 

Modulated 1 5 67 
Rough 2 17 44 
Buzzy 12 42 67 
Synthetic 25 93 100 
Vowel-like 6 6 0 
Chord-like 0 19 56 
Smooth 86 51 22 

12 
88 
38 
100 
0 
69 
6 

All stimuli heard as pleasant combinations of tones, all categorized as dissonances, and virtually 
all called single complex tones also were described as "synthetic". Interestingly, only stimuli 
described as single pure tones largely escaped that label, suggesting that it was intended to 
convey complexity rather than imply an artificial source. The label "modulatedl' was attached 
primarily to pleasant combinations of tones and "rough" was most strongly linked to dissonances. 
L BUZZ^" was used to modify a wide range of categories and was not especially associated with 
dissonance. The labels "chord-like'' and "rough" were largely applied to dissonances and 
pleasant combinations, and "smooth" to perceived single tones -- pure and complex. 

The wide variation in number of stimuli assigned to each of the four initial categories 
should be kept in mind when interpreting these results. To that end, we also show the same data 
expressed in terms of the percentage of all uses of each of the seven labels that occurred within 
each of the four initial categories. 

---------- Percentage of Label Use by Category--------- 
Modul Rough Buzzy Synth Vowel Chord Smooth Category 

Pure Tone 5 3 10 10 32 0 42 
Complex Tone 57 69 83 81 68 73 56 
Pleasant Comb. 29 7 5 3 0 8 1 
Dissonance 10 23 5 6 0 17 <1 

In the following table we indicate the total number of times each of the labels from the 
second window was used, and the percentage of uses of each label that were accompanied by the 
use of each other label. The values above 90% are shown in boldface type while those in the 
next cluster of values, near 50%, are underlined. 
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Total ----_---------- Percent Accompanied By------------------ 
Count Modul Rough Buzzy Synth Vowel Chord Smooth 

Modulated 22 - 45 36 91 23 18 32 
Rough 61 16 - 52 98 0 28 2 
Buzzy 130 6 25 99 0 13 8 

Vowel-like 22 23 0 0 - 50 0 91 
Chord-like 64 6 27 27 94 0 - 48 
Smooth 225 3 0 5 - 58 9 14 

Synthetic 284 7 21 45 4 21 gi 

Virtually all occurrences of the labels modulated, rough, buzzy, and chord-like were 
accompanied by the label synthetic, but roughly half the uses of synthetic were in association 
with about half the occurrences each of smooth and vowel-like. Virtually all the stimuli deemed 
vowel-like were heard as smooth, with a quarter of them also described as modulated. A third of 
all modulated tones were considered smooth, a third buzzy, and almost half rough. For 
chord-like tones the proportions were one half smooth, and a third each rough and buzzy. Half of 
all rough stimuli were also buzzy but only one quarter of all occurrences of buzzy were 
accompanied by the label rough. Smooth occurred almost as frequently as synthetic, with bwzy 
being the next most used label. The most seldom used labels in this set were modulated and 
vowel-like. 

Lists were produced of all stimuli identified as modulated, rough, and chord-like, in the 
hope of identifying common structural elements associated with those labels. There were 21 
different stimuli in the modulated list, 42 in rough, and 41 in chord-like. There were 9 different 
stimuli in common between the modulated and rough lists, 13 between rough and chord-lib 
lists, and three between chord-like and modulated. Only one stimulus received all three labels. In 
the table that follows we show the percentages of stimuli in each of those six groups with (1) no 
intrachannel beats between adjacent partials, (2) such beats in all channels stimulated, and (3) a 
mixture of channels with and without such beats. The single stimulus common to all three lists 
was of the mixed type. Also shown is the range of such beat frequencies in each list. 

List 

Modulated 
Rough 
C hord-like 

Mod + Rough 
Rough + Chd 
Chd + Mod 

----------- percentage of stimuli---------- 
No beats Beats in all Mixture 

5 76 19 
5 76 19 
22 32 46 

11 67 22 
0 54 46 
0 67 33 

Beat Freq. 
Range 

49-1295 HZ 
49-622 
123- 1245 

49-233 
123-233 
208-1 245 
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In terms of these three structural classes there seems to be a clear statistical distinction 
between chord-like and the other two single-label lists. Furthermore, while the single-label 
modulated list and rough list have indistinguishable structural statistics in terms of these classes, 
a distinction emerges when we compare the paired-label chord-like and modulated'' and "rough 
and chord-like" lists. 

The full range of channels was involved in the intrachannel beats in all six lists. Beat 
frequencies between adjacent partials ranged from 49 to 1245 Hz among the stimuli in these lists, 
with values below 123 Hz and above 622 Hz occurring in relatively few stimuli. Thus 
differences in the beat frequency ranges for the three single-label lists are probably not 
significant. The lack of beat frequencies above 233 Hz in the "modulated and rough'' and "rough 
and chord-like" paired-label lists, on the other hand, may be significant, as may be the absence of 
beats below 208 Hz for the "chord-like and modulated' combination. 

Systematic Examination of Perceptual Category Assignments: 
Stimulus Pair Comparisons 

The same stimuli that had been considered individually in the category assignment studies 
discussed above also were employed later in systematic computer controlled interviews 
regarding comparisons of complex tones presented in pairs. This study sought, again in a more 
controlled context, to explore perceived differences along several dimensions volunteered 
anecdotally by SR2 in the course of our earliest studies with complex tones. The initial control 
window for a new pair of stimuli is shown in Fig. 9. 

Clicking a computer mouse on the Play button caused playback of the two stimuli, in a 
fixed order and separated by a one second delay. This button could be used as many times as 
desired, subject only to a minimum delay of one second between the presentations of any two 
stimuli. Any of the four mutually exclusive options could be selected by clicking on the 
corresponding mutually canceling "radio button". Once the subject was satisfied with h is  choice, 
he could proceed to the next window by clicking on the Done button. In this study the Different 
button was used to signal that change in percept after repeated listening to a pair. Clicking on it 
caused an instruction to appear in the window: "Continue to answer for the ORIGINAL way the 
tones sounded." 

As indicated in Fig. 9, the first window asked for a judgment of the relative overall pitch 
of the two complex tones, a judgment sought for many such pairs in the earliest pilot studies [cf 
Fig. 1 of Lawson, et al., 19931. In this case, if the first response indicated a difference in overall 
pitch between the two tones, a second window proceeded to ask for an assessment of the degree 
of difference. 
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New Tones: Overall Pitch 

o 1 Higher 
o Same 
o 2Higher 
o 2 Both higher and lower in pitch than 1 

lPlay] 
-- -- 

Figure 9. First Control Window, Stimulus Pair Category Comparisons 

The Play and Done buttons continued to be available, with the options changing to: 

The dltfcrence is: 
o A musical second or less 
o A musical third 
o A musical fourth 
o A musicalfifth 
o A musical sixth or seventh 
o A n  octave 
o More than an octave 

This categorization of relative overall pitch was followed by similar questions along a variety of 
perceptual dimensions, all for the same pair of stimulus tones. In each case an initial window 
determined whether or not a difference was perceived and, if so, a secondary window asked for 
an indication of the degree of difference. Each window included the Play button, a set of "radio 
buttons" for the options and the Done button. The secondary window text in each remaining 
case was: 

The diflerence is: 
o Tiny 
o Small 
o Moderate 
o Large 

The primary dialog texts for the remaining perceptual dimensions were as follows: 
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Loudness: 
o 1 Greater 
o Same 
o 2 Greater 

Pureness: 
o 1 Greater 
o Same 
o 2 Greater 
o Doesn't apply to either 

Roughness: 
o 1 Greater 
o Same 
o 2 Greater 
o Doesn't apply to either 

Strength of Modulation: 
o I Greater 
o Same 
o 2 Greater 
o Doesn't apply to either 

Rate of Modulation: 
o I Higher 
o Same 
o 2 Higher 
o 2 Has both Higher and Lower Rates than 1 
o Doesn't apply to either 

Tone Complexity: 
o 1 Greater 
o Same 
o 2 Greater 

Consonance / Pleasantness: 
o I Greater 
o Same 
o 2 Greater 

he subject had clicked on the Different button early in the interview --Ir this pair of tones the 
program now would return to the window of Fig. 9, but with the message "Now answer for the 
NEW way these tones began to sound". Otherwise the next window would look exactly like Fig. 
9 and control a new pair of complex tones. In either case the full sequence of windows would 
follow. 



The supervising computer program recorded each response, as well as the number of 
times each pair was played at each juncture. 

As mentioned above, the categories chosen for this interview had been volunteered 
frequently by the subject in earlier anecdotal responses. Clearly this set of categories would not 
be appropriate for many cochlear implant subjects! 

A total of 118 different complex tone pairs were used as stimuli for this study. Each 
appeared twice, once in each order of presentation. Playback levels were adjusted as necessary 
for each pair, to be certain that no amplitude clipping occurred at the input to the subject's 163b 
processor and that all stimulus pairs were presented near his MCL. The studies were done during 
SR2's August 1994 visit to our laboratory. 

Later in the same visit, the 32 stimulus pairs that had received ambiguous relative overall 
pitch reports were presented again, along with 12 new stimulus pairs, in a different procedural 
context. The only change in the interview program for this case was that the single Play button 
in Fig. 9 and related windows was everywhere replaced by separate Play 1 and Play 2 buttons, 
allowing the subject to listen to the two stimuli of each pair in any order. The minimum one 
second delay between any two stimuli was maintained. 

The data from these studies are contained in a pair of matrices, one outlining SR2's 
judgments along the nine perceptual dimensions and the other describing each stimulus pair in 
terms of acoustic and processed structure (i. e. in terms of fbndamental frequencies, harmonic 
partials, channel assignments, and beat frequencies), These matrices will immediately support 
better choices of stimuli for future complex tone studies, enabling us to design tests that are more 
precisely focused. Full analysis of these data, on the other hand, is just beginning and will be 
reported in a future progress report. We will be searching for correlations between combinations 
of stimulus structure features and perceived characteristics. 

Pending a more complete analysis, some preliminary glimpses of patterns in the data may 
be of interest. In addition to the 32 instances of ambiguous relative overall pitch among the 
initial 1 18 complex tone pairs, for instance, there were four cases of firm reversal of relative 
pitch percept with changing presentation order. There were no spectral content distinctions that 
were unanimous across presentation order reversal. There were five instances in which 
same/different overall pitch judgments for normal/reversed order of presentation were paired 
with differenthame spectral content judgments. As a final glimpse for now, the following table 
shows the distribution of pitch difference magnitude judgments for two groups of stimulus pairs: 
those judged to have different overall pitches regardless of order of presentation, and those 
judged to have different overall pitches when presented in one order but to share the same overall 
pitch when presented in the opposite order. 
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-----Percentage of Responses----- 
Pitch Difference Difft/DifR DifWSame 

Second or less 2 
Third 33 
Fourth 30 
Fifth 13 
Sixth or Seventh 17 
Octave 2 
More than Octave 3 

0 
76 
24 
0 
0 
0 
0 

Inconsistency Detection Thresholds 

The final study to be discussed in this progress report utilized the same interview program 
just described -- the version allowing separate access to the Play 1 and Play 2 functions. Also 
conducted during SR2's August 1994 visit, this study was designed to gauge roughly how large 
certain internal inconsistencies in complex tones would have to be in order to be noticed by the 
subject. The 2 1 stimulus pairs were delivered to processor 163b at MCL. Each stimulus 
provided spectral components to both processor channels 2 and 3, and to no other channel. Each 
involved harmonics 3 through 6. The following table indicates the frequencies of the pure tone 
partial(s) in each channel and any beat frequency present in each channel. All values are 
frequencies in Hz and the variables in each case are shown in bold face. H is an abbreviation for 
harmonic number, Ch and Chan for channel number. 

1 624 832 1040 1248 624 832 1065 1278 208 208 208 213 
2 624 832 1040 1248 624 832 1090 1308 208 208 208 218 
3 624 832 1040 1248 624 832 1115 1338 208 208 208 223 

4 624 832 1040 
5 624 832 1040 
6 624 832 1040 
7 624 832 1040 
8 624 832 1040 
9 624 832 1040 
10 624 832 1040 
11 624 832 1040 

624 832 1065 
624 832 1090 
624 832 1115 
624 832 1140 
624 832 1165 
624 832 1190 
624 832 1215 
624 832 1240 

208 
208 
208 
208 
208 
208 
208 
208 

208 
208 
208 
208 
208 
208 
208 
208 



14 624 1040 
15 624 1040 
16 624 1040 
17 624 1040 
18 624 1040 

12 624 1040 1248 639 1040 1248 208 208 
13 624 1040 1248 654 1040 1248 208 208 

248 669 1040 1248 208 208 
248 684 1040 1248 208 208 
248 699 1040 1248 208 208 
248 714 1040 1248 208 208 
248 729 1040 1248 208 208 

19 624 1040 1248 624 1065 1278 208 213 
20 624 1040 1248 624 1090 1308 208 218 
21 624 1040 1248 624 1115 1338 208 223 

Each stimulus again fulfilled our 10 dB exclusivity criteria for 6 channel CIS processors with 
12th order bandpass filters. The stimulus pairs were presented in the numerical order shown. 
Four distinct tests were included in this sequence of pairs, and their stimuli are separated by 
blank lines in the table above. The subject was given no prior information about the nature of 
these tests and had no indication of the division of the stimuli into separate tests. 

In the first test there were beats in both channels for both stimuli, with the second 
stimulus' channel 3 partials based on fundamentals that were 5, 10, and 15 Hz higher than the 
fkndamental of all the other partials. This made the beat fiequency in that channel increasingly 
inconsistent, in 5 Hz steps. 

The second test supplied unchanging reference beats in channel 2 for both stimuli. While 
the first stimulus also contained a single, consistent partial in channel 3, however, the second 
stimulus substituted increasingly inconsistent single partials, again based on a fundamental 
increasing in 5 Hz steps. Since the partial was a fifth harmonic, it changed in steps of 25 Hz, 
from 1065 to 1240 Hz. 

The third test was quite similar to the second, but with the reference beats in channel 3 for 
both stimuli and, in channel 2, a consistent single partial in the first stimulus and increasingly 
inconsistent single partials in the second. Since the third harmonic of the variable hndamental 
was involved in this case, the frequencies were lower, ranging from 639 to 729 Hz in 15 Hz 
steps. The relative salience of the inconsistencies in the second and third tests was of particular 
interest in light of our emerging neural modeling work and intracochlear evoked potential 
measurements. 

In the final test of this pilot series, a fixed single partial was the reference present in 
channel 2 of both stimuli. Channel 3 received a consistent, constant beat frequency in the first 
stimulus and an increasingly inconsistent one in the second. 



[For purposes of reference, an inconsistency of an equal tempered semitone (a musical 
minor second or "half step") would lie between the values of pairs 2 and 3 , 5  and 6, 13 and 14, 
and 20 and 21, while an equal tempered whole tone (a major second) is closely approximated by 
the inconsistencies in pairs 8 and 16.1 

There was not time during the August visit to explore additional conditions involving 
holding a beat rate constant (and consistent with respect to the other components of the stimuli) 
while increasing the inconsistency of the absolute frequencies producing the beat. That study, 
among others, is awaiting SR2's next visit. 

The following table summarizes selected relevant responses of the subject during these 
tests. The numbering and grouping of stimulus pairs is the same as in the previous table. 

1 
2 
3 

4 
5 
6 
7 
8 
9 
10 
11 

12 
13 
14 
15 
16 
17 
18 

19 
20 
21 

------Overall Pitch------ 
Difference 

2 Higher 
2 Higher 
2 Higher 

2 Higher 
2 Higher 
2 Higher 
2 Higher 
2 Higher 
2 Higher 
2 Higher 
2 Higher 

1 Higher 
Same 
2 Higher 
2 Higher 
2 Higher 
2 Higher 
2 Higher 

2 Higher 
2 Higher 
2 Higher 

Amount 

Tiny 
Tiny 
Tiny 

Tiny 
Tiny 
Small 
Small 
Small 
Moderate 
Tiny 
Moderate 

INRI 

Tiny 
Tiny 
Tiny 
Small 
Tiny 

Small 
Small 
Moderate 

----Spectral Content---- Pureness Complexity 
Difference 

Same 
Same 
Same 

Same 
Same 
Same 
Same 
Same 
Same 
2 Higher 
2 Higher 

Same 
Same 
Same 
Same 
Same 
1 Higher 
Same 

Same 
Same 
2 Higher 

Amount 

Same Same 
Same Same 
Same Same 

Same 
Same 
Same 
Same 
Same 
Same 

Small 1 Purer(Sm) 
Small 1 Purer(Sm) 

Same 
Same 
Same 
Same 
Same 
Same 
2 More(Sm) 
2 More(Sm) 

Same Same 
Same Same 
Same Same 
Same Same 
Same Same 

Same Same 
Small 2 Purer(Sm) 1 More(Sm) 

Same Same 
Same Same 

Small 1 Purer(Sm) 2 More(Sm) 

In the first test, the difference in the channel 3 beat rate was salient over the whole tested 
range (inconsistencies of 5 to 15 Hz) with no detected trend in the percept. 
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The inconsistencies were again salient over the full range of variation in test two, but this 
time with the overall pitch difference magnitude showing a clear trend. For the largest 
inconsistencies, a spectral content difference was reported and the second stimulus was described 
as less pure and more complex. The marked drop in the magnitude of perceived pitch difference 
for pair 10 with respect to the pairs on either side of it will be discussed in connection with a 
similar observation in the next test. 

The saliency of the absolute frequency inconsistency in test three was not well established 
until (in pair 14) it exceeded 30 Hz, while the analogous inconsistency at higher absolute 
frequency in the second test apparently was salient at 25 Hz or less. The overall pitch difference 
was described as small when the inconsistency had reached 90 Hz (in pair 17, compared to 75 Hz 
in the case of the second test), and differences in spectral content, pureness, and complexity were 
reported at the same point. The direction of all three of those differences, however, was reversed 
from those reported late in test two. As seen in test two, a sudden drop in the magnitude of 
perceived overall pitch difference occurred at pair 18, this time accompanied by the 
disappearance of perceived differences along the other three dimensions. 

Some of the perceptual structure detected in tests hvo and three may be interpreted in 
terms of an ambiguity in implied hndamental. Let us consider the increasing deviations from a 
consistent set of harmonics in terms of the frequency ratios of the three partials in the second 
stimuli of both tests, with respect to the reference fhdamental. In the first pair of test two @air 
4) the ratios are 3.00,4.00, and 5.12, reflecting the small departure of the highest partial from a 
perfectly consistent 5th harmonic frequency. Notice that by the time pairs 10 and 11 are reached, 
the highest partial's ratio to a consistent hndamental is 5.84 and 5.96 respectively. This may 
have allowed the subject to interpret the stimufus either as another, even larger departure from 
harmonics 3 ,4 ,  and 5, or a very close approximation to harmonics 3,4, and 6 of the same 
fundamental. In test three we began with the 3rd, 5th, and 6th harmonics and ratios of 3.07,5.00, 
and 6.00. By the time pairs 17 and 18 had been reached, the ratio of the lowest partial had risen 
to 3.43 and 3.50 times the consistent fundamental, supporting an alternative interpretation of the 
three partials as the 7th, loth, and 12th harmonics of a new fundamental, shifted down by an 
octave. Hence, perhaps, the contrast in perceived spectral content, pureness, and complexity 
differences that appeared late in the two tests. Such sudden transitions to alternative 
interpretations of complex tones in the course of slowly increasing inconsistencies are well 
known for subjects with normal hearing. [The effect sometimes is called virtual pitch or residue 
pitch; see Moore (1 989), pp. 167ff., and Houtsma et al. (1 987).] Anecdotal reports from our 
earliest pilot studies with SR2 had suggested that he could, on occasion, report perceptual 
changes consistent with the salience of an implied fundamental. That interpretation now rests on 
firmer ground. 

In the final of the four tests an inconsistent beat rate, in the absence of a simultaneous 
reference beat rate in another channel, was salient over the whole range explored and showed 
evidence of a perceptual trend as the inconsistency was increased. The spectral, pureness, and 
complexity judgments for the largest inconsistency matched those seen in the second test. 



Discussion 

The p q e n c e  of differences in more than one structural attribute of  two semuli (among 
kndame&anE!quency, harmonics, and channels involved) substantially increased the 
subject's accuracy in detecting a difference. This was especially true if one of the differing 
attributes was channels. In the absence of adjacent harmonic pairs, channel differences 
were more easily recognized by the subject than purely harmonic differences. For complex 
tones with relatively few partials, however, patterns in the included harmonics were at least 
as good a predictor of the subject's constituent tones identifications as patterns in the 
channels involved. The combination of both patterns was a better predictor than either 
alone. 
Among complex tones involving adjacent harmonic pairs in various contexts, both 
intrachannel and interchannel pairs appeared useful to the subject in recognizing 
differences in (implied) fundamental frequencies. The presence of intrachannel pairs 
generally increased the subject's accuracy identifying constituent tones but, in comparisons 
of complex tones based on the same kndamental, the presence of such a pair (beating at a 
frequency consistent with the fundamental) reduced the likelihood of perceiving 
simultaneous differences in both harmonic and channel patterns. The presence of 
interchannel pairs of adjacent harmonics was particularly helpful when the only structural 
attribute difference was fundamental frequency or harmonic pattern. 
The use of 24th order bandpass filters rather than 12th order made a significant difference 
in constituent tones identification tests when the candidate tones involved more than a , 

single partial. Simple models predicting the subject's responses on the basis of stimulus 
structure generally were more accurate for the higher order filters. In some of the most 
complex comparisons investigated, the higher order filters also supported better accuracy 
in the subject's judgments themselves. 
Despite many similarities to the stimulation patterns produced by traditional consonant 
intervals between complex tones, the subject immediately recognized that consonant 
Bohlen-Pierce intervals were hndamentally different. With experience, he became willing 
to accept them as analogous. 
The subject reliably reported increases in overall pitch in complex tones with small 
harmonic inconsistencies in a beat frequency of 208 Hz, whether the simultaneous 
reference in another channel was a fixed 208 Hz beat or a single partial at 624 Hz. With a 
fixed 208 Hz reference beat in another channel, he reliably detected small inconsistencies 
in 624 Hz and 1040 Hz single partials. 
Complex tones described by the subject as "dissonant" were likely to exhibit intrachannel 
beating between adjacent partials separated by roughly 200 Hz. Complex stimuli described 
as "single pure tones" included intrachannel beating at any of a wide range of beat 
frequencies, but seldom around 200 Hz. Stimuli described as "pleasant combinations of 
tones'' usually had four or more harmonics -- whether of a single or different fundamentals 
-- and included both interchannel and intrachannel pairs. 



+ Well defined statistical patterns relate several of the subject's perceptual categorizations to 
structural attributes of the complex tone stimuli they describe. 

Implications for speech processor design 

Our findings indicate that envelope fluctuations caused both by single harmonic 
modulation of a c%el and by beating between intrachannel pairs of adjacent partials can 
usefubLnfluence judgments as to the pitch and timbre of musical tones. We have observed this 
to&-true over a range of channel modulation frequencies wider than that hlly supported by the 
CIS processors SR2 has used to date. Combined with a knowledge of the relationship between 
rate and perceived pitch for this subject and with the results of modeling calculations validated 
by intracochlear evoked potential measurements, these findings strongly suggest that SR2's 
perception of speech might be significantly improved by CIS processors utilizing still higher 
pulse rates and appropriate envelope filtering. More subtle differences in the inputs to a CIS 
processor can be heard and interpreted if ways can be found to convey them unambiguously via 
processor channel signals to the eighth nerve. 

_ _  -- 

The present subject is limited to a maximum of six CIS channels. While the pattern of 
channels stimulated in a given instance clearly is a powerful source of information as to the 
quality of a sound, intrachannel beats also have proven important. Indications are that increasing 
the number of perceptually distinct CIS channels would provide more detailed information 
through patterns of channels stimulated. Beyond some point, however, increasing the number of 
channels might reduce a user's access to other spectral information. An increased number of 
increasingly narrow channel passbands would inevitably reduce the number and frequency range 
of intrachannel beats, and increase the fraction of partials conveyed, perhaps less helpfully, in 
more than one channel. There may be a very fine balance to be struck between spatial and 
temporal modes of conveying information via cochlear implants in order to optimize perception 
of spectral information, and this may be true quite aside from questions of electrode design, 
electrode position, and the limits of neural spatial resolution. 

We have identified some significant abilities and determined some limits imposed on 
those abilities by present CIS processors. Among other things, our complex tone studies will 
serve as benchmarks for assessing future improvements in processing strategies. Our now 
extensive database of stimuli and percepts will make such assessments much more efficient and 
precise than has been possible to date. 

Implications for perception of musical sounds by implant patients 

In carefblly controlled isolation, a wide range of potential spectral cues contained in the 
structure of complex musical tones can be conveyed to at least one user of a CIS processor. 
While that fact alone does not indicate that such cues could be utilized in less controlled 
circumstances, we note that the abilities demonstrated in these studies begin to offer an 
explanation for the richness and subtlety of SR2's descriptions of what he hears when highly 
complex recordings of musical performances are input to various CIS processors. 



A musical instrument for the profoundly deaf 

In view of the growing number of people relying on CIS processors for hearing and 
understanding speech, research like that described in this report may find applications not only in 
improved speech processing strategies but also in musical instruments. We already know enough 
to contemplate the design of music synthesizers optimized for producing inputs to specific 
cochlear implant processors. Thus far, of course, our work on complex tone representation and 
perception via cochlear implants has been limited to a single research subject and we cannot be 
certain of the generality of our findings. One thing we have seen in that subject, however, we 
know to be true of others: a strong desire to experience music again with something of its 
remembered consonance, detail, and subtlety. 

Such a synthesizer, generating an analog signal expressly for direct electrical input to a 
CIS processor, would produce music that need never exist in the form of mechanical vibrations 
or pressure waves. In the hands of an otherwise profoundly deaf musician on an everyday basis, 
the musical potential of a reasonably flexible synthesizer design could be explored much more 
h l l y  and quickly than in a laboratory. With little effort, researchers could look over the shoulder 
of the musician as he or she synthesized auditory percepts ever closer to remembered musical 
instrument sounds. Analysis by synthesis is a well established technique, and the knowledge to 
be gained from such an exercise in this context is obvious. Most musicians would likely find 
more satisfaction, however, in creating satisfjring new timbres without acoustical precedent, and 
compositions that exploit them. The opportunity of listening to the signals produced by such 
synthesis notwithstanding, the hearing researcher inevitably will feel handicapped by the inability 
ever to really know what the musician heard or intended. It is important to remember that such a 
dificulty is not at all unusual in music, especially in the case of compositions and performance 
practice from days before the existence of acoustic recording technology. It will be an 
interesting challenge to see both how well "acoustic" music can be conveyed to the user of a 
cochlear implant and how well the subtleties of herhis musical creations can be conveyed to 
people with "normal hearing" and other users of implants. 

At this point in our evolving understanding, a musical synthesizer for users of CIS 
processors would be designed to sum separate analog signals, each intended exclusively for one 
of the user's processor channels. The simplest approach would be to use a general purpose 
personal computer to synthesize a set of envelopes, each of which would modulate a 
fixed-spectrum signal destined exclusively for one channel's passband. The bandwidth of each 
envelope should be constrained, of course, to conform to the smoothing filters in the processor 
and, beyond that, to avoid aliasing and to reflect the limits of the user's rate pitch saturation. For 
the lowest frequency bands, of course, the envelope becomes a waveform itself within the band 
being conveyed, and the precise nature of the modulated signal would become crucial. The 
personal computer would be equipped with a commercial sound card to provide the necessary 
analog output, ideally a card with an onboard digital signal processing capability of its own. 

There are several interesting options for the interface by which the processor user would 
control such a music synthesizer. One possibility would be to provide an interface analogous to 
that of a traditional analog synthesizer, allowing specification of a combination of pure tone 



Fourier components and noise bands, each with its attack-sustain-decay-release envelope 
generator (generally operating on much coarser time scales than those of the channel envelopes). 
This approach has the advantages of historical precedent and conceptual immediacy. Even a 
modest budget of four Fourier components and two noise bands per channel for a six channel 
processor, however, would amount to 36 operators, each with its own envelope generator. [As 
demonstrated in this report, we know that SR2, at least, can make use of at least that much 
complexity per channel.] Another approach would be to provide the user with the capability of 
graphically drawing envelope waveforms for each channel andor fiee-hand editing of such 
waveforms from a library of computer files. The computer immediately should subject such 
hand-drawn or modified envelope waveforms to appropriate filtering and then redisplay them for 
hrther editing, so that the range of adjustment apparent in the user interface would correspond to 
what actually could be conveyed via the processor channel. Once a channel waveform was 
decided upon, the synthesizer could provide the new sound at a variety of pitches and in various 
combinations. The resulting signal amplitude range would be remapped to appropriately access 
the user's electrically evoked dynamic range via hisher processor. Initially, more complicated 
sounds would require non-real-time synthesis, but the delays could be brief enough on a 
phrase-by-phrase basis to support a satisfying interactive process. Commercial digital sampler 
hardware eventually could be provided with sample sounds tailored to CIS processor channel 
exclusivity criteria. At least one reasonably priced personal computer sound card already 
combines digital to analog conversion, digital file playback, considerable digital signal 
processing capability, and an onboard synthesizer using a ROM library of digitally sampled 
sounds. 

Having such a synthesizer produce an analog signal for input to the user's processor rather 
than conveying a digital signal directly would have several advantages: The processor would 
protect the user from overstimulation, regardless of any error that might occur in the (creatively 
user-controlled) synthesizer. Typical adjustments to the processor's fitting parameters would not 
require any adjustment to the synthesizer. Essentially the same synthesizer could be used with a 
wide range of individual CIS processors, even ones running on different hardware 
implementations. 

Realization of such a music synthesizer on a general purpose personal computer also 
would offer several advantages: A user could, upon achieving a closer match to a remembered 
instrument sound or a particularly interesting timbre, not only store it for hture use and/or W h e r  
modification, but also document it for later consideration by researchers, along with remarks and 
a verbal description of the sound. Modifications to the user interface, the synthesizer algorithms, 
and the library of envelope waveforms would be facilitated by use of a general purpose computer, 
as would exchange of favorite sounds among users. 

Given the relatively modest cost of the additional hardware needed for such a synthesizer 
and the significant potential impact on the lives of many cochlear implant users, we are 
approaching the point in our research at which development and field testing of a prototype may 
be appropriate, if a b d i n g  source can be identified. We already have identified a potential 
volunteer user. 



111. Glossary of Musical Terms 

Bohlen-Pierce scale: a nontraditional musical scale that divides each factor of three in 
frequency (called a "tritave") into thirteen equal intervals, each corresponding to a 
frequency ratio equal to the thirteenth root of three. Used with complex tones 
containing only odd harmonics, this scale approximates a different set of small 
integer ratio intervals than traditional equal temperament [e.g. 5:3,7:5, and 9:7]. 

equal temperament: the most common musical scale in use in our society; it divides each 
octave into twelve equal intervals (semitones), each corresponding to a fiequency 
ratio equal to the twelfth root of two. 

fundamental: the lowest frequency component of a harmonic series. 

harmonics: components whose frequencies are integer multiples of some fundamental; i. e . ,  
members of the harmonic series of that fundamental. The frequency of the nth 
harmonic is n times the fundamental frequency. 

just intonation: requiring consonant musical intervals to minimize beating among upper partials 
by having frequency ratios that are exact ratios of small integers rather than the 
approximations that result from, say, an equal tempered scale. [The ratios 3:2, 
4:3,5:4, and 6:s are, respectively, the just intonation perfect fifth, perfect fourth, 
major third, and minor third. The approximately equivalent intervals in equal 
temperament are 1.498, 1.335, 1.260, and 1.189.1 

octave: the musical interval corresponding to a factor of two in frequency. 

partial: any single frequency component of a complex sound, whether or not harmonically 
related to other components. 

pure tone: a single sine wave. 

semitone: a musical "half step"; the smallest pitch difference available, for instance, on a piano. 
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V. Appendix1 

Attributes of Stimuli 
Constituent Tones Identification Study 

The 139 panels are numbered in the order in which they were presented and are summarized here 
one panel per line with the sequence number in the leftmost column. 

The next six columns, under the heading "hndamentals" indicate the hndamental pitches on 
which the reference tone and each of the five candidate tones were based. The number shown in 
each case is the number of equal tempered semitones above A- 1 10 Hz. 

The next group of six columns, "harmonics", lists the harmonics of the respective bdamentals 
included in synthesizing the reference and each of the candidate tones. (The notation "23", for 
instance, for the reference tone in panel 1, indicates that the second and third harmonics of the 
hndamental are included. The fiequency of that fundamental can be found from the reference 
tone column to the left; it is 10 semitones above A- 1 10 Hz, i. e. G- 196 Hz.) 

In the final six columns, under "channels", are listed the processor channels in which each of 
those harmonics will be represented. (For the reference tone in panel 1, the notation "12" 
indicates that the lower partial [harmonic 2 of G-1961 will be represented in channel 1 and the 
upper partial [harmonic 3 of the same fundamental] will appear in channel 2.) 

This table makes it easy to identify the occurrence of various potential cues that might be 
expected to influence a subject's judgments, e.g. pairs of adjacent harmonics that influence a 
common channel vs. similar pairs that fall in separate channels. 
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Constituent Complex Tone Tests, December 1993 1 39 panels 
fimdamentals------ harmonics __----- - --____---- channels --_______-_-_-_ 

seq ref c l  c2 c3 c4 c5 ref c l  c2 c3 c4 c5 ref c l  c2 c3 c4 c5 

1 10 1010101010  23 
2 10 1010101010  46 
3 10 1010101010  45 
4 10 1010101010  35 
5 10 1010101010  34 
6 10 1010101010  48 
7 10 10 10 10 10 10 56 
8 10 1010101010  24 
9 10 1010101010  234 

10 10 1010101010  468 
1 1  10 1010101010  456 
12 10 1010101010  568 
13 10 1010101010  256 
14 10 1010101010  4568 
15 10 1010101010  3456 
16 10 1010101010  23456 
17 10 1010101010  23 
18 10 1010101010  46 
19 10 1010101010  45 
20 10 1010101010  35 
21 10 1010101010  34 
22 10 1010101010  48 
23 10 1010101010  56 
24 10 1010101010  24 
25 10 1010101010  234 
26 10 1010101010  468 
27 10 1010101010  456 
28 10 1010101010  568 
29 10 1010101010  256 
30 10 1010101010  4568 
31 10 1010101010  3456 
32 10 1010101010  23456 
33 10 1010101010  23 
34 10 1010101010  46 
35 10 1010101010  45 
36 10 10 10101010 35 
37 10 1010101010  34 
38 10 1010101010  48 
39 10 1010101010  56 
40 10 1010101010  24 
41 10 1010101010  234 

2 3 4 5  6 12 
2 3 4 5  6 23 
2 3 4 5  6 23 
2 3 4 5  6 23 
2 3 4 5  6 22 
2 3 4 5  6 24 
2 3 4 5  6 33 
2 3 4 5  6 12 
2 3 4 5  6 122 
2 3 4 5  6 234 
2 3 4 5  6 233 
2 3 4 5  6 334 
2 3 4 5  6 133 
2 3 4 5 6 2334 
2 3 4 5 6 2233 
2 3 4 5 6 12233 

23 34 45 56 78 12 
23 34 45 56 78 23 
23 34 45 56 78 23 
23 34 45 56 78 23 
23 34 45 56 78 22 
23 34 45 56 78 24 
23 34 45 56 78 33 
23 34 45 56 78 12 
23 34 45 56 78 122 
23 34 45 56 78 234 
23 34 45 56 78 233 
23 34 45 56 78 334 
23 34 45 56 78 133 
23 34 45 56 78 2334 
23 34 45 56 78 2233 
23 34 45 56 78 12233 
24 35 46 48 78 12 
24 35 46 48 78 23 
24 35 46 48 78 23 
24 35 46 48 78 23 
24 35 46 48 78 22 
24 35 46 48 78 24 
24 35 46 48 78 33 
24 35 46 48 78 12 
24 35 46 48 78 122 

1 2 2  3 3 
1 2 2  3 3 
1 2 2  3 3 
1 2 2  3 3 
1 2 2 3  3 
1 2 2 3  3 
1 2 2  3 3 
1 2 2  3 3 
1 2 2  3 3 
1 2 2  3 3 
1 2 2  3 3 
1 2 2 3 3  
1 2 2  3 3 
1 2 2  3 3 
1 2 2  3 3 
1 2 2  3 3 
1222233344 
122223 3344 
1222233344 
1222233344 
12 22 23 33 44 
1222233344 
1222233344 
1222233344 
122223 3344 
12 22 23 33 44 
1222233344 
122223 3344 
1222233344 
1222233344 
1222233344 
1222233344 
1223232444 
1223 232444 
12 23 23 24 44 
1223232444 
1223232444 
12 23 23 24 44 
12 23 23 24 44 
12 23 23 24 44 
1223232444 
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fundamentals------ harmonics __-___-_-__-_-____ channels ______---__-- --- 
seq ref c l  c2 c3 c4 c5 ref c l  c2 c3 c4 c5 ref c l  c2 c3 c4 c5 

42 10 1010101010468 24 35 46 48 78 234 1223232444 
43 10 1010101010456 24 35 46 48 78 233 1223232444 
44 10 1010101010568 24 35 46 48 78 334 1223232444 
45 10 1010101010256 24 35 46 48 78 133 1223232444 
46 10 10 10 10 10 104568 24 35 46 48 78 2334 1223 23 2444 
47 10 10101010103456 24 35 46 48 78 2233 1223232444 
48 10 101010101023456 24 35 46 48 78 12233 1223232444 
49 10 10 10 101010 256 6 5 4 3 2 133 3 3 2 2 1 
50 10 10 10 101010 468 6 5 4 3 2 234 3 3 2 2 1 
51 10 1010101010  23 6 5  4 3 2 12 3 3 2 2 1  
52 10 1010101010 46 6 5 4  3 2 2 3  3 3 2 2 1  
53 10 10 10 10 10 10 45 6 5 4  3 2 23 3 3 2 2 1  
54 10 1010101010  35 6 5  4 3 2 23 3 3 2 2 1  
55 10 10 10 10 10 10 34 6 5  4 3 2 22 3 3 2 2 1  
56 10 1010101010  48 6 5  4 3 2 2 4  3 3 2 2 1  

I 57 10 1010101010  56 6 5  4 3 2 33 3 3 2 2 1  
I 6 5  4 3 2 12 3 3 2 2 1  58 10 1010101010  24 

59 10 1010 101010 234 6 5 4 3 2 122 3 3 2 2 1 
60 10 1010101010  468 6 5 4 3 2 234 3 3 2 2 1 
61 10 10 10101010 456 6 5 4 3 2 233 3 3 2 2 1 
62 10 1010  101010 568 6 5 4 3 2 334 3 3 2 2 1 
63 10 1010101010  256 6 5 4 3 2 133 3 3 2 2 1 
64 10 1010101010  4568 6 5 4 3 2 2334 3 3 2 2 1 
65 10 1010101010  3456 6 5 4 3 2 2233 3 3 2 2 1 
66 10 1010101010  23456 6 5 4 3 2 12233 3 3 2 2 1 
67 10 1010101010  23 78 56 45 34 23 12 4433232212 
68 10 1010101010  46 78 56 45 34 23 23 4433232212 

I 69 10 1010101010  45 78 56 45 34 23 23 4433232212 
70 10 1010101010  35 78 56 45 34 23 23 4433232212 

44 33 23 22 12 71 10 1010101010  34 78 56 45 34 23 22 
I 72 10 1010101010  48 78 56 45 34 23 24 44332322 12 

73 10 1010101010  56 78 56 45 34 23 33 44332322 12 1 

74 10 1010101010  24 78 56 45 34 23 12 4433232212 
I 75 10 1010101010  234 78 56 45 34 23 122 4433232212 
1 76 10 1010101010  468 78 56 45 34 23 234 4433232212 
I 77 10 10 10 10 10 10 456 78 56 45 34 23 233 4433 23 22 12 
I 78 10 1010101010  568 78 56 45 34 23 334 4433232212 

79 10 1010101010  256 78 56 45 34 23 133 4433232212 
80 10 1010101010  4568 78 56 45 34 23 2334 4433232212 
81 10 1010101010  3456 78 56 45 34 23 2233 4433232212 
82 10 1010101010  23456 78 56 45 34 23 12233 4433232212 
83 10 1010 101010 23 78 48 46 35 24 12 44242323 12 

1 

I 
I 

I 

1 

I 

I 
1 
I 
~ 

I 
I 
j 
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84 10 1010101010 46 78 48 46 35 24 23 44242323  12 
85 10 1010101010 45 78 48 46 35 24 23 44242323  12 
86 10 10 10 101010 35 78 48 46 35 24 23 44242323  12 
87 10 1010101010  34 78 48 46 35 24 22 44242323  12 
88 10 1010101010  48 78 48 46 35 24 24 44242323  12 
89 10 1010101010  56 78 48 46 35 24 33 442423 23 12 
90 10 1010101010  24 78 48 46 35 24 12 44242323  12 
91 10 1010101010 234 78 48 46 35 24 122 44242323 12 
92 10 1010101010 468 78 48 46 35 24 234 44242323 12 
93 10 1010 101010 456 78 48 46 35 24 233 44242323 12 
94 10 10 10 101010 568 78 48 46 35 24 334 44242323  12 
95 10 1010101010 256 78 48 46 35 24 133 44242323  12 
96 10 1010101010 4568 78 48 46 35 24 2334 442423 23 12 
97 10 1010101010 3456 78 48 46 35 24 2233 44242323 12 
98 10 1010101010 23456 78 48 46 35 24 12233 44242323  12 
99 10 1010101010  256 2 3 4  5 6 133 1 2 2 3 3  
10010 1010101010  468 2 3 4  5 6 234 1 2 2 3 3  
101 10 1011 101111 23 2 2 3  3 4 12 1 1 2 2 2  
102 10 1011111011 35 3 3 4 5 5  23 2 2 2 3 3  
103 11 1011101111 23 3 2 3 3 4  12 2 1 2 2 2  
10411 1011111011 35 3 3 4 5 5  23 2 2 2 3 3  
105 10 10 11 10 11 11 234 2 2 3 3 4  122 1 1 2 2 2  
10611 1011 1011 11 234 2 2 3  3 4 122 1 1 2 2 2  
10711 1011 101110 3456 34 34 45 45 56 2233 22222323  33 
108 10 1011101110  3456 34 34 45 45 56 2233 22 22 23 23 33 
10910 1011101011 3456 34 34 45 56 56 2233 222223 33 33 
11011 1011101011 3456 34 34 45 56 56 2233 222223 3333 
11 1 10 10 11 10 11 10 23456 23 23 34 34 45 12233 12 12 22 22 23 
11211 1011101110 23456 23 23 34 34 45 12233 1212222223  
113 10 11 10 11 10 11 23456 23 34 34 56 56 12233 12 22 22 33 33 
11411 11 10111011 23456 23 34 34 56 56 12233 1222223333  
115 10 1012141518 456 56 56 56 56 56 233 3333 343444 
11622 1617222324 1234567867 67 67 67 67 12344555 4444555555  
11722 1617222324 123456 67 67 67 67 67 123445 4444555555  
11822 16 17222324 1234 67 67 67 67 67 1234 4444555555  
11930 2430313233  1234567867 67 67 67 67 23455666 5566666666  
12030 2430313233  12345 67 67 67 67 67 23455 5566666666  
121 30 24 30 31 32 33 123 67 67 67 67 67 234 5566666666  
12203 0001030507  3456 67 56 56 45 45 1122 2222222222  
12303 0103050710  3456 56 56 45 45 34 1122 2222222222  
12406 0103050710  4567 56 56 45 45 34 2233 2222222222  
12506 0304060810  4567 78 78 67 67 56 2233 33 33 33 33 33 
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fundamentals-------- harmonics ___---_--- -------- channels _--________---_-__- 
seq ref c l  c2 c3 c4 c5 ref c l  c2 c3 c4 c5 ref c l  c2 c3 c4 c5 

12606 03061013  18 4567 78 67 56 45 34 2233 3333333333 
12711 0811131518  3456 67 56 45 45 34 2233 3333333333  
128 15 08 11 13 15 18 4567 33 33 33 33 33 
12915 1113 15 1719 4567 78 78 67 56 56 3344 4444444444 
13015 1215182226  4567 78 67 56 45 34 3344 4444444444 
13119 15 17192226  3456 67 56 56 45 34 3344 4444444444 
13222 1517192226  4567 67 56 56 45 34 4455 4444444444  
13322 1921222426  4567 78 78 67 67 56 4455 5555555555 
134 22 19 22 25 29 34 4567 78 67 67 45 34 4455 55 55 55 55 55 
13526 2224262934  3456 67 67 56 45 34 4455 5555555555 
13630 2224263034  4567 67 67 56 45 34 5566 5555555555 
13730 2729303234  4567 78 78 67 67 56 5566 6666666666  
13830 2730333639  4567 78 67 56 56 45 5566 6666666666  
13934 2730343742  3456 78 67 56 45 34 5566 6666666666 

67 56 45 45 34 3344 
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VI. Appendix I1 

Analysis Matrices 
Constituent Tones Identification Study 

There is a line for each of the panels, numbered as in Appendix I. 

Within each line are five groups, each with five binary digits. 

The groups correspond to selected attributes of the stimuli: (from left to right) fundamentals, 
harmonics, channels, pairs of adjacent harmonics within a common channel (adj same), and pairs 
of adjacent harmonics in separate channels (adj dim). 

The five digits within each group correspond to the five candidate stimuli. 

A given digit will be set to 1 if the attribute it represents is shared by the candidate tone it 
represents and the corresponding reference tone. (If a particular candidate tone contains 
harmonics 3 and 4 of its fhdamental, then the harmonic attribute digit for that candidate will be 
1 only if the reference tone also contains harmonics 3 and 4. For purposes of the value of that 
attribute digit, it does not matter whether there are additional harmonics in the reference. Nor 
does it matter what the reference's fundamental frequency is.) 

The information in these matrices also can be read directly from the corresponding lines of 
Appendix I. 
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funds harmschans adj adj 
same dim 

11111111000111000000000000 
2 1111100101011110000000000 
3 1111100110011110000000000 
4 11 11 1 01010 01 11 1 00000 00000 
5 1111101100011000000000000 
61111100100011000000000000 
7 11 1 1 1 0001 1 000 1 1 00000 00000 
811111 10100111000000000000 
911111 11100111000000000000 

10 11 11 1 00101 01 11 1 00000 00000 
111111100111011110000000000 
12 1111100011000110000000000 
13 11 11 1 1001 1 1001 1 00000 00000 
141111100111011110000000000 
15 1111101111011110000000000 
1611111 11111 111110000000000 
1711111 10000110000101110100 
18 11 11 1 00000 01 110 0101 1 10100 
1911111001000111001011 10100 
20 11 11 1 00000 01 110 0101 1 10100 
2111111010000100001011 10100 
221111100000010010101110100 
23 111 11 00010 00010 0101 1 10100 
24 11 11 1 00000 11000 0101 1 10100 
25 11 11 1 11000 11000 0101 1 10100 
2611111000000111101011 10100 
2711111 001100111001011 10100 
28 1111 1 00010 00011 01011 10100 
29 11111000100001001011 10100 
30 11111 0011001111 01011 10100 
3111111011100111001011 10100 
3211111 111101111001011 10100 
33 1111100000100000000100000 
34 1111100100011000000100000 
35 1111100000011000000100000 
361111101000011000000100000 
371111100000000000000100000 
38 11111 00010000100000100000 
391111100000000000000100000 
4011111 10000100000000100000 
4111111 10000100000000100000 
42 11 11 1 001 10 01 110 00001 00000 
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fimds harmschans adj adj 
same dim 

43 1111100100011000000100000 
441111100000000010000100000 
45 1111100000000000000100000 
461111100110011110000100000 
471111101100011000000100000 
48 11111 11100 111000000100000 
4911111 11001 110010000000000 
5011111 10100111100000000000 
511111100011001110000000000 
5211111 10100111100000000000 
53 1111101100 111100000000000 
54 1111101010111100000000000 
55 1111100110001100000000000 
561111100100001100000000000 
5711111 11000110000000000000 
58 1111100101001110000000000 
591111100111001110000000000 
6011111 10100111100000000000 
6111111 11100111100000000000 
6211111 11000110000000000000 
63 1111111001 110010000000000 
64 11111 11100 111100000000000 
651111111110111100000000000 
661111111111 111110000000000 
671111100001000110000000101 
681111100000011101101000101 
691111100100011101101000101 
701111100000011101101000101 
711111100010000101101000101 
721111100000100101101000101 
731111101000010001101000101 
741111100000000111101000101 
75 1111100011000111101000101 
761111100000111101101000101 
771111101100011101101000101 
781111101000110001101000101 
791111101000010001101000101 
801111101100111101101000101 
81 1111101110011101101000101 
821111101111011111101000101 
83 1111100000000011000000000 
841111100100001101000000000 
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funds harmschans adj adj 
same dim 

85 11 11 1 00000 001 10 10000 00000 
8611111 00010001101000000000 
87 111110000000000 1000000000 
88 1111101000110001000000000 
89 11 11 1 00000 00000 10000 00000 
90 1111100001000011000000000 
91 11 1 11 00001 00001 10000 00000 
92 1111101100111101000000000 
93 1111100100001101000000000 
94 11 11 1 00000 10000 10000 00000 
95 1 11 1 1 00000 00000 10000 00000 
96 11111 0110010110 1000000000 
97 1111100110001101000000000 
98 1111100111001111000000000 
99 11111 10011100110000000000 

100 1111100101011110000000000 
101 1010011110111110000000000 
102 10010 1101 1 11 11 I 00000 00000 
10301011 11110111110000000000 
104 01 101 1101 1 11 11 1 00000 00000 
105 1010011111111110000000000 
10601011 11111111110000000000 
10701010 11111111111100100110 
108 10101 11111111111100100110 
109 10110 11111 11111 11011 00100 
11001001 11111111111101100100 
111 10101 11111 11111 00110 11001 
1120101011111111110011011001 
113 01010 11111 11111 01111 10000 
114 10101 11111 11111 01111 10000 
115 1000011111110001100100110 
11600100 11111111111111100000 
1170010000000111111111100000 
1180010000000110001111100000 
1190100011111111111111100000 
1200100000000100001111100000 
121 01000 00000 00000 11 1 11 00000 
1220010001111 11111 1111100000 
123 01000 11111 11111 11111 00000 
124000001111011111 1111100000 
1250010000111111111111100000 
12601000 01110 11111 11111 00000 
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hnds harmschans adj adj 
same dim 

1270100001111 11111 1111100000 
1280001011110111111111100000 
1290010000111 11111 1111100000 
1300100001110111111111100000 
1310010001111 11111 1111100000 
1320001011110 11111 1111100000 
1330010000111 11111 1111100000 
134010000111011111 1111100000 
135 0010000111 11111 1111100000 
1360001011110 111111111100000 
1370010000111 11111 1111100000 
1380100000111 11111 1111100000 
1390010000111 11111 1111100000 
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VII. Plans for the Next Quarter 

Our plans for the next quarter include the following: 

1. Continued studies with Ineraid subject SFU, primarily to evaluate variations of CIS processors and 
to extend the range of stimuli for evoked potential recordings. 

2. Initial studies with the second patient in the Nucleus percutaneous series (NP-2) and continued 
studies with the first patient (NP-1). Studies with NP-2 will include evaluations of CIS and 
spectral peak (SPEAK) processing strategies. Studies with NP-1 will include repeated measures 
with the SPEAK strategy, detailed evaluation of CIS processors using more than six channels, and 
measures of intracochlear evoked potentials. 

3.  Presentation of project results at the 25th Annual Neural Prosthesis Wrkshop.  
4. Continued analysis of EP and speech reception data from prior studies. 
5. Continued preparation of manuscripts for publication. 
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Summary of Reporting Activity for the Period of 

May 1 through July 31, 1994 

NIH Project NO 1 -DC-2-2401 
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Reporting activity for the last quarter included presentation of an invited lecture. The citation is listed 
below and the published abstract for that talk is reproduced on the next page. 

Wilson BS: Progress in the development of speech processors for cochlear prostheses. Presented in 
the special session on "Electro-Auditory Prostheses," 127th Meeting of the Acoustical Society of 
America, Cambridge, MA, June 8, 1994. [Abstract published in J. Acoust. SOC. Am. 95: 2905, 
1994.1 
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3aSF3. S p e d  Ilackn(rwdlng I. ddt cochlear h p h t  ~wn. Richud S. Tykr, Mary Low&, Oeorge Woodworth. and 

Thir m i e w  discusa the ape41 paoeptioo nsults obtained fnmr ptlingunlly derlened duhs with cochkrr implrntt using 
a variety of speech axling strat+ m d  electrode ccdgur8tionr The specch future hfonnrtim obtained !?om future md 
whole-si@ p d g ,  and Siagk rad multichannel stimuhtkn will be ulmiaed. Results will k d i r d  frwr impllnts 
developad in Inmbruck, Loodoq MeIbounrc, La Angela. Paris, Duren, Utah, and S.n Fran~ko. Speech perceptioo tests 
include cimpk pattern perception, audiovisual rrcognition, and tbe understanding of words without V i t d  or c o n t u t d  clua. 
Some prtients perform poorly, w h e w  others are able to m v e n e  freely on the telephone. For uampk, word recognition from 
unknown lists of 50 words can range from 09i to 78% correct. Factors that contribute to successful implant w d l  be exunined. 
Older paticnu and patients who have been deafened for long periods of time tend aot to perform u well as recently deafened 
younger patimts. n e  rate of learning over I five-year period show luge individual dilferencu. Most patients show large 
improvements over the first 6 to 12 months, but some show continued real gains over 4 yean. 

A.mn P.rLinsoll (Depr dOto&ppl., U ~ V .  d 10% 200 H.w& Dr., low. City, U 52242-1078) 

l o a  
=PI. Speech perception and produdon results in children with multichannel rochleu implants. Mary Joe Osberger (Dcpt. 
of Otolaryngol., Indiana Univ. S c h d  of Medicine, Riley Ra, Rm. 044, Indianapolis, IN 46202) 

The results from a number of studies in our laboratory will be presented to demonstrate the benefits that children with 
profound hearing impairments derive from multichannel cochlear implants. Tbe p e r f ~ ~ m a n ~ ~  of children with cochlear implants 
has been evaluated over time and compared to that of children who used conventional hearing aids, grouped according to unaided 
thresholds. Results showed that specch percrption and production skills developed over I time courx as long u 5 y e a n  in 
children with prelingual deafness who received multichannel axhlear  implants. After roughly 3 years, the scores of prelingually 
deafened children with multichannel implants were higher than those of children with hearing aids with unaided thresholds of 
101-1 10 dB HL and similar to thw of children with unaided thresholds of W100 dB HL. New research directions involve 
examination of lexical effects on word recognition in multichannel implant users. Data suggest that pediatric cochlear implant 
w r s  are sensitive to the acoustic-phonetic similarities among words, that they organize words into similarity neighborhoods in 
long-term lexical memory, and that they use this structural information in recognizing isolated words. work supported by NIH.] 
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3IsPS. Progress in the development of rpeech processors for cochlear prostheses. Blake S. Wilson (Neurosci. Prop. Res. 

New strategies for representing acoustic information with multichannel cochlear implanta have produced substantial improve- 
ments in speech recognition scores for implant USUJ. One of thme strategies, continuow inrerleowd sampling (CIS), prexnts brief 
pulses in a nonoverlapping sequence across electrode channels, with the p S e  amplitudes for each channel reflecting the envelope 
of a corresponding frequency band of tbe acoustic input. R e n t  studies with CIS and related processing strategies will be 
described, including (a) within-subject comparisons of CIS with the comprrrred onalcg (CA) p r m r  used in I standard 
clinical device, (b) parametric and control studies with CIS processors, and (c) a preliminary evaluation of a related strategy, 
uirruol channel interleaurd sampling (VCIS). VCIS p r o w ~ ~ ~ r s  add to the single-electrode channels of CIS processors virtual 
chmnelr. produced by simultaneous stimulation of two or more electrodes and eliciting pitch percepts that are distinct from those 
ofsingl~lectrode channels. In general, the CIS/CA comparisons show higher levels of open-set speech recognition with CIS for 
each of 11 subjects. Results from the additional studies with CIS processors show how choices of pulx duration, pulx rate, and 
channel update order d e c t  performance. Initial CIS/VCIS comparisons with three subjects do not show an immediate improve- 
ment in speech recognition scores with VCIS. [Work supported by NIH.] 

> Triangle Inst., Res. Triangle Park, NC 27709 and Div. Otolaryngol., Duke UNv. Med. Or., Durham, NC 27710) 

11A)S11:15 Brerk 

Contributed Papers 

11:15 model vowel identification data obtained with “conflicting cue” vowels 

3rSP6. Mathematical modellag of road perception by wn of the 
Inenid cochlw fmplmt: Tempo& and pkcc-of-rtlmddor c u a  
Mario A. Svi.rsky (Speech Comun. Group, Res. Lab. of Electron., 
MIT, 50 V.sslu St.. Rm. 36-525, Cambridgs MA 02139) 

‘Ibe Ineraid cochlear implant hlkn the speech spectrum into fw 
frcqucncy bands urd delivers each signal to one of four electrodes in the 
cochlea Higher frequency bands stimulate more basally p h d  ekc- 
trodes. Inerrid usen may rccopizc vow& Using tcmponl cues, place- 
of-stimulation c u a  (such as amount d energy sent to each electrode) or 
8 combinatioa of phce and tanpod cut* A rmthemrticd model is 
proposed to account for mwcl perception by wn ofthe Inarid QF 

chkrr implant. Tbc model is armput.t iody dmilu to the ooe t h t  

and S H. Svinky. 1. Acourt. Soc Am. 92(4). 241- (199211, but the 
paceptud dtmardoor involved w di lka t  b the two- Totat the 

vu propmed for UKIl ofpulsrtik c o c k  implant# [M. A. svinky 

WBS used [Dorman er oL, I. Acoust. Soc. Am. 92(6). 342&31 (1992)l. 
The model was run under three diderent assumptions: Ineraid users 
only employ temporal cues for vowel perception, they only employ 
place cues, or they combine temporal and place cue* Model output fit 
tbe data well only under the temporaVplace assumption. This suggests 
that Ineraid users combine information from temporal and place cues in 
order to recognize vow&. [Work suppofled by NIH Grant No. R03- 
DO31721 and Contract No. N01-DC-2-2402.1 
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3.SP7. Bcctmk dlrerimlnrtion measures: R e l r t i d p  with speech 
perception and c M d  rppllubllity of results. Leslie M. Collins 
(Dept. of Ela Fag. md Comput. Sci., 1301 Bul Ave., Univ. of 
Michigan, h Arbor, MI 481091, Tema  A. Zwolan, and &gory 
H. W.kdkld (Univ. othiiihigm, Ann Arbor, MI 48109) 

2WS J. Acow~t. Soc. Am., Vd. 95, No. 5, PL 2, May 1894 59 127th Meeting: Acoustical Sodety of Amerlca 2906 



Appendix B 

Notice of Errata to Fourth Quarterly Progress Report 

page 25, Table: Harmonic 7 should not be listed as meeting the criteria in channel 4 for G-196 Hz, and 
should be listed in that channel for G#-208 Hz. 

pages 32 and 33: The labels and contents for Figures 11 and 12 were interchanged. 
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