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I. Introduction 

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

Continued upgrade gf the Cochlear Implant Laboratory at Duke, along 
the lines indicated in our last progress report for this project; 

Development of interactive S O f i W a i 6  for studies with the laser 
videodisc implementations of the Iowa Cochlear Implant Battery and 
of the Speech Pattern Contrast (SPAC) test; 

Further development and application of integrated field/neuron 
models of the electrically stimulated cochlea; 

Installation and application of sophisticated software tools for 
analysis of results from tests of consonant and vowel 
identification, with the help of Sig Soli who instructed us on the 
use of these tools in  a visit to RTI in August, 1988; 

Preparation - 25th 
Anniversary Symposium of the Kresge Hearing Research Institute, to 
be held in Ann Arbor, October 3-5, 1988; 

for two invited lectures for presentation at the 

Presentation of project results at the World Congress on Medical 
Physics and Biomedical Engineering, in San Antonio, August 6-12, 
1988 ; 

Continued collaboration with the UCSF team on the development o f  

the speech processor and transcutaneous transmission system for a 
next-generation cochlear prosthesis; and 

3 



8. Continued preparation of manuscripts, including two for the book 
Models of the Electrically Stimulated Cochlea (to be edited by J.M. 

Miller and F.A. Spelman). 

The main part o f  the present report, on “Representations of Speech 
Features with Cochlear Implants,” is a slightly modified version of one of 
the papers indicated i n  point 8 above. The other paper, on “Models of 
Neural Responsiveness to Electrical Stimulation,‘ will be presented in the 
next progress report for this project. Details on points 1 ,  2, 4 and 7 also 
will be presented in future reports. 
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11. Representations of Speech features with Cochlear Implants 

A. Introduction 

The development and application of cochlear prostheses have improved 
the quality of life for many deaf individuals. Much work remains to be 
done, however, in order to achieve high levels of speech recognition in a 
majority of patients. In particular, we do not fully understand how 
different speech processor and implanted electrode designs affect the 
perception of speech and other sounds. Also, we have only fragmentary and 
primitive knowledge of how various differences among patients affect their 
out comes. 

The principal characteristics of five different cochlear implant 
systems are presented in Table 1. These characteristics include the type of 
electrode used, the number of stimulation channels, and the method for 
processing speech inputs. As is evident from the Table, a tremendous 
diversity exists in current approaches to prosthesis design. Further 
details on the systems listed in Table 1 can be found in recent reviews 
[lo], [25], [31], [34] and in primary sources [2], [3], [a], [14], [20]. 

A remarkable finding from evaluations of the disparate approaches to 
prosthesis design is that several of these approaches can produce high 

levels of speech perception in some patients. Unfortunately, the converse 
is also true in that poor levels of performance are found for other patients 
using the same approaches. 

These facts are illustrated . i n  Table 2, which compares the average 
values and standard deviations of speech recognition scores for the three 
multichannel systems listed in Table 1. All the data presented in Table 2 
were obtained from studies in which single presentations of recorded 
material were used. The data reported for the Nucleus device are those for 
the new "FO/Fl/F2" processing strategy. Note that the standard deviations 
are large for all measures and devices. This variability reflects the 
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Table 1. Cochlear implant systems. 

Stimulus Channels/ 
Device Electrode(s) Stimulus Sites Processing Strategy 

3M/ Hous e 

3M/ V i en na 

Nuc 1 eus 

Symbion 

Storz 

monopolar 

longitudinal 
bipolar or 
extracochlear 

longitudinal 
bipolar 

monopolar 

radial 
b i po 1 ar 

1 / 1  amplitude modulation of 16 kHz 
carrier 

1 / 1  compressed analog with frequency 
equalization 

2 / 21 feature extraction (FO, F1 and 
F 2 ) ,  pulsatile stimulation 

4 1 4  compressed analog with filtering 

4 / 4  compressed analog with filtering 

observation that, for any of the listed devices, excellent performance is 
found for some patients while poor performance is found for others. 
Finally, i t  is worth noting that experience with an implant can have a 
profound effect on the scores for these (and other) tests. With the Storz 
device, for example, both the NU6 word and CID sentence scores show 
significant increases (p .02 far the NU6 test and p .01 for the CID 
test) from the 3 month to the 12 month studies. 

Much of this heterogeneity of outcomes may be attributed to variation 
among patients. The importance of learning effects associated with 
experience has just been mentioned. Other potentially important variables 
include differences among patients in the survival of neural elements in  the 



Table 2.  Average percent correct scores for recognition o f  NU6 words and 
CID sentences with multichannel cochlear prostheses. The standard 
deviations of these scores are given in parentheses. 

Months 
Device NU6 CID N Postimplant Citation 

Nucleus 6 . 5  20.7 53/49. 3 Brimacombe 
( 6 . 4 )  ( 1 9 . 5 )  et al., 1988 

Symbion 8 . 5  

(10 .9)  

11 >7 Gantt. 1987 

Storz 7 . 6  21 .o 14 3 Wilson et al., 
( 8 - 2 1  ( 1 6 . 5 )  1988d 

20.2 45.9 12 12 

(15 .0)  ( 2 6 . 8 )  

II 

* 
N - 53 for the NU6 test and N - 49 for the CID test. 

implanted ear, integrity of the central auditory pathways, and cognitive and 
language skills. The likely influence of patient variables on outcome 
obviously complicates comparisons aimed at identifying the best types o f  

electrode and speech processor designs for cochlear prostheses. Indeed, 
such comparisons are not meaningful when small populations of subjects are 
used for the evaluation of each system, or when test procedures used at the 
various laboratories involved in the evaluation of individual systems are 
different. 

Recognition of the problem just described helped to initiate two major 
studies in which relatively large populations o f  patients implanted with 
different devices will be tested i n  a uniform and consistent manner. One of 



these studies is a cooperative effort among VA medical centers and the other 
study is being conducted at the University of Iowa [ l l ] .  Results from these 
studies should be of great value in establishing expected levels of 
performance for contemporary cochlear prostheses. 

A complementary method for the comparison of prosthesis systems is to 
evaluate different processing strategies and electrode coupling 
configurations in tests with the same implant patient. A key advantage o f  

such tests is that controls are provided for patient variables. Thus, for a 
given patient with a fixed pattern of nerve survival and fixed levels of 
cognitive skill, etc., the performance levels of different prosthesis 
systems can be compared directly. 

I n  recent studies conducted i n  collaboration with investigators at the 
University of California at San Francisco (UCSF) and at Duke University 
Medical Center, our team compared a variety of speech processing strategies 
in tests with patients implanted with the UCSF/Storz electrode array [51]-  

[54 ] .  Some of the largest differences in performance among processing 
strategies were found in comparisons between the compressed analog ( C A )  

processor of the present UCSF/Storz prosthesis and a type of "interleaved 
pulses" (IP) processor which delivers pulses in sequence to the different 
channels in the implanted electrode array. To show how the design o f  the 

processor can affect t h e  outcome for individual patients, we will restrict 
ourselves here to descriptions of tests to evbluate and compare the 
performance of these two processors. The emphasis will be on the results 
obtained in tests of consonant and vowel identification. I n  addition, 
results for the open-set tests of the Minimal Auditory Capabilities (MAC) 

battery [29 ]  will be mentioned. Results for the full MAC battery and other 
tests of speech perception are presented elsewhere 1521-[54]. 



6 .  Methods 

Processing Strategies 

I n  the clinical UCSF/Storz device alternate pairs of the 16 available 
electrodes are stimulated simultaneously with the CA outputs of a four- 
channel speech processor. The basic functions of this processor are to 
compress the wide dynamic range of input speech signals into the narrow 
dynamic range available for electrical stimulation of the cochlea, and then 
to filter the compressed signal into individual frequency bands for 
presentation to each pair of stimulated electrodes. Typical waveforms of 
the CA processor are shown in Fig. 1. The top trace in each panel is the 
input signal, which in this case is the word "bought." The other waveforms 
in each panel are the filtered output signals for 4 channels of 
intracochlear stimulation. The bottom left panel shows an expanded display 
of waveforms during the initial part of the vowel in  "bought," and the 
bottom right panel shows an expanded display of waveforms during the final 
/t/. The lower panels in Fig. 1 thus exemplify differences in waveforms for 
voiced and unvoiced intervals of speech. 

In the voiced interval the relatively large outputs of channels 1 and 2 
reflect the low-frequency formant content of the vowel, and in the unvoiced 
interval the relatively large outputs of channels 3 and 4 reflect the high- 
frequency noise content of the /t/. I n  addition, the clear periodicity in 

the waveforms of channels 1 and 2 reflects the fundamental and first formant 
frequencies of the vowel during the voiced interval, and the lack o f  

periodicity in the output of any channel reflects the noise-like quality o f  

the It/ during the unvoiced interval. As has been described elsewhere [36]- 
[38],  [ 5 4 ] ,  this representation of speech features can support high levels 
of open-set recognition for many (but not all) of the patients implanted 
with the UCSF/Stort prosthesis. 

A concern associated with the use of multichannel CA processors is that 

of channel interactions [ 4 9 ] .  Simultaneous stimulation of two or more 
channels with continuous waveforms results in summation of the electric 
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F i g .  1. Waveforms of a compressed analog (CA) processor. 

fields from the individual bipolar pairs of electrodes. This summation can 

exacerbate interactions among channels, especially for patients who require 
high stimulation levels. Summation of stimuli from multiple channels also 
depends on the phase relationships among the waveforms. Because these 
relationships are not controlled in a multichannel CA processor, 
representation of the speech spectrum may be further distorted by  
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continuously changing patterns of channel interaction. A reduction of 
channel interactions might increase the salience of channel-related cues for \ 

implant patients. 

The problem of channel interactions is addressed in the IP processor of 
Fig. 2 through the use of nonsimultaneous stimuli. There is no temporal 
overlap between stimulus pulses so that direct summation of electric fields 
produced by different electrode channels is avoided. The energy in each 
frequency band of the input signal is coded as the amplitude of the pulses 
delivered to the corresponding stimulus channel. Distinctions between 
voiced and unvoiced segments of speech are represented by the timing of 
cycles of stimulation across the electrode array. I n  this particular 
processor stimulation cycles are timed to occur in synchrony with the 
detected fundamental frequency for voiced speech sounds and at the maximum 
rate (with one stimulation cycle immediately following its predecessor) for 
unvoiced speech sounds. The timing of stimulation cycles for voiced and 
unvoiced intervals can be seen in the lower panels of Fig. 2. 

Comparison of Figs. 1 and 2 shows large differences in the stimuli 
presented for the CA and IP processing strategies. One might expect that 
the CA processing strategy would provide the greatest benefits to patients 
who could appreciate details in  the stimulus waveforms (see above) and who 
have low thresholds of stimulation. In contrast, the IP processing strategy 
might be expected to provide superior performance for less-fortunate 
patients who cannot make use of such details in CA stimulus waveforms and 
who have high thresholds o f  stimulation. We note that high thresholds o f  

stimulation and high levels of measured channel interactions with 
simultaneous stimuli are both regarded as signs of poor nerve survival in  

the implanted ear [12], [ 2 1 ] ,  [XI, [ 4 9 ] .  Thus, application of an IP 
processor may confer special benefits f o r  patients with poor nerve survival. 

Subjects 

Six patients implanted with the UCSF/Storz cochlear prosthesis [ 1 9 ] ,  

[20], [38], [ 5 4 ]  participated as subjects in this study. Tests with the CA 

11 



. .  'BOUGHT' 

I 
! " ' I " ' l " ' l " ' I  

1 

, 
1 " ' l " ' l " ' l " ' l  

1 
4 i  2.4-4.91: 

1 
msec 

voiced unvoiced 
T 

J , , , , , , , , , , , , , , , 
1 
1 I I I I G 

' ' , ' I  ' ' , ' I  ' ' 1 1  ' ' 1 7  

I I 1 I 1 

1 I 1 1 
1 

~ - - - l - - - - . l - - - l  

1 . .  . , , . . , . . . , . , 'T-, 

I I 1 I I 
1 I I I 

i , , . , , , , , , 
1 

Fig. 2. Waveforms of an interleaved pulses (IP) processor. 

processor were conducted with each patient's clinical device, and tests with 
the IP processor were conducted either with computer simulations [ S O ]  or a 
real-time, microprocessor-based instrument [ 9 ] .  

I t  is important to note that certain attributes of these subjects 
favored the CA processor in comparisons o f  the CA and IP strategies. First, 
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all six subjects entered the study with substantial experience using the CA 
processor. The average experience with this processor approximated one year 
of daily use. In contrast, experience with the IP processor was limited to 
that obtained i n  a six day period of testing a variety of processors with 
each subject. As mentioned in the Introduction (and discussed in detail 
elsewhere, see references [7 ] ,  [42] and [54]), such a disparity in  
experience might strongly favor the CA processor. 

An additional factor weighing against the IP processor was the use of 
the 4-channel, UCSF/Storz transcutaneous transmission system (TTS). The 
principal limitations of that system for IP processors were (a) inadequate 
levels of voltage compliance for stimulation with short-duration pulses, (b) 
the small number of channels, and (c) lack of current control in the 
stimulus waveforms. Half of the subjects were further limited to fewer than 
four channels due to a mode of device failure [38] .  Because optimized 
fittings of IP processors require at least six channels of stimulation and 
short-duration pulses [ 5 1 ] ,  [52], compromises had to be made in the fitting 
of IP processors for the subjects of this study. 

The parameters selected for the IP processors used by each o f  the six 
subjects are presented in Table 3. The best fulfillments of the fitting 

criteria for IP processors [52] were obtained for subjects HE and MC2. Each 
had the use of all four stimulation channels and the average pulse width 
across channels was 0.5 mslphase or less for these two subjects. 

In contrast, relatively poor sets of parameters had to be used for the 
remaining subjects. Subjects M C I  and JM had only three usable channels and 
subject RC only two. In addition, long pulse durations (1.0 ms) had to be 
used for subjects JM and ET. 

Tests 

Most of the results reported in this QPR are from tests of consonant 
and vowel identification. The consonants were presented in an /aCa/ context 
and the vowels in a /bVt/ context. Two consonant tests were used. The 
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* 
Table 3. Parameters of IP processors. 

Pulse WidthsIPhase Pulse Sep. Cycle Time 

Subject Channels (ms 1 (ms (ms 1 

MC 1 

HE 

0.5 

0.5 

0 . 5  

0 . 5  

4 . 5  

6.0 

JM 

RC 

ET 

MC2 4 

1 .o 

0 .5  

1 .o 
1 .o 
0 .5  

0.5 

0.1 

0. 1- 

0.1 

6.3 

2.2 

6.4 

0.3 
0.7 
0.3 

0.3 

0 .5  5 . 2  

* 
All six processors used symmetric biphasic pulses with positive phase 
leading and with the channels stimulated in base-to-apex order. 
Stimulation cycles were presented at the fundamental frequency for voiced 
intervals and at maximum rate (period equal to cycle time) during unvoiced 
intervals. 

first was the one developed at the University of Iowa for measurement o f  

audiovisual consonant perception [ 4 3 ] .  A video tape of an adult male 
speaker provided the visual component of each presentation. The audio track 
o f  the tape provided an input to the UCSF/Storz processor or the real-time 



IP processor via direct connection. The consonants were /p, b, m, f, v, I, 
d3, s, z ,  t ,  d, n, g ,  k/. Each consonant was presented five times in a 
randomized list of stimulus presentations. After each presentation, the 
subject responded by pointing to one choice in a table of the 14 response 
options. No feedback on correct or incorrect responses was provided. 
Finally, the order of testing for the different conditions was designed to 
confer any benefits of learning on the CA processor. The order was first to 
test the IP processor plus vision, then vision alone, and then the CA 
processor plus vision. 

A matrix of stimuli and responses was compiled for each subject and 
condition. The matrices were then summed across subjects for each of the 
conditions. These summed matrices provided the inputs to the analyses 
described in the Results section of this report. The raw summed matrices 
may be found in Appendix 1. 

The second consonant test was one suggested by Earl Schubert [39] to 
assess the ability to distinguish the nonlabial consonants with the greatest 
frequencies of occurrence in spoken English. These consonants include / 3, 
s, z ,  t ,  d, n, k, 1/ and are difficult or impossible to distinguish with 
speechreading alone (particularly I s ,  z, t ,  d, n/). Schubert reasoned that 
a pragmatic approach to processor design and evaluation would be to 
concentrate on these eight important (but largely invisible) consonants. 
The primary purpose of the vowel test was to measure the ability to 
discriminate relatively-large differences among the selected vowels in the 
frequencies of the first and second formants. The vowels included / i ,  I ,  3 ,  

0, u/. 

Single exemplars of the tokens in the last two tests (hereafter called 
the "RTI Tests") were recorded and digitized from representative utterances 
of an adult male speaker. The digitized tokens were used as inputs to the 
UCSF/Storz processor (after appropriate digital-to-analog conversion) or the 
computer simulation of the IP processor. A single block of trials included 
three presentations of each of the consonants or five presentations each o f  

the vowels in random order. Multiple repetitions of a token were available 

15 
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at regular intervals during each presentation. At the beginning of each 
presentation a display of response options was shown on a computer terminal 
used by the subject. The subject responded by touching a key on the 
terminal. Usually a response was entered after the first or second 
repetition. At the end of a block, the subject was given the overall 
percent correct score and an indication of the principal confusions made 
during the test. With few exceptions, no feedback was given during a block. 
In the exceptional cases (12 out of 137 blocks), feedback was provided 
across conditions so that. no processor would receive an advantage over 
another. 

The conditions fcrr both RTI tests included vision only, CA processor 
plus vision, IP processor plus vision, CA processor only, and IP processor 
only. For the conditions with a visual component, speechreading information 
was provided by miming the tokens in synchrony with the stimulus 
repetitions. The same person (DTL) mimed the tokens for all subjects. 

Blocks of trials were repeated as time permitted during the six days of 
testing with each subject. Because many other tests were being conducted 
during this same period [52]-[54], the total number of trials for the RTI 
tests was not uniform across subjects and conditions. The actual totals are 
presented in Table 4. For the great majority of subjects and conditions, 
the number of trials with each token for the consonant test was 6 or more 
and the number for the vowel test was 10 or more. 

As with the Iowa test, matrices of stimuli and responses were compiled 
for all subjects and conditions. Each RTI matrix was normalized to show the 
fraction of responses in each cell, and the normalized matrices were then 
summed across subjects for each of.,the conditions. The estimates of matrix 
responses calculated in this way reflect balanced contributions from all 
subjects for each condition while still using all of the available data. 

The final matrices for the RTI tests may be found in Appendix 1. 

In addition to the tests of consonant and vowel identification, the CA 

and IP processors were further evaluated with an extensive series of speech 
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Table 4. Number of presentations of each token in the RTI tests for the 
indicated subjects. 

* 
Condition 

Test Subject V CA+V I PtV CA IP 
~ 

Con son an t MC 1 
HE 
JM 
RC 

ET 
MC2 

15 
9 
6 
9 

6 .  
6 

18 

9 
6 
12 
6 

6 

Vowe 1 MC 1 
HE 
JM 

RC 
ET 
MC2 

10 

10 

15 

10 

5 

10 

15 

10 

10 
10 

10 
10 

10 
30 

5 
10 

5 

10 

15 

15 

10 

10 

10 
10 

10 
15 

5 

10 

5 

10 

* 
Abbreviations are V for Vision, CA+V for compressed analog plus vision, 
IP+V for interleaved pulses plus vision, CA for compressed analog only, and 
IP for interleaved pulses only. 

perception tests. These additional tests included all subtests of the 
Minimal Auditory Capabilities ..(MAC) battery [29]; the Diagnostic 
Discrimination Test (DDT) of consonant confusions [la]; and connected 
discourse tracking with and without the prosthesis [4], [30]. The results 
from the subtests of the MAC battery designed to measure open-set 
recognition will be discussed in this report. Results from the full MAC 
battery, along with the results from the other tests, are presented 
elsewhere [52]-[54]. 
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C. Results 

Percent Correct Scores 

The means and standard deviations of overall percent correct scores for 
the tests of consonant and vowel identification are presented in Table 5 .  

To compare results among the conditions for each test, a randomized-blocks 
analysis of variance (ANOVA) was conducted with the subjects as blocks and 
the conditions as the second factor. For the Iowa consonant test a 
significant effect of conditions was found (F(2,lO) - 20.56; p < .OOl). 
Post hoc comparison of the means using the Tukey multiple comparisons 
procedure showed that the means- for both prxessor plus vision conditions 
are significantly higher than the mean for the vision only condition (p < 

processor plus vision conditions is not significant (p > .05) .  

A significant effect of conditions was also found for the RTI consonant 
test (F(4 ,20)  = 22.23; p .001). Post hoc comparison of the means, with 
the Tukey procedure, can be summarized as follows: 

1. The means for the processor plus vision conditions are 
significantly higher than the mean for the vision only condition (p 
< .01, both processors); 

2. The difference between means for the processor plus vision 
conditions is not significant; 

3. The mean for the IP only condition is significantly higher t h a n  the 
mean for  the CA only condition (p < . O S ) ;  

4 .  The means for both processor plus vision conditions are 
significantly higher than the means for the processor only 
conditions (p .Ol for the CA processor and p < .05 for the IP 
processor); 

18 



Table 5 .  Means and standard deviations (SD) of consonant and vowel 
identification scores in percent correct. 

Iowa consonants RTI consonants RTI vowels 

condition* Mean SD Mean SD Mean SD 
~ 

Vision only 33.3 5 . 3  42.0 8 . 3  83.4 8.7 

CA + Vision 54.5  16.6 69.6 13.6 94 .0  2 . 5  

CA only 51.8  12.6 86.0 5 . 1  

IP + Vision 64.0 6 . 7  79 .7  13.0 87 .3  9 . 9  

IP only 65 .8  14.6 83 .3  10.8 

* 
Abbreviations are CA for compressed analog processor and IP for interleaved 
pulses processor. 

5. The mean for the IP only condition is significantly higher than the 
mean for the vision only condition (p < . 0 1 ) ;  and 

6. None of the differences among means for the remaining combinations 
of conditions is significant. 

Finally, no significant differences among conditions were found f o r  the 
RTI vowel test (F (4 .20 )  = 2.81;  p..> .OS). We note that scores are quite 
high for all conditions of this test. Possibly, true differences among 
conditions may have been masked by ceiling effects and, i f  so, a more 
difficult test might demonstrate such differences. 
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Information Transmission (IT) Analysis 

Although overall percent correct scores can serve as a rough indication 
of processor performance, they provide little or no insight into the 
strengths and weaknesses o f  specific strategies. That is, the pattern of 
confusions (and correct responses) in a consonant or vowel identification 
test can provide much more detailed information on processor performance 
than the overall percent correct score. 

To evaluate the patterns of confusions for the conditions of this 
study, the combined matrix for the responses of all subjects for each 
condition (see Appendix 1 )  was used as an input to the information 
transmission (IT) analysis described by Miller and Nicely 1231. In this 
analysis the "relative transinformation" is calculated for selected 
articulatory or  acoustic features of the phonemes in the identification 
tests. The relative transinformation score for each feature, expressed here 
as percent information transfer, indicates how well that feature was 
transmitted to the subjects. The consonant features selected for the 
present study were voicing (voice), nasality (nasal), place of articulation 
(place), duration (durat), frication (fric), envelope cues (envel) and 
visual cues (viseme). The vowel features were first formant frequency (Fl), 
second formant frequency ( F 2 ) ,  duration (durat) and visual cues (viseme). 
Assignments o f  these features for the phonemes in the Iowa and RTI tests m a y  
be found in Appendix 2. 

The results from IT analysis of the Iowa consonant matrices are 
presented in Fig. 3. The open bars show IT scores for the vision only 
condition, the bars with diagonal lines show the scores for the CA processor 
plus vision condition, and the solid bars show the scores for the IP 
processor plus vision condition. Note that the viseme and place features 
are transmitted equally well for all three conditions. The high score for 
place in the vision only condition is indicative of the high redundancy 
between assignments for the place and viseme features. That is, a front 
(bilabial and labiodental) place of articulation usually can be 
distinguished from other places of articulation through speechreading alone 
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Fig. 3. Relative information transfer of speech features for the Iowa 
consonant t 8s t . 

[28 ] ,  and this ability is reflected in the choices for the viseme groupings. 
Thus, i f  subjects can distinguish the groups /p,b,m,f ,v/, /.f,d3/ and 
/d,s,t,t,d,n,g,k/ through speechreading, then the scores for both viseme and 
place will be high. 

Other features that exhibit some redundancy with the viseme groupings 
are duration and frication. The relatively high scores for these features 
with vision alone reflect this overlap. On the other hand, the scores for 
voicing, nasality and envelope are all low for the vision only condition. 
These features are invisible on the lips and have little or no redundancy 
with the viseme groupings. 

The scores for both processor plus vision conditions demonstrate 
increases over the scores for the vision only condition. Especially large 
increases are found for the features of voicing, duration and envelope. I n  

addition, the scores for overall information transfer are higher for the 
processor plus vision conditions. 
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Comparison o f  t h e  scores o b t a i n e d  w i t h  the  two processors i n d i c a t e s  

s u p e r i o r i t y  o f  t h e  I P  processor  f o r  a l l  fea tures  except p l a c e  and viseme, 

where t h e  scores a r e  about t h e  same. Scores f o r  t h e  I P  processor  a r e  much 

h igher  f o r  t h e  fea tures  o f  v o i c i n g ,  n a s a l i t y  and envelope. Inasmuch as 

these a r e  t h e  very  f e a t u r e s  t h a t  have l i t t l e  o r  no redundancy w i t h  t h e  

viseme groupings,  t h e  I P  processor  might  be expected t o  p r o v i d e  a h i g h l y  

e f f e c t i v e  supplement t o  speechreading. 

The genera l  f i n d i n g  o f  s u p e r i o r  performance w i t h  t h e  I P  processor is 

a l s o  ev ident  i n  t h e  r e s u l t s  from I T  a n a l y s i s  o f  t h e  R T I  consonant m a t r i c e s .  

Resu l ts  f o r  t h e  v i s i o n  o n l y  and processor  p l u s  v i s i o r :  c o n d i t i o n s  a r e  

presented i n  F i g .  4, and r e s u l t s  f o r  t h e  processor o n l y  c o n d i t i o n s  a r e  

presented i n  F i g .  5. I n  F i g .  4 t h e  open, d i a g o n a l l y  l i n e d  and s o l i d  bars  

aga in  show I T  scores for v i s i o n  o n l y ,  CA processor p l u s  v i s i o n  and I P  

processor p l u s  v i s i o n ,  r e s p e c t i v e l y .  I n  F i g .  5 t h e  s t i p p l e d  b a r s  show I T  

scores f o r  t h e  CA processor o n l y ,  and t h e  v e r t i c a l l y  l i n e d  bars  show t h e  

scores f o r  t h e  I P  processor o n l y .  

For t h e  c o n d i t i o n s  w i t h  a v i s u a l  component ( F i g .  4) ,  h i g h  scores again 

a r e  ob ta ined f o r  t h e  viseme f e a t u r e .  Because t h e  consonants i n  t h e  R T I  t e s t  

a l l  have a n o n l a b i a l  p l a c e  o f  a r t i c u l a t i o n ,  however, h i g h  scores f o r  t h e  

viseme f e a t u r e  mere ly  show t h a t  t h e  groups /s,z, t ,d,n/ ,  / k , l /  and /Zr/ can be 

d i s t i n g u i s h e d .  /g/ and /1/ u s u a l l y  a r e  v i s i b l e  th rough tongue p r o t r u s i o n  

and tongue f l a p ,  r e s p e c t i v e l y ,  even though they have n o n l a b i a l  p laces o f  

a r t i c u l a t i o n .  Percept ion  o f  these cues f o r  /8/  and /1/ can produce 

r e l a t i v e l y  h i g h  viseme scores f o r  t h e  consonants i n  t h e  R T I  t e s t .  

Another e f f e c t  o f  t h e  cho ice  o f  consonants f o r  t h e  R T I  t e s t  i s  t o  h o l d  

p l a c e  o f  a r t i c u l a t i o n  e s s e n t i a l l y  cons tan t .  A l l  consonants except /k /  have 

a mid p l a c e  o f  a r t i c u l a t i o n  [ 4 1 ] .  Thus, t h e  o n l y  d i s t i n c t i o n  t h a t  has t o  be 

made t o  produce h i g h  p l a c e  scores i s  t h e  one between /k /  (back p lace  o f  

a r t i c u l a t i o n )  and t h e  remain ing consonants. The low p l a c e  score f o r  t h e  

v i s i o n  o n l y  c o n d i t i o n  i n  F i g .  4 r e f l e c t s  t h e  f a c t  t h a t  t h e  p l a c e  and viseme 

f e a t u r e s  a r e  not  redundant f o r  t h e  p a r t i c u l a r  consonants o f  t h e  R T I  t e s t .  
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100 
0 Vision onty 

Overall Voice Nasal Place Dural Fric Emel Viseme 

F ig .  4 .  R e l a t i v e  information t ransfer  o f  speech features f o r  the  v is ion  

only  and v is ion p lus processor conditions o f  the  R T I  consonant 

t e s t .  

0 CAonly 
IP onty 

Overall Voice Nasal Place Dural Fric Envel 

F i g .  5 .  R e l a t i v e  information t ransfer  of speech features f o r  the  processor 

only condit ions o f  the R T I  consonant t e s t .  
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The scores for all other features (voicing, nasality, duration, frication 
and envelope) are generally consistent with the scores for the vision only 
condition of the Iowa test. 

Comparison of results across conditions again shows increases over the 
the vision only scores when either processor is used with speechreading. 
The largest increases are found for the features of voicing, nasality, place 
and envelope. The increases for voicing and envelope are quite similar to 
those found for the 1owa.test. The increases for nasality and place, 
however, are not seen (place) or not as large (nasality) in the Iowa 
results. The difference in the increases for place can be attributed to the 
particular choice o f  xnsosants in the RTI test, as outlined above: The 
difference in the increases for nasality is one of degree in that increases 
are found for both tests, but the relative increase for the CA processor 
plus vision over vision only is not as large for the Iowa test compared to 
the increase for the RTI test. This difference between tests again might be 
a consequence of the different choices of consonants: the only nasal in the 
RTI test is /n/, while the Iowa test contains /n/ and /m/, The single 
distinction of /n/ from the remaining consonants may allow higher scores for 
the nasal feature in the RTI test. 

As with the Iowa test, large increases are found in feature 
transmission scores when the IP processor is used instead of the CA 

processor for the vision plus processor conditions. The IP processor 
produces at least some increase in the score for every studied feature, and 
substantial increases are demonstrated for the features of nasality, 
duration and frication. The same pattern of increases is evident in the 
scores for the Iowa test; however, the relative increases for the voicing 
and envelope features are greater with the Iowa test while the relative 
increases for  the duration and frication features are greater with the RTI 
test. These differences probably can be attributed to the differences in 

the consonant sets and to test variability. In all, the patterns of results 
from the Iowa and RTI tests are remarkably consistent. Both patterns 
demonstrate substantial gains over vision alone when either processor is 
used in conjunction with speechreading, and both patterns show superiority 
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of the IP processor. In addition, the particular differences in feature 
scores found between conditions for one of the tests usually are found for 
the other test as well. 

The results from the RTI test for the processor only conditions (Fig. 

5) mirror those reviewed above for the processor plus vision conditions 
(Fig. 4). Specifically, the IP processor again produces an increase in the 
score for every studied feature, and substantial increases are found for the 
features of nasality, duration and frication. Moreover, for all features 
the ratios o f  the scores for the CA processor plus vision and IP processor 
plus vision conditions (Fig. 4) closely approximate the ratios for the CA 

processor only and IP processor only conditions-(Fig. 5). These findings 
suggest that the IP processor provides additional cues which are utilized by 
the subjects in both the hearing only and hearing plus vision conditions. 

In contrast to the results from the Iowa and RTI consonant tests, the 
IT scores from the RTI vowel test indicate superiority of the CA processor. 
These scores for the vowel test are presented in Fig. 6, where the coding of 
the bars for the various conditions is identical to the coding used in Figs. 
3 - 5. Comparison of the IT scores between processors shows that the CA 

processor produces higher or equivalent scores for every feature. For the 
processor plus vision conditions higher scores are obtained for overall 
transmission, F1 and duration, and for the processor only conditions higher 
scores are obtained for these features and F2. In the cases where 
equivalent scores are found (F2 and viseme features, processor plus vision 
conditions), ceiling effects may have masked true differences between the 
processors. A more difficult test (with, for example, more vowels and less 
redundancy between assignments for the F2 and viseme features) would provide 
a more sensitive detector of any-.difference between processors. I n  any 
event, the present results show that the CA processor is superior at least 
for the transmission of F1 and duration information. 

The most general observations from the IT data reviewed above are that 

(a) the IP processor produces higher or essentially equivalent scores for 
I every studied feature of the phonemes in the Iowa and RTI consonant tests 



Overall F1 F2 Dural viseme 

0 vision only 
CA + Vision 
IP + Vision 

Ej CA only 
rn IP only 

F i g .  6. R e l a t i v e  i n f o r m a t i o n  t r a n s f e r  o f  speech f e a t u r e s  f o r  t h e  R T I  vowel 

t e s t .  

\ and ( b )  t h e  oppos i te  i s  found f o r  every s t u d i e d  f e a t u r e  o f  t h e  phonemes i n  

I t h e  R T I  vowel t e s t .  To e v a l u a t e  t h e  s i g n i f i c a n c e  o f  these observa t ions ,  a 

b locked ANOVA was conducted f o r  each t e s t  w i t h  t h e  f e a t u r e s  as b l o c k s  and 

t h e  processor p l u s  v i s i o n  and processor o n l y  c o n d i t i o n s  as t h e  second 

f a c t o r .  Because t h e  o b j e c t i v e  was t o  compare t h e  c o n t r i b u t i o n s  o f  t h e  two 

processors,  t h e  viseme f e a t u r e  was no t  i n c l u d e d  i n  t h e  a n a l y s i s .  The ANOVA 

r e s u l t s  supported t h e  genera l  observa t ions  f o r  each o f  t h e  t h r e e  t e s t s .  I n  

p a r t i c u l a r ,  s i g n i f i c a n t  e f f e c t s  o f  c o n d i t i o n s  were found f o r  a l l  t h r e e  t e s t s  

( f o r  t h e  Iowa consonant t e s t  F(1,6) = 18.19 and p < .01; f o r  t h e  RTI 
consonant t e s t  F(2,18) = 19.92 and p ,001; and f o r  t h e  R T I  vowel t e s t  

F(3,9) = 18.33 and p < .001).  The s i g n i f i c a n t  e f f e c t  f o r  t h e  Iowa t e s t  

demonstrated s u p e r i o r  performance o f  t h e  I P  processor  ( p  < .01). Post hoc 

comparison o f  t h e  means f o r  t h e  f o u r  c o n d i t i o n s  o f  t h e  RTI consonant t e s t  

( u s i n g  t h e  Tukey procedure)  a l s o  demonstrated s u p e r i o r i t y  o f  t h e  I P  

processor ( f o r  t h e  processor  p l u s  v i s i o n  c o n d i t i o n s  p < .01, and f o r  t h e  

processor o n l y  c o n d i t i o n s  p < .05). F i n a l l y ,  pos t  hoc comparison o f  the 

means f o r  the  R T I  vowel t e s t  demonstrated s u p e r i o r i t y  o f  t h e  CA processor  
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(for both sets of processor conditions, with and without vision, p < . 0 5 ) .  

Sequential Information Analysis (SINFA1 

As noted above, interpretation of the results from IT analysis is 
complicated by the presence of redundancies in  feature assignments for the 
phonemes in the identification test. Because some features are highly 
redundant with others (e.g., viseme and place for the Iowa consonant test), 
IT analysis cannot determine the extent to which each separate feature is 
used by the subjects in making their judgments. To address this problem of 
IT analysis, Wang and Bilger [ 4 6 ]  developed a procedure designed to remove 
the effects .of redundancies among features. In this procedure, called 
Sequential Information Analysis (SINFA), the unconditional IT scores are 
first calculated for all features, as in the standard procedure for IT 
analysis. Then the feature with the highest score for percent information 
transfer is identified and held constant for subsequent iterations of IT 
analysis. In the subsequent iterations any redundancies between the 
previously-identified feature and the remaining features are removed by 
holding the identified feature constant. At the conclusion of each 
iteration the remaining feature with the highest information transmission 
score is identified and added to those being held constant for all 
subsequent iterations. Iterations continue until all features have been 
examined or until the remaining features can account for less than 1% of the 
total received information. The final output of  SINFA thus consists of a 

sequence of the features that are most salient at each successive iteration. 
In addition, the SINFA results indicate the relative contribution o f  each 
feature (in the same sequence) to the pattern of judgments made by the 
subjects. 

SINFA results for the Iowa consonant test are presented in Fig. 7. For 
each of the three conditions the order o f  identified features is indicated 
from left to right (where the leftmost bar in the panel for each condition 
shows the first-identified or most salient feature for that condition) and 
the relative contribution of each feature is indicated by the length of its 
bar. The full width of each panel corresponds to 100%. Thus, the rightmost 



Iowa Consonant Test 

Vision Only CA + Vision IP + Vision 

, , , , , , , , , ,  

MC 
Envd 
ViSOtnO 

Fig. 7. Sequential information analyses of results from the three 
conditions of the Iowa consonant test. 

extent of the bar for the last-identified feature indicates the proportion 
of the received information that is explained by all identified features. 
This proportion, in turn, indicates how completely the identified features 
can account for the subjects' observed judgments. The assignments across 
phonemes for two or more features ( s e e  Appendix 2) can become identical in  

subsequent iterations of SINFA as more and more features are held constant. 
In cases where multiple features with identical assignment patterns are 
identified as most salient in a SINFA iteration, bars are shown for all such 
features for that iteration. For example, the t h i r d  bar (from left to 
right) in the panel for the CA processor plus vision condition indicates 
that (a) the features of duration and frication had identical assignment 
patterns at the third SINFA iteration and (b) the combined 
"duration/frication" feature was most salient for that iteration. 

Returning now to the results o f  Fig. 7, SINFA demonstrates large 
contributions of visual inputs to the judgments made for all three 
conditions. For the vision only condition the viseme feature accounts for 
74% of the received information, and for the CA processor plus vision and IP 
processor plus vision conditions this feature accounts for 56 and 47% of the 
received information, respectively. As might be expected, the viseme 
feature is most salient for the vision only condition. I n  addition, the 



remaining features identified by SINFA for this condition account for only 
10% of the received information. 

The viseme feature is also most salient for the CA processor plus 
vision condition. However, other features now make substantial 
contributions to the judgments. Most salient among these other features are 
voicing (22%) and fricationlduration (8%). 

In contrast to the dominance o f  the viseme feature for the judgments of 
the vision only and CA processor plus vision conditions, the first- 
identified feature for the IP processor plus vision condition is voicing 
(27%)_. This. finding suggests that an auditory cue is most important for 
making the judgments of this latter condition, even when speechreading 
information is presented. Other auditory cues contributing to the judgments 
are fricationlduration (10%) and nasal/envelope (4%). 

As can be appreciated from the rightmost extents of the final bars in 
each panel of F j g .  7, the selected features account well for the patterns of 
judgments. The proportion of received information explained by these 
features for the vision only condition is 84%, and the proportions for the 
two processor plus vision conditions are both 89%. 

SINFA results for the five conditions of  the RTI consonant test are 
presented in Fig. 8. Large contributions of visual inputs are again 
demonstrated for the three conditions with a visual component. The viseme 
feature is the most salient feature for each of these conditions. The 
proportions of received information accounted for by this feature are 68, 57 
and 54% for the vision only, CA processor plus vision and IP processor plus 
vision conditions, respectively. ., As might be expected, the greatest 
proportion is found for the vision only condition. 

In addition to the contributions made by visual inputs, results for the 
two processor plus vision conditions show that substantial contributions are 
made by auditory inputs. In the CA processor plus vision condition these 
latter contributions include place (13%) ,  fricationlduration (10%) and 
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RTI Consonant Test 

Vision Only CA + Vision IP + Vision 

Vdce 
Nasd 
Floce 
Durat 
Fdc 
E l i V d  
Visame 

Vdce 
Nasd 
Place 
Durat 
M C  
Envel 

CA Only IP Only 

Fig. 8. Sequential information analyses of results from the five 
conditions of the RTI consonant test. 

voicing (11%). and in the IP processor plus vision condition these 
contributions include place (11%). fricatiodduration (17%), nasality (6%) 
and voicing/envelope (6%). Note that place and frication/duration are 
salient features for both processor plus vision conditions. Also note that 

features other than the viseme feature make a greater contribution to the 
judgments made for the IP processor plus vision condition (40%) compared 
with the contribution for the CA processor plus vision condition (34%). A 

large part of the difference between the two conditions is the demonstrated 
access to the nasality feature with the IP processor, which is not found 
with the CA processor. The I P  p rocessor  also appears to provide greater 
access to frication/duration information and to envelope information. 

Greater access to nonvisual features of consonants is also demonstrated 
for the IP processor in the processor only conditions. Three features are 
identified by SINFA for the CA processor (place, 22%; envelope, 36%; 

nasality, 13%), while all six nonvisual features are identified for the IP 
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processor (place, 22%; frication, 24%; voicing, 21%; envelope, 8%; nasality, 
10%; duration, 1%). In addition, the identified features explain a greater 
proportion of the received information with the IP processor (86%) than with 
the CA processor (71%). 

To summarize the SINFA results for the consonant tests, we note the 
following: 

1. The viseme feature accounts for a large percentage of the received 
information for all conditions with a visual component; 

2. The viseme feature is the most salient feature for all of these 
conditions except the IP processor plus vision condition, for which 
the feature of voicing is most salient; 

3. The addition of processor inputs increases access to features other 
than the viseme feature; 

4. Among the most salient of these other features are voicing (both 
processors, Iowa test), duration/frication (both processors, Iowa 
and RTI tests) and place (both processors, RTI test); 

5. The IP processor further provides access to the features o f  

nasality and envelope for the processor plus vision conditions 
(Iowa and R T I  tests); 

6. Both processors provide access to place, nasality and envelope 
features for the processor only conditions (RTI test); and 

7. The IP processor further provides access to the features of 
frication, voicing and duration. 

Finally, SINFA results for the RTI vowel test are presented i n  Fig. 9. 

As with the consonant tests, the viseme feature is most salient, and 
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RTI Vowel Test 

Vision Only CA + Vision IP + Vision 
F1 
F2 
h a t  
viseme 
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FI 
F2 
h a t  

Fig. 9. Sequential information analyses of results from t h e  five 
conditions of the RTI vowel test. 

accounts for the great majority of received information, for the vision only 
condition. Unlike the results from the consonant tests, however, an 
acoustic feature (F2) is more salient than the viseme feature for the 
processor plus vision conditions. Also, an identical pattern of feature 
rankings is found for these latter conditions, i.e., F2, viseme and 
Fl/duration. The only difference between the processors is in the 
proportions of received information explained by the different features. 
The proportions of the F2 and viseme features are higher for the IP 
processor (53 vs. 48% for F2, and 28 v s .  26% for viseme), and the proportion 
of the combined Fl/duration feature is substantially higher for the CA 

processor (26 v s .  18%). These differences are consistent with the clearly 
superior IT scores of the CA processor for F1 and duration (Fig. 6). 

Greater access to F1 and duration cues is also demonstrated for the CA 

processor i n  the SINFA results for the processor only conditions. As shown 
in the bottom panels of Fig. 9, the amount of received information accounted 
for by the combined Fl/duration feature is substantially higher for the CA 

processor (31%) than for the IP processor (25%). Also, the amount of 
received information explained b y  the F2 feature is somewhat higher for the 
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CA processor (54 vs. 51%). 

In summary, the CA processor provides greater access to the combined 
Fl/duration feature in both the processor plus vision and processor only 
conditions. This processor may also provide greater access to the F2 
feature in the processor only conditions. 

Open-Set Recognition Scores 

The most difficult tests normally administered to assess the 
performance of patients with cochlear implants are tests of open-set 
recognition. Good performance on these tests probably requires a host of 
linguistic and cognitive skills that are not tapped in tests of consonant 
and vowel identification. That is, the open-set tests help to evaluate the 
integration of segmental identification (consonants and vowels), prosodic 
cues and contextual information. The open-set tests thus provide complex 
measures of the representation of speech sounds at the auditory periphery 
and the interpretation of this representation in the central nervous system. 
Also, in terms of the "bottom line" for implant patients, the open-set tests 
mimic many aspects of everyday listening situations. 

Results from the open-set tests of the MAC battery for the subjects and 
processors of this study are presented in Fig. 10. The tests include those 
of spondee recognition (Sp), recognition of monosyllabic words from 
Northwestern University list six (NU6), recognition o f  everyday sentences 
from lists prepared at the Central Institute for the Deaf (CID), and 
recognition o f  single words in the context of sentences (WIC). The results 
for the CA processor are indicated by the stippled bars, and the results f o r  

the IP processor are indicated by the vertically lined bars. 

Comparison of the results across subjects for each of the open-set 
tests demonstrates that there are no significant differences between 
processors (paired t 1.71 and p > .10 for all tests). However, 
substantial differences are found among subjects both in terms of overall 
performance and in terms of the scores for the two processors. Subjects 
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F i g .  10. Resu l t s  f rom sub tes ts  o f  t h e  Min ima l  A u d i t o r y  C a p a b i l i t i e s  (MAC) 

b a t t e r y  des igned t o  measure open-set r e c o g n i t i o n  o f  speech. 

A b b r e v i a t i o n s  f o r  t h e  subtes ts  a r e  Sp f o r  Spondee r e c o g n i t i o n ,  NU6 

f o r  r e c o g n i t i o n  o f  monosy l lab ic  words from Nor thwestern U n i v e r s i t y  

l i s t  s i x ,  C I D  f o r  r e c o g n i t i o n  o f  everyday sentences f rom l i s t s  

prepared a t  t h e  C e n t r a l  I n s t i t u t e  f o r  t h e  Deaf, and W I C  for 

r e c o g n i t i o n  o f  Words i n  Context .  

MC1, RC and MC2 have e x c e l l e n t  performance w i t h  b o t h  processors,  w h i l e  t h e  

remain ing  s u b j e c t s  have e i t h e r  moderate (HE and JM) o r  poor (ET)  performance 

w i t h  b o t h  p rocessors .  Between processors,  sub jec t '  RC has h ighe r  scores  w i t h  

t h e  CA processor  for a l l  f ou r  t e s t s  and sub jec t  MC2 has h ighe r  scores  w i t h  

t h e  I P  processor  f o r  a l l  f o u r  t e s t s .  Pa i red  t comparisons between 

processors f o r  these t e s t s  show t h a t  t h e  CA processor  i s  s i g n i f i c a n t l y  

b e t t e r  f o r  sub jec t  RC ( p a i r e d  t - 3.25; p < . 0 5 )  and t h a t  t h e  I P  processor  

i s  m a r g i n a l l y  b e t t e r  f o r  sub jec t  MC2 ( p a i r e d  t = 2.90; p < . l o ) .  No 

s i g n i f i c a n t  d i f f e r e n c e s  are  found between processors f o r  t h e  remain ing  

sub jec ts  ( p a i r e d  t < 1.67; p > . l o ) .  
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D.  Discussion 

In this study the compressed analog (CA) and interleaved pulses (IP) 
processors were compared in tests with six subjects implanted with the 
UCSF/Storz cochlear prosthesis. The tests included those of consonant and 
vowel identification and of open-set recognition. Each subject had the use 
of 2 - 4 channels of intracochlear stimulation via the UCSF/Storz 
transcutaneous transmission system (TTS). Also, each subject had had 
considerable experience with the CA processor when the processors were 
compared. 

Large diffsrznces between processors were demonstrated in the results 
from the consonant and vowel tests. In general, the IP processor produced 
superior results for consonant identification and the CA processor produced 
superior results for vowel identification. The principal gains for 
consonants were i n  the transmission of information on voicing, nasality, 
envelope, frication and duration, and the principal gains for vowels were in 
the transmission of information on F1 and duration. Results from the tests 
of open-set recognition indicated an overall equivalence of the two 
processors across subjects. For particular subjects, however, one processor 
provided better performance than the other. Subject RC obtained higher 
scores with the CA processor for all four open-set tests and subject MC2 
obtained higher scores with the IP processor for all four tests. 

Representations of Speech Features 

The differences in results for the consonant and vowel tests are 
consistent with differences in the ways in which each processor presents 
speech stimuli. The CA processor 'simultaneously presents continuous analog 
waveforms to all of the stimulation channels in a multielectrode array, 
while the IP processor presents nonsimultaneous pulses to the same channels. 
In addition, the type of IP processor used in the present study provides 
explicit coding of fundamental frequency (FO) and voiced/unvoiced intervals. 
FO is coded by initiating stimulation cycles in synchrony with the detected 
FO during voiced intervals, and unvoiced intervals are signaled by 
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initiating stimulation cycles at randomly varied times or at rates above the 
normal range of FO. 

A possible advantage of the CA processor is in the preservation of 
details in the stimulus waveforms. Details that may be perceived by some 
implant patients include: (a) frequency changes up through the range of F1 
[a] ,  [15], [48], (b) rapid temporal variations in the envelopes of speech 
and speechlike stimuli [ l e ] ,  and (c) subtle waveshape changes produced by 
the addition of frequency cpmponents beyond F1 .[14]. 

The results from the vowel test are consistent with the observation 
that at least some patients can discriminate frequency changes through the 
range of F1 with CA stimuli. This ability would explain the high 

information transmission (IT) scores obtained with the CA processor for the 
F1 feature. Because waveform details are discarded in the IP processor, one 
might also expect lower scores for F1 with that processor. Differences i n  
scores for transmission of F1 information thus may be attributed to the 
presence (CA processor) or absence (IP processor) of details in analog 
waveforms. 

Improved perception of F1 also could explain the high IT scores found 
for the duration feature with the CA processor. The roles of the F 1  and 
duration features are highly correlated for the vowels in the RTI test. 
This leads to assignment redundancies ( s e e  Appendix 2 ) .  that could produce 
high IT scores for duration even if duration per - so were not well 
transmitted. The present results do not allow discrimination among three 
possibilities: (a) excellent transmission of F1 information only, ( b )  

excellent transmission of duration information only, or (c) excellent 
transmission of both. Results from previous studies, on the perception o f  

Fl information with CA waveforms [ a ] ,  [ 1 5 ] ,  [ 4 8 ] ,  support possibilities (a) 
and (c). 

The chief advantage of the IP processor may be the reduction of channel 
interactions through the use of nonsimultaneous stimuli. This reduction may 
increase the salience of channel-related cues and therefore improve the 
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representation of frequency components across the speech spectrum. An 
increased salience of channel cues is likely to become progressively more 
important as the number of stimulation channels is increased. Thus, this 
advantage of the IP processor may be more evident in subjects with many 
channels (e.g., 6 - 10) than in subjects with relatively few channels (e.g., 
2 - 4). Indeed, results from previous studies conducted by our group, using 
a subject fitted with a percutaneous cable, demonstrated large increases in 
both consonant and vowel identifications when the number of stimulation 
channels in an IP processor was increased from 4 to 6 [51]. 

For the subjects of the present study, with only 2 - 4 channels of 
stimulation, the representation cf frequency components with channel cues is 
necessarily coarse. However, even a coarse representation may provide a 
significant advantage for the perception of overall spectral shape. This 
advantage might be reflected in the improved IT scores for many of the 
consonant features, especially nasality and voicing. The nasals are 
characterized by an intense formant at approximately 250 Hz and a relatively 
weak set of higher formants above 800 Hz. The spectral region between the 
first and second formants is almost devoid of energy. Recognition of this 
spectral shape could allow identification of the nasals as a class in the 
consonant identification tests. 

A superior representation of spectral shape also would provide greater 
access to voicing information. An important cue to voicing is the ratio of 
energy at low frequencies (e.g., below 1500 Hz) to energy at h i g h  

frequencies (0.9.. above 1500 Hz). A high ratio is typically found for 
voiced intervals of speech and a low ratio is typically found for unvoiced 
intervals. Faithful transmission of the relative energies in these bands 
would help to produce correct voiced/unvoiced decisions. 

The voiced/voiceless distinction might also be aided by the explicit 
coding of voiced and unvoiced intervals used in the IP processor. Indeed, 
percepts produced during unvoiced intervals -- with stimulus pulses 
presented at randomly varied times or at rates above the normal range of 
FO -- should be easily discriminated from the percepts produced during 
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voiced intervals -- with stimulus pulses presented at the FO rate (see ,  

e.g., refs [ e ] ,  [ 3 3 ] ,  [ 4 0 ] ) .  Such coding of voiced and unvoiced intervals 
complements the representation of spectral balance between low and high 

bands. This multiplicity of cues to voicing could increase the subjects’ 
access to voicing information. Improved transmission of voicing information 
would be expected to produce increases in the IT scores for voicing, 
envelope and frication. 

A final difference that may favor the IP processor involves the stimuli 
used for the high frequency (basal) channels. The presence of speech energy 
at high frequencies is signaled in the CA processor by the delivery of high- 
frequency analog stimuli to these channels. In contrast, low-frequency 
pulse trains are used in the IP processor for all channels, avoiding a 
potential problem with adaptation. Results from both psychophysical [40 ]  

and single-unit 1171, [ 2 6 ] ,  [ 3 1 ] ,  [44]  studies have demonstrated strong 
adaptation to stimuli with frequencies much above 300 Hz. Thus, the use of 
such stimuli in the CA processor could produce substantial temporal 
distortions i n  the representation of sustained high-frequency components in 
speech, a problem that may be avoided through the use of an IP processor. A 

faithful representation of sustained high-frequency components would allow 
discrimination of the long-duration consonants /I,  s, z/  from the remaining 
consonants in the Iowa and RTI tests. This discrimination would improve the 
IT score for the duration feature. The IT scores for the envelope and 
frication features may also be enhanced by a representation that maintains 
perception of sustained high-frequency sounds. 

To sunnnarize the observations on the consonant and vowel results, we 
note that ( a )  waveform cues may be used to perceive the F1 feature of vowels 
with the CA processor and (b) reduced channel interactions and explicit 
coding of voice/unvoiced information may produce increased scores for the 
voicing, nasality, frication and envelope features of consonants with the IP 
processor. In addition, the use of low-frequency pulse trains for the 
stimulation of basal channels in  the IP processor may reduce or eliminate 
possible deleterious effects o f  adaptation. This last advantage o f  IP 
processors would be expected to produce increases in the transmission of 



duration, frication and envelope information for consonants. 

Comparison of Tests 

Although the consonant and vowel tests show clear differences between 
the CA and IP processors, results from the open-set tests do not demonstrate 
an overall superiority of one processor over the other. This latter finding 
is a little surprising in that consonant identification is more important 
than vowel identification for overall speech intelligibility ( s e e ,  e.g., 

refs [SI, [23], [24]). Thus, in the absence of other factors, one might 
expect that the IP processor would produce superior scores on the open-set 
tests. Many other factors, however, azy have affected the results of the 
present open-set tests. These factors include (a) the disparity in the 
subjects’ experience with the two processors and (b) the fact that good 
performance on the open-set tests probably involves a host of linguistic and 
cognitive skills that are not tapped in tests o f  consonant and vowel 
identification. In addition, the superior performance obtained with the CA 
processor for vowel identification may have offset to some degree the 
superior performance obtained with the IP processor for consonant 
identification. Finally, the results from the consonant and vowel tests m a y  
not be fully representative inasmuch as only a limited number of consonant 
and vowel tokens were used. 

Among these possibilities, we regard the last as least likely because 
(a) the results from all consonant tests were highly consistent with each 
other and together included most of the consonants with high frequencies o f  

occurrence in English [ S ]  and (b) the formant space sampled by the vowels in  
the vowel test spanned a considerable portion of the range of formant 
frequencies for all vowels in English [32]. The remaining factors are all 

likely contributors to the open-set results. 

The one of these factors that may have favored one processor over the 
other is the disparity in experience. For the subjects of this study 
typical experience with the CA processor approximated one year of daily use, 
while experience with the IP processor was limited to the tests conducted 
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w i t h  t h a t  processor (among s e v e r a l )  d u r i n g  a one-week p e r i o d .  R e s u l t s  from 

many prev ious  s t u d i e s  have demonstrated l a r g e  l e a r n i n g  e f f e c t s  assoc ia ted  

w i t h  t h e  exper ience gained from u s i n g  a p a r t i c u l a r  p r o s t h e s i s  system (see, 
e.g., Table 2 and r e f s  [ 3 6 ] ,  [ 4 2 ] ,  [54 ] ) .  To t h e  e x t e n t  t h a t  such l e a r n i n g  

i s  not  t r a n s f e r r e d  t o  a new system ( i n  t h i s  case, a d i f f e r e n t  speech 

processor)  [7], [42] ,  one might  expect t h e  d i s p a r i t y  i n  exper ience t o  

i n f l u e n c e  t e s t  scores i n  favor  o f  t h e  CA processor .  I n  any event ,  

equ iva len t  o r  s u p e r i o r  r e s u l t s  on t h e  open-set t e s t s  a r e  found w i t h  t h e  I P  

processor f o r  f i v e  o f  t h e  s i x  s u b j e c t s  i n  t h e  present  s tudy.  T h i s  f i n d i n g  

suggests ( a )  t h a t  t h e  I P  processor c o u l d  be a p p l i e d  t o  these f i v e  s u b j e c t s  

w i t h o u t  any i n i t i a l  d e f i c i t ,  and (b)  t h a t ,  w i t h  e q u i v a l e n t  exper ience,  the  

I P  processor might smerge as t h e  s u p e r i o r  processor  f o r  most s u b j e c t s .  

An a d d i t i o n a l  o b s e r v a t i o n  from t h e  open-set r e s u l t s  i s  t h a t  t h e  

performance o f  t h e  I P  processor appears t o  be h i g h l y  s e n s i t i v e  t o  

l i m i t a t i o n s  on t h e  o p t i m i z a t i o n  o f  processor parameters.  I n  p a r t i c u l a r ,  the  

sub jec t  w i t h  t h e  c o n s i s t e n t l y  b e t t e r  performance u s i n g  t h e  I P  processor 

(MC2) had t h e  bes t  f u l f i l l m e n t s  o f  t h e  f i t t i n g  c r i t e r i a  e s t a b l i s h e d  f o r  t h a t  

processor [51] ,  [52] ,  1541. Reference t o  Table 3 shows t h a t  she had the 

use o f  a l l  f o u r  s t i m u l a t i o n  channels,  a r e l a t i v e l y  l o n g  t i m e  between 

s e q u e n t i a l  pu lses  ( 0 . 5  ms), and a r e l a t i v e l y  s h o r t  t i m e  f o r  a complete 

s t i m u l a t i o n  c y c l e  ( 5 . 2  ms). 

I n  c o n t r a s t ,  t h e  s u b j e c t  w i t h  t h e  c o n s i s t e n t l y  b e t t e r  performance u s i n g  

t h e  CA processor (RC) had o n l y  two f u n c t i o n a l  channels o f  i n t r a c o c h l e a r  

s t i m u l a t i o n .  T h i s  number i s  c e r t a i n l y  t o o  few f o r  even a gross 

r e p r e s e n t a t i o n  o f  t h e  speech spec t rum.wi th  an I P  processor .  The r e l a t i v e l y  

poor performance o f  t h e  I P  processor t h e r e f o r e  c o u l d  be a t t r i b u t e d  a t  l e a s t  

i n  p a r t  t o  a poor match t o  i t s  f i t t i n g  c r i t e r i a .  

Another p o s s i b l e  e x p l a n a t i o n  f o r  RC’s s u p e r i o r  performance w i t h  t h e  CA 

processor i s  t h a t  he made e s p e c i a l l y  good use o f  t h e  i n f o r m a t i o n  present  i n  

t h e  CA s t i m u l u s  waveforms, Indeed, t h e  impress ive  r e s u l t s  o b t a i n e d  w i t h  RC 
( two channels) ,  MC1 ( t h r e e  channels) ,  c e r t a i n  p a t i e n t s  i n  t h e  Vienna s e r i e s  

(one channel; see [15 ] ,  [ I S ] ) ,  and c e r t a i n  p a t i e n t s  i n  t h e  Symbion s e r i e s  
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(four monopolar channels with relatively poor isolation; see [ 8 ] )  support 
the hypothesis that the major bearer of information in CA processors is the 
waveform itself. Although results from studies conducted at UCSF 
demonstrate that additional information can be provided with four channels 
of CA stimulation using the UCSF electrode array [27], [37], [47 ] ,  this 
additional information is not required for excellent performance in some 
patients. Most likely, the best results are obtained for patients who have 
the greatest access to information in the CA waveform(s). 

I f  this second interpretation is pertinent to RC’s case, then patients 
with such special abilities might be best served with a CA processor. 
Optimal implementations of this processor would provide any additional 
information the patient might be able to utilize in multiple channels of 
stimulation. The maximum number of useful channels is likely to be limited, 
however, by the severe interactions that can occur among channels when 
simultaneous stimuli are used. 

In summary, the results from the open-set tests provide additional 
insights into the processors and patients of this study. They demonstrate 
an overall equivalence o f  the two processors despite considerable experience 
with the CA processor, and they indicate that performance with the IP 
processor is highly sensitive to the choice of processor parameters. 
Finally, the open-set results show that either processor can be superior for 
particular subjects. This last finding further suggests that substantial 
gains in speech recognition can be made across a population of implant 
patients by ( a )  selecting the best type o f  processor for each patient and 
(b) using implanted and external hardware capable of supporting a wide range 
of processor options. 

Hybrid Processor 

The results of the consonant and vowel tests show that both the CA and 
IP processors have strengths. The main strength of the CA processor may be 

in its presentation of waveform details, and the main strength of the IP 
processor may lie in its reduction of channel interactions with the use o f  

4 1  
t 



nonsimultaneous stimuli. It may be possible to combine these strengths in a 
single "hybrid" processor using both CA and IP stimuli. Recall that the 
principal advantages of the CA strategy may be realized in a single channel 
of stimulation. If so, one channel of CA stimulation could be used in a 
hybrid processor to good effect, while leaving the remaining channels 
available for IP stimuli. The channel for CA stimulation could be selected 
on the basis of the tonotopic position corresponding to the range of F 1  
(i.e., the apical-most channel for present prostheses) or on the basis of 
some desirable combination of low threshold, wide dynamic range, and 
measured access to waveform details (such as discrimination of frequency 
changes in the F1 range). I f  the channel used for the CA stimulus has a 
relatively low threshold, ths presence of the continuous CA signal might not. 
interfere too much with the IP stimuli. That is, the advantage of having a 
CA stimulus may outweigh the increased level of channel interactions that i t  

introduces. The IP stimuli could be used to code either the entire spectrum 
of speech or the spectrum above F1. In the first case frequency components 
in the F1 range would be redundantly coded by CA and IP stimuli, and the 
region above F1 would be coded with a relatively coarse resolution using the 
IP stimuli. In the second case the redundancy of coding in the F1 range 
would be traded for a higher resolution of coding (with IP stimuli) for 
frequency components above the F1 range. One or more of these possible 
implementations of hybrid processors may produce results that are superior 
those obtained with either parent processor. The hybrid processor might be 
most useful for patients who (a) can discriminate frequency changes 
throughout a substantial portion of the F1 range and (b) have low thresholds 
of stimulation for at least one channel. 

Although the hybrid processor may provide significant benefits for 
certain patients, we believe the number o f  such patients is likely to be 
small. First, the lack of waveform detail in the IP processor will be of 
little or no consequence to the many patients who cannot discriminate 
frequency changes above 300 Hz [33], [52]. Also, patients with high 

thresholds for all channels, or with high levels of measured interactions 
among channels, probably will obtain superior results with the IP processor 
[Sl], [52]. Finally, when four or more channels are available the IP 



processor may be superior for all patients because (a) the resolution of 
frequency representation in the F1 range will approximate or exceed the 
resolution obtained under optimal conditions with CA stimuli, (b) the 
resolution of frequency representation above the F1 range is likely to be 
much better than that obtained with single or multichannel CA processors, 
and (c) the additional advantages of IP processors, such as explicit coding 
of voicing information and the use of low-frequency stimuli for the basal 
channels, will be retained as the number of channels is increased. 

E. Conclusions 

Major conclusions from the studies reviewed in this report are the 
following: 

1. For the present subjects, each of whom had 2 - 4 channels of 
intracochlear stimulation with the UCSF/Storz cochlear prosthesis, 
consonant identification is superior with an interleaved pulses 
(IP) processor and vowel identification is superior with a 
compressed analog (CA) processor. 

~ . __-- 

2. Strengths of the IP processor for consonant identification include 
better representations of voicing, nasality, envelope, frication 
and duration, and strengths of the CA processor for vowel 
identification include better representations of F1 and duration. 

3. These strengths might be combined in a hybrid CA/IP processor that 
could be superior to either parent processor for some subjects 
(e .g . ,  subjects with 2 - 4 channels of stimulation and with a low 
threshold for at least one of these channels). 
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4. Even i n  t h e  face  o f  c o n s i d e r a b l e  exper ience w i t h  t h e  CA processor ,  

f i v e  o f  t h e  s i x  s u b j e c t s  immediate ly  had s i m i l a r  ( 4  s u b j e c t s )  o r  

s u p e r i o r  ( 1  s u b j e c t )  performance on t e s t s  o f  open-set r e c o g n i t i o n  

u s i n g  t h e  I P  processor .  The s u b j e c t  w i t h  t h e  s u p e r i o r  performance 

u s i n g  t h e  I P  processor  had t h e  bes t  match t o  t h e  f i t t i n g  c r i t e r i a  

e s t a b l i s h e d  f o r  t h a t  processor ,  and t h e  sub jec t  w i t h  t h e  s u p e r i o r  

performance u s i n g  t h e  CA processor had t h e  worst  match. The 

a b i l i t y  t o  match IP processor  parameters t o  t h e  f i t t i n g  c r i t e r i a  

was l i m i t e d  i n  t h e  present  s tudy by t h e  number o f  f u n c t i o n a l  

channels and by t h e  p r o p e r t i e s  o f  t h e  UCSF/Storz t ranscutaneous 

t ransmiss ion  system. 

5. These f i n d i n g s  f rom t h e  open-set t e s t s  i n d i c a t e  t h a t  d i f f e r e n t  

implant  p a t i e n t s  g e n e r a l l y  r e q u i r e  d i f f e r e n t  processors f o r  o p t i m a l  

performance. T h i s  c o n c l u s i o n  i n  t u r n  suggests t h a t  improvements 

across a p o p u l a t i o n  o f  p a t i e n t s  can be made by ( a )  s e l e c t i n g  t h e  

bes t  t y p e  o f  processor  f o r  each p a t i e n t  and (b)  u s i n g  imp lan ted  and 

e x t e r n a l  hardware capable o f  s u p p o r t i n g  a wide range o f  processor 

op t  ions.  
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G.  Appendix 1 

M a t r i c e s  f o r  t h e  consonant and vowel t e s t s  o f  t h i s  s tudy a r e  presented 

i n  Tables Al.l - A1.3. The s t i m u l i  f o r  each m a t r i x  a re  i n d i c a t e d  a long t h e  
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l e f t  marg in and t h e  responses f o r  each m a t r i x  a r e  i n d i c a t e d  a l o n g  the  t o p  

margin.  M a t r i x  va lues  f o r  t h e  R T I  t e s t s  (Tables A1.2 and A1.3) a r e  g iven as 

t h e  f r a c t i o n  o f  response f o r  each c e l l ,  as descr ibed i n  t h e  Methods sec t ion .  

H. Appendix 2 

Assignments o f  a r t i c u l a t o r y  and a c o u s t i c  f e a t u r e s  f o r  t h e  consonants 

and vowels o f  t h e  Iowa and.RTI t e s t s  a r e  shown i n  Table A2.1. For t h e  two 

consonant t e s t s ,  t h e  assignments f o r  v o i c i n g ,  n a s a l i t y ,  d u r a t i o n  and 

f r i c a t i o n  a r e  t h e  same as those used by M i l l e r  and N i c e l y  [23 ]  and by Singh 

and Black 1411. Ths assignments f o r  p l a c e  o f  a r t i c u l a t i o n  a r e  i d e n t i c a l  t o  

those o f  Singh and Black [ 4 1 ] .  Envelope cues are  assigned a c c o r d i n g  t o  t h e  

major groupings descr ibed by Van T a s e l l  and coworkers [45] .  F i n a l l y ,  t h e  

v i s u a l  cues a r e  ass igned accord ing  t o  p r e v i o u s  f i n d i n g s  on viseme groupings 

f o r  these p a r t i c u l a r  consonants [28]  and t h e  p a t t e r n s  demonstrated i n  t h e  

v i s i o n  o n l y  m a t r i c e s  o f  t h i s  s tudy .  

The assignments f o r  t h e  vowel f e a t u r e s  o f  f i r s t  and second formant 

f requenc ies  and o f  d u r a t i o n  r e f l e c t  t h e  r e s u l t s  from d i r e c t  measurement o f  

these a c o u s t i c  parameters f o r  t h e  tokens i n  t h e  R T I  vowel t e s t .  The viseme 

groupings a r e  those o f  J e f f e r s  and B a r l e y  [ 1 8 ] .  
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Table A l . l .  Confusion matrices for Iowa consonant test. 

a) Vision only 

P b m f v d 3 s  z t d n g k 

p 10 15 5 

b 8 1 3  8 1 

m 4 13 12 1 

f 18 3 1 2 1 3 1  1 

V 18 6 1 3  1 

j 1 7 1 0  7 3 . 2 

d3 1 9 1 4  4 1 1 

1 1 12 10 2 3 1 S 

2 3 2 7 1 2  1 4  1 

t 1 2 3 6 2 8 6 1  1 

d 1 6 3 4 1 1  2 3 

n 1 1  1 2  5 1 0  7 2 

8 1  1 3  2 4 1 0  3 4 2 

k 1 1 5 8 7 3 5  
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Table  Al.1, continued. 

b )  CA + Vision 

P b m f v f d ~ s  z t d n g k 

P 
b 

m 

f 

V 

I 
d3 
S 

2 

t 

d 
n 

g 

k 

28 2 
13 16 1 
8 1 1  1 1  

9 1 1  18 1 
5 18 3 2 1 1  

15 9 1 4  1 
4 1 9  1 3  1 2 
4 21 2 2 1 
1 4  3 1 6  2 2 2 

4 2 2 1  1 2 
2 3 1 8 2 4 1  

1 13 8 8 

1 1 1  1 1 1 9  3 2 1 
3 6 1  2 18 

47 



Table  Al.1, continued 

c) IP + Vision 

p b m f v d 3 s  z t d n g k 

p 2 9  1 

b 1 17 11 1 

m 30 
f 1 8 4 4 1 1  a 3  

V 1 2 19 4 1 3  

I 2 0 3 5 2  

1 22 5 2 

7 17 1 1 1 1 2  
d3 

1 2  25 1 1  

t 20 10 
d 1 

n 1 1  2 7 19 

g 2 20 6 2 

k 4 1  2 23 

S 

z 

2 18 7 2 



Table A1.2. Confusion matrices for  the RTI consonant test. 

a) Vision only 

a S z t d n k 1 
~~ ~ ~~ ~ ~~ 

% 1.000 
S .398 ,417 ,130 .OS6 
z ,519 .333 .019. .083 .019 .028 
t .269 .241 ,278 .194 ,019 
d .019 ,213 .444 .222 .lo2 

n .056 .OS6 .074 .583 . i l l  .120 
k .019 ,185 ,194 .602 
1 .OS6 ,944 

b) CA + Vision 

a S 2 t d n k 1 

.981 a 019 

.037 .463 .222 ,194 .028 .OS6 

.019 .269 .528 ,083 .037 .019 .028 

.028 .046 .731 .OS6 a139 
.lo2 .194 .056 .435 .185 

.056 .046 .056 .324 .454 .065 
.028 .944 .028 

1 .ooo 
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Table A1.2, continued 

c) CA only 

3 S z t d n k 1 

3 .426 .083 ,028 .120 .204 .139 

S .130 .278 .037 .463 .093 

z .157 .204 .259 ,019, ,111 ,130 .083 .037 

t ,074 .056 .500 ,019 .352 

d ,111 ,213 ,250 ,278 .148 

n ,074 .OS6 .1!1 .222 .463 .OS6 

k .019 981 

1 ,019 .981 

d) IP + Vision 

3 S z t d n k 1 

3 
S 

z 

t 

d 
n 

k 

1 

.981 .019 

.544 .281 .137 .019 .0r9 

.248 .722 ,019 .011 

.019 .817 .lo6 .022 .037 

.074 .037 .074 .631 ,183 

.028 .019 .163 .735 ,056 

.028 .954 ,019 

-01 1 .989 
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Table  A1.2, continued 

e) IP o n l y  

S z t d n k 1 

3 .417 .218 .lo2 .069 .120 ,037 

S .093 ,620 .111 .148 .009 

z .250 .074 .403 .060. ,065 ,120 

t .060 ,037 .690 .083 .056 

d .037 .019 .019 ,028 .699 .181 

n .056 .042 .204 .625 

k .171 

1 .019 

,009 .028 

.019 

.028 

.074 

.019 

.074 

.829 

.981 
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Table  A1.3. Confusion matrices for the R T I  vowel test. 

a) Vision only 

i I 3 0 U 

i .661 ,339 

I .261 .739 

3 1 .ooo 
0 ,967 .033 

U .194 .806 

b) CA + Vision c) CA only 

i I 3 0 U i I 3 0 U 

- ~ _ _ _  

i ,872 .128 

I ,050 .950 

3 1 .ooo 
0 .028 .933 .039 

U .056 .944 

i .900 .083 .017 

I .128 .883 * 01 1 

3 .933 .067 

0 .144 .706 .150 

U .011 .089 .878 

d) I P  + Vision e )  I P  only 

i I 3 0 U i I 3 0 U 

i .828 .172 

I .217 .783 

3 1 .ooo 
0 .033 .950 .017 

U .194 .806 

i .822 .094 ,028 .011 .044 

I .189 .744 .033 .033 
3 .972 .028 

0 .039 .861 . l o 0  

U .233 .767 
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Table A2.1. Classification of phonemes used in the Iowa and RTI tests. 

a) Iowa test 
~ ~~~~ 

p b m f v 5 d 3 s  z t d n g k 

Voicing 0 1  1 0 1 0 1 0 1 0 1  1 1 0  

Nasality 0 0 1 0 0 0 0 0 0 0 0 1 0 0 

Place 0 0 0 0 0 1 1 2 2 2 2 2 3 3  

Duration 0 0 0 0 0 1 0 1 1 0 0 0 0 0 
Friction 0 0 0 1 1 1 1 1 1 0 0 0 0 0 
Envelope 0 1 2 3 1 3 1 3 1 0 1 2 1 0 

Vi seme 0 0 0 1 1 2 2 3 3 3 3 3 3 3  

b )  RTI tests 

s s z t d n k l  1130u 

Voicing 1 0 1 0 1 1 0 1 F 1  0 1 1 1 0  

Nasality 0 0 0 0 0 1 0 0 F2 1 1 0 0 0  

Place 0 0 0 0 0 0 1 0  Duration 1 0 2 2 1 

Duration 0 1 1 0 0 0 0 0 Viseme 0 0 1 2 2  

Friction 1 1 1 0 0 0 0 0 

Envelope 0 1 0 2 0 3 2 3 

Vi seme 0 1 1 1 1 1 2 2  
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111. Plans for the Next Quarter 

Our plans for the next quarter include the following: 

1.  

2. 

3. 

4 .  

5 .  

Present project results at the 25th Anniversary Symposium of the 
Kresge Hearing Research Institute (Oct. 3-5) and at the Nineteenth 
Neural Prosthesis Workshop (Oct. 26-28); 

Conduct additional studies in follow-up visits with two patients 
(MCl and MC2) implanted with the UCSF/Storz cochlear prosthesis 
(these studies are scheduled for the the first two weeks of 
November); 

Continue work to upgrade the Cochlear Implant Laboratory at Duke, 
with emphasis on software conversion for the new 80386 machine and 
on development of real-time signal processing code for the 
TMS320C25 system; 

Continue preparation for studies with patients implanted with the 
Nucleus cochlear prosthesis, with emphasis on evaluation of 
alternative systems for external control o f  the subcutaneous 
receiver for that prosthesis (the alternative systems include one 
developed by Bob Shannon, one developed by Norbert Dillier, and a 

TMS320-based system developed by Charlie Finley of our RTI group); 
and 

Continue preparation of manuscripts for publication. 
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Appendix 1 

Summary o f  Reporting A c t i v i t y  f o r  the  Period o f  

June 27 through September 26, 1988 
NIH Contract N01-NS-5-2396 
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Four papers and one abstract describing work on this project were 
published i n  the present reporting period. The citations are: 

Wilson, B.S., Finley, C.C., Lawson, D.T., and Wolford, R.D.: Speech 
processors for cochlear prostheses. Proc. I E E E ,  vol. 76, 1143-1154, 

1988. 

Wilson, B.S., Finley, C.C., Farmer, J.C., Jr., Lawson, D.T., Weber, B.A., 
Wolford, R.D., Kenan, P.D., White, M.W., Merzenich, M . M . ,  and 
Schindler, R.A.: Comparative studies of speech processing strategies 
for cochlear implants. Laryngoscope, vol. 98, 1069-1077, 1988. 

Wilson, B.S., Schindler, R.A., Finley, C.C., Kessler, D.K., Lawson, D.T., 
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cochlear prosthesis. In: P. Banfai (Ed.), Cochlear Implant: Current 
Situation, Rudolf Bermann GmbH, Erkelenz, West Germany, 1988, pp, 395- 

427. 

Wilson, B.S. (moderator), Dent, L.J., Dillier, N . ,  Eddington, D.K., 
Hochmair-Desoyer, I.J., Patrick, J., Pfingst, B.E., Surth, W., and 
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In: P. Banfai (Ed.), Cochlear Implant: Current Situation, Rudolf 
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In addition to the publications, t h e  following presentations were made 
in the present reporting period: 

Finley, C.C.: Design considerations for auditory prostheses. Invited paper 
presented at the World Congress on Medical Physics and Biomedical 
Engineering, San Antonio, T X ,  Aug. 6-12, 1988. 
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Finley, C.C.: Co-Chairman, Session on Auditory System Research. World 
Congress on Medical Physics and Biomedical Engineering, San Antonio, 

- 
TX, Aug. 6-12, 19aa. 
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