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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: 

1. 

2 .  

3. 

4 .  

In 

Tasks related to our second implant operation at Duke University 

Medical Center (DUMC) on February 22; 

Subsequent testing of this implant patient, who was fitted with a 
percutaneous cable for extensive psychophysical and speech- 
perception studies; 

Development and testing of new computer programs to support and 
extend such studies; and 

Presentation of project results at the 9th Annual MeetinR of the 
Association for Research in Otolarmpology. 

this report we will describe the initial tests of speech perception 

conducted with this second patient ( M H )  at DUMC. In all, we have evaluated 
13 major classes of speech-processing strategies, with an average of 4 

variations per class for  optimization of within-class parameters. The 
results to date indicate substantial and significant differences in 
performance with different speech-processing strategies: the best strategies 
provide world-record levels o f  performance on confusion-matrix material 
while other strategies provide only poor-to-moderate performance with the 
same tests. Detailed description of the psychophysical tests is deferred 
for now, but will be presented in a future report. 
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11. Descript ion of t he  P a t i e n t  / 

MH l o s t  her  hear ing  a t  age 25 t o  o t o s c l e r o s i s .  She was 51 a t  t h e  time 

o f  h e r  f i r s t  i m p l a n t  o p e r a t i o n ,  t o  i n s t a l l  h e r  e l e c t r o d e  a r r a y  and 

p e r c u t a n e o u s  c a b l e .  When t h e  d i s s e c t i o n  f o r  open ing  t h e  c o c h l e a  was 

completed,  w e  discovered t h a t  t he  basal-most 4-5 mm of t h e  scala tympani was 

o b l i t e r a t e d  w i t h  bone. T h i s  bone had t o  b e  d r i l l e d  down f o r  i n s e r t i o n  of 
t h e  e l e c t r o d e  a r ray .  Therefore ,  t h e  two basal-most p a i r s  of e l e c t r o d e s  were 

probably more d i s t a n t  from t h e  t a r g e t  neu ra l  t i s s u e  than i n  o the r  p a t i e n t s  

implanted with t h e  UCSF/Storz e l e c t r o d e  a r ray .  Once d r i l l e d ,  t h e  bone ,did 

n o t  f u r t h e r  impede t h e  i n s e r t i o n  of  t h e  e l e c t r o d e  a r r a y .  T h e  a r r a y  was 

i n s e r t e d  t o  a depth of approximately 25 mm, and subsequent X-ray s t u d i e s  of 

t h e  s i n u s  c a v i t i e s  (at  a later da te )  demonstrated t h a t  t h e  implant  fol lowed 

t h e  s p i r a l  course of t h e  scala tympani and was i n  pe r fec t  pos i t i on .  

A f t e r  t h e  e l e c t r o d e  a r r a y  was i n s e r t e d  t h e  e l e c t r i c a l  impedances of  

each e l e c t r o d e  p a i r  and each s i n g l e  e l e c t r o d e  were measured. A l l  impedances 

f e l l  w i t h i n  t h e  normal  r a n g e s  f o r  b i p o l a r  and monopolar  c o n f i g u r a t i o n s  

except  f o r  monopolar e l e c t r o d e  10 and f o r  b i p o l a r  e l e c t r o d e  p a i r  9-10. The 

"mushroom cap" of e l e c t r o d e  10 came of f  dur ing  manipulation of t he  a r r a y  fo r  

i n s e r t i o n ,  so  o n l y  t h e  s t u b  b e n e a t h  t h e  cap was a v a i l a b l e  for passage  of 

c u r r e n t  i n  t h e  impedance test. Because t h e  decrease i n  su r face  area would 

g r e a t l y  inc rease  t h e  c u r r e n t  and charge d e n s i t i e s  f o r  use of e l e c t r o d e  10 i n  

normal  a p p l i c a t i o n s  of t h e  i m p l a n t ,  t h i s  e l e c t r o d e  was n e v e r  used i n  

subsequent psychophysical and s p e e c h - t e s t i n g  s t u d i e s  ( p a i r  9-10 is  in t h e  

middle  of t h e  e l e c t r o d e  a r r ay ,  where t h e  p a i r  numbers are ordered from apex 

t o  base; i.e., p a i r  1-2 is t h e  apical-most p a i r  and p a i r  15-16 is t h e  basa l -  

most pa i r ) .  F i n a l l y ,  recovery  from t h e  surgery was unevent fu l  and t e s t i n g  

wi th  t h e  percutaneous c a b l e  was begun a f t e r  a two-week per iod f o r  heal ing.  

, 
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111. Outline of Tested Speech Processors and 
Brief Overview of Principal Findings 

An intensive series of tests was begun with patient MH in early March, 
1986. A battery of psychophysical tests was first conducted to measure (a) 
thresholds for various stimuli and electrode-coupling configurations; (b) 
maximum comfortable loudnesses (MCLs)  for most of the stimuli and coupling 
configurations used in the threshold tests; (c) the extent and nature of 
interactions between channels, including temporal channel interactions; (d) 

temporal integration for most of the bipolar pairs in the electrode array; 
(e) compensation of temporal integration and temporal channel interactions 
with "inverse-filtered" stimuli; (f) channel discrimination: (g) frequency 
discrimination; and (h) loudness and loudness matching for various stimuli 
and electrode-coupling configurations. Briefly, the results from these 
tests indicated that MH had a poor-to-moderate pattern of nerve survival in 
her implanted ear. Thresholds to bipolar stimulation were highly 
heterogeneous across the bipolar pairs of the electrode array, and 
thresholds to bipolar stimulation were much higher than thresholds to 
monopolar stimulation. In addition, interactions between most channels were 
severe, with good isolation found for only one-third of the possible channel 
combinations. Pinally,.the dynamic . _. ranges ~ for pulsatile and sinusoidal 
stimuli were generally narrow, although not as narrow as those found for 
patient LP at UCSP (see QPR 7, NIH project N01-NS-2356). 

Despite these negative findings, however, patient MH was able t o  rank 
her channels of bipolar-pair stimulation along a tonotopic order from base 
to apex, and she had frequency difference limens that fell within the normal 
ranges for cochlear-implant patients. A l s o ,  her recollection of auditory 
sensations was excellent. She could describe her electrically-evoked 
auditory percepts in close analogy with everyday sounds she remembered. In 
all, then, the results of the preliminary psychophysical tests with MH 
indicated a generally poor (but heterogeneous) pattern of peripheral nerve 
survival coupled with an intact central auditory system. Although these 
findings were far from ideal, the psychophysical results for MH were more 
favorable than those of the last two patients we had studied. Specifically, 
patient LP had extremely-narrow dynamic ranges and other manifestations of 
very sparse nerve survival, and patient SG had poor nerve survival along 
with an apparently-compromised central auditory system (see QPR 1, NIH 

~- 

t 
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project N01-NS-5-2396). Complete expositions of the psychophysical tests 
conducted with these three patients (and one previous patient we studied at 
UCSF) will be presented in future quarterly reports. 

Evaluation of alternative speech-processing strategies was begun in 
mid-March, immediately after the preliminary psychophysical studies. In 
all, 13 major classes of processing strategies were tested, with an average 
of 4 processors in each class for optimization of within-class parameters. 

A complete log of all tested strategies and results is presented in Appendix 
2. In the remainder of this section we will present our method for 
comparing the performance of different processing strategies, describe the 
major classes of processing strategies tested to date, and review the major 
findings . 

The performance of each processing strategy was measured with 
confusion-matrix tests. The confusion matrix for vowels included the tokens 
"BOAT," "BEET," "BOUGHT," "BIT," and "BOOT," and the confusion matrix for 
consonants included the nonsense tokens "ATA," "ADA," "AKA," "ASA," "AZA." 
"ANA," "ALA," and "ATHA." A1 1 processing strategies were implemented as 
computer simulations with the software of our "block-diagram compiler" (see 
QPR 4, NIH project N01-NS-2356). The processed speech tokens were presented 
to the patient through our hardware interface (QPR 2 ,  NIH project NOI-NS- 

2356), which provided an electrically-safe means of transmitting stimuli to 
the electrode array at bandwidths of up to 20 kHz on all eight channels. 
The presentation of each processed token was accompanied by a display of 
response options on a computer console used by the patient. When she 
responded, her response was used to update a matrix display on the 

investigator's computer console (not seen by the patient), and the next 
token for presentation was drawn from a randomized list. At the end of the 
test we would usually give the patient her score of overall % correct and an 
indication of  the principal confusions she made during the test. No 

feedback was given during the test itself. 
Four tests were given for each processing strategy: vowel recognition 

with lipreading; vowel recognition without lipreading: consonant recognition 
with lipreading; and consonant recognition without lipreading. Lipreading 

I 
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information was provided by miming tokens in synchrony with stimulus 
presentations. Only one of us (CCF) presented lipreading information for 
a1 1 tests. Finally, presentations of processed tokens were usually repeated 
at regular intervals until the patient responded. Although there is some 
evidence from other groups that repetition of test tokens can increase 
scores (particularly for tests not using nonsense tokens, such as tests of 
spondee recognition), we did not find statistically-significant differences 
in the scores of several tests of consonant recognition for single- and 
multiple-trial conditions. Unless otherwise indicated, the data presented 
in the remainder of this section were obtained from tests using repeated 

presentations. 

The main findings of our initial tests of speech perception are 
summarized in Table 1. The scores tabulated are those for the processor 

with the highest overall %-correct figure for all processor variations 
within each major processor class. Before describing the rationale and 
results for each processor class, we will note a few general features of the 
data in Table 1. First, high scores are consistently found for the tests of 
vowel perception with lipreading. These scores are consistent with the fact 
that MH did well in a single test we administered to measure her performance 
with lipreading alone; she got 23/25 correct, a score that Is not 
significantly different from most of the scores listed in Table 1 for vowel 
recognition with lipreading. Therefore, the scores for this test condition 
are not a particularly-sensitive indicator of processor performance, and MH 
"tops out" on vowels with lipreading. 

Next, we note that scores on the tests of consonant recognition with 
lipreading are a much more sensitive indicator of processor performance. In 
two tests of consonant recognition with lipreading only (administered on 
different dates), MH got 14 /24  and 11/24 correct. Scores even slightly 
greater than 1 4 / 2 4  correct in Table 1 for consonant recognition with 
lipreading indicate significant improvements over 1 ipreading alone (e.g., 
the score of 16/24 correct for the last processor listed on the first page 
of Table 1 is significantly higher than the best score of the lipreading- 
only tests). 

$ 
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Table 1 

Best Results from Various Classes of Speech Processors, Patient MH 

Processor class 

Compressed analog 
outputs, 4 channels 

Breeuwer/Plomp 
Processor, 2 
channe 1s 

Interleaved-pulses 
processor, 2 of 6 
channels on at a 
time 

same as above, but 
with analog "base- 
band', signal 

Interleaved-pulses 
processor, all 6 
channels on at a 
time 

4-channel, 
interleaved-pulses 
processor, all 4 
channels on at a 
time 

Interleaved-pulses 
processor, all 6 
channels on at a 
time, with "noise- 
biasing'' signal 
delivered to 9/Ref 

Interleaved-pulses 
processor, all 6 
channels on at a 
time, with baseband 
channel of inter- 
leaved pitch pulses, 
Ch 2 off  

VOWELS* CONSONANTS ** total 
w. lips W . O .  lips, w. lips W . O .  l i p s  % correct 

20/25 8/25 13/24 7/24 49 

22/25 10/25 18/24 9/24 60 

24/25 22/25 14/24 9/24 70 

24/25 

24/25 

21/25 

16/25 16/24 5/24 62 

23/25 20/24 14/24 83 

12/25 17/24 10/24 61  

23/25 

20/25 

18/25 

10/25 

18/24 10/24 

16/24 8/24 

*Chance is 5/25 . 
] i '  

70 

55 
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------- 

Best Results from Various Classes of Speech Processors. Patient MH, 
continued. p.2 

VOWELS* CONSONANTS * * 
Processor class w. lips W . O .  lips w. lips W . O .  l i p s  % correct 

Interleaved-pulses 25/25 24/25 21/24 12/24 84 
processor, with 
round-robin updates 
proceeding from base 
to apex 

same as above, 
except that update 
cycles are timed to 
begin at pitch 
periods for voiced- 
speech sounds and 
at the wax rate for 
unvoiced-speech 
sounds 

4-channel version 
of above 

24/25 20/25 20/24 12/24 

17/24 14/24 

Interleaved-pulses 24/25 16/25 22/24 19/24 
processor, all 6 
channels on at a 
time, with round- 
robin updates pro- 
ceeding from base 
to apex. In addition, 
the update cycles are 
timed to begin at 
pitch periods for 
voiced-speech sounds 
and at random intervals 
( "jittered" ) for 
unvoiced-speech sounds. 

4-channel version 22/25 18/25 19/24 11/24 
of above 

78 

N/A 

83 

71. 

- 

Chance is 5/25 
Chance is 3/24 

. *  
** 
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T h i r d ,  t h e  chance  l e v e l s  of per formance  a r e  5/25 " c o r r e c t "  f o r  t h e  

vowel tests and 3/24 "correct"  f o r  t h e  consonant tests. A l l  but  one of t h e  

s c o r e s  shown on T a b l e  1 a re  s i g n i f i c a n t l y  a b o v e  chance .  The e x c e p t i o n  i s  

t h e  s c o r e  o f  5/24 f o r  consonan t  r e c o g n i t i o n  w i t h o u t  l i p s ,  f o r  t h e  f o u r t h  
class of processing s t r a t e g i e s  l i s t e d  i n  t h e  t a b l e .  

F i n a l l y ,  we note  t h a t  test/retest  r e l i a b i l i t y  was good f o r  MH. When w e  
r e t e s t e d  a p r o c e s s o r  t h a t  produced low s c o r e s  on a p r e v i o u s  o c c a s i o n  MH 
would always aga in  ob ta in  low scores ,  and when w e  r e t e s t e d  a processor  t h a t  

produced h i g h  s c o r e s  on a p r e v i o u s  o c c a s i o n  M H  would a l w a y s  a g a i n  o b t a i n  

high scores .  A l s o ,  M H ' s  anecdota l  remarks were s t a b l e  ac ross  repeated tests 

of a s i n g l e  p r o c e s s o r .  When a "good" p r o c e s s o r  w a s  r e t e s t e d  M H  would 

i m m e d i a t e l y  i d e n t i f y  it as  s u c h ,  u s u a l l y  i n  terms l i k e  " t h i s  i s  a good 

p r o c e s s o r , "  " t h i s  p r o c e s s o r  sounds  n a t u r a l  and l i k e  speech  I remember," 

" t h i s  processor  doesn ' t  sound s imulated,"  or " t h i s  processor  is very  clear." 

I n  c o n t r a s t ,  a retest of a processor t h a t  produced low sco res  on a previous 

o c c a s i o n  would e l i c i t  comments l i k e  " t h i s  i s  a l o u s y  p r o c e s s o r , "  " t h i s  

p r o c e s s o r  sounds  l i k e  a man i n  a b a r r e l , "  " t h e  s p e a k e r  sounds  l i k e  h e  i s  

t a l k i n g  t h r o u g h  t h e  t e l e p h o n e  w i t h  a handkerch ie f  o r  t o w e l  o v e r  t h e  

mouthpiece ,"  o r  " t h i s  p r o c e s s o r  i s  n o t  as  c l e a r  a s  some you h a v e  t r i e d . "  

M H ' s  a n e c d o t a l  remarks  were a l w a y s  c o n s i s t e n t  w i t h  h e r  t es t  s c o r e s  on 

confusion-matrix material. 

Perhaps t h e  most-s t r iking f e a t u r e  of t h e  d a t a  i n  Table  1 is t h e  large 

d i f f e r e n c e s  i n  per formance  found across p r o c e s s i n g  s t ra tegies .  To o u r  

knowledge, t h e s e  d a t a  and the  resul ts  obtained with our  las t  p a t i e n t  a t  UCSP 

( p a t i e n t  LP, QPR 7, NIH p r o j e c t  N01-NS-2356) are t h e  first demonstrations of 

s u c h  d i f f e r e n c e s  i n  i n d i v i d u a l  i m p l a n t  p a t i e n t s .  T h a t  i s ,  f o r  t h e  f i r s t  

time many fundamenta l ly-d i f fe ren t  processing s t r a t e g i e s  have been eva lua ted  

i n  tests with c o n t r o l s  f o r  (a) d i f f e r e n c e s  i n  neu ra l  s u r v i v a l  p a t t e r n s  among 

p a t i e n t s ;  ( b )  d i f f e r e n c e s  i n  c o g n i t i v e  a b i l i t y  among p a t i e n t s ;  and ( c )  
d i f f e r e n c e s  i n  t e s t i n g  procedures among l abora to r i e s .  In  t h e  two previous 

s t u k v e s  w e  know a b o u t  i n  which such  c o n t r o l s  were implemented ,  o n l y  3 

(Eddington. 1980) o r  5 (Simmons et a., 1986) strategies were eva lua ted ,  and 

o n l y  one v a r i a t i o n  w a s  t e s t e d  fo r  each s t r a t e g y .  
* 
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We w i l l  now review t h e  r a t i o n a l e  and r e s u l t s  for each class of speech 

processor  l is ted i n  Table 1. 

Compressed analog ou tpu t s ,  4 channels 

The f i rs t  c l a s s  of processor  l i s t e d  i n  Table 1 is t h e  compressed ana log  

o u t p u t s  s t ra tegy,  which e m u l a t e s  i n  s o f t w a r e  a l l  t h e  f u n c t i o n s  of t h e  

p r e s e n t  UCSF/Storz s p e e c h  p r o c e s s o r .  A 1  1 tes ted  v a r i a t i o n s  of t h i s  

p r o c e s s o r  used  f o u r  o u t p u t  c h a n n e l s .  The v a r i a t i o n s  were i n  c o u p l l n g  

conf igura t ion  ( inc lud ing  d e l i v e r y  t o  t h e  bes t - i so l a t ed  radial b i p o l a r  p a i r s  

i n  t h e  e l e c t r o d e  a r ray ,  staggered p a i r s  i n  t h e  e l e c t r o d e  array,  and t h e  

a p i c a l  four p a i r s  i n  t h e  e l e c t r o d e  array), compression r a t i o  ( ra t ios  of 2:l 

and 3 : l  were t e s t ed )  and " tun ing"  p rocedure .  The d i f f e r e n c e s  i n  t u n i n g  

procedure were i n  t h e  way t h e  ga ins  of the  i n d i v i d u a l  channel ou tputs  were 

ad jus t ed  before  the  tests of vowel and consonant recogni t ion.  In  t h e  "RTI 

tun ing  procedure" t h e  ga ins  of i n d i v i d u a l  channel ou tputs  were not  ad jus ted  

( i -e . ,  t h e  o u t p u t  l e v e l  of  e a c h  bandpass  c h a n n e l  re f lec ted  t h e  e n e r g y  i n  

t h a t  band) .  The o v e r a l l  l e v e l  of t h e  o u t p u t s  w a s  a d j u s t e d  w i t h  a "master 

gain" c o n t r o l  on the  s t imu lus - i so l a t ion  u n i t  t o  provide moderate loudnesses 

f o r  t h e  t o k e n s  of t h e  vowel  c o n f u s i o n  m a t r i x .  I n  t h e  "UCSP t u n i n g  

procedure" speech sounds were used t o  a d j u s t  t h e  i n d i v i d u a l  channel ga ins  

u n t i l  a l l  speech f e a t u r e s  of a small set  of f e a t u r e s  were c lear ly  audib le .  

For example ,  t h e  g a i n  of t h e  b a s a l - m o s t  c h a n n e l  (Channel  4)  would be 

increased  in t h i s  procedure u n t i l  an "s" sound was audib le .  

The b e s t  r e s u l t s  for  t h i s  c lass  of processor  were obtained w i t h  the  use 

of staggered p a i r s  i n  t h e  e l e c t r o d e  array, a compression r a t i o  of 3:1, and 

t h e  UCSF t u n i n g  p rocedure .  I n  g e n e r a l  t h e s e  m a n i p u l a t i o n s  improved t h e  

c o n s o n a n t - r e c o g n i t i o n  s c o r e s  and s 1 i g h t l y  degraded t h e  vowel-recognition 

sco res  obtained with o the r  va r i a t ions .  Inasmuch as consonant recogni t ion is 

more important f o r  understanding connected speech than is vowel recogni t ion ,  

t h i s  c o n f i g u r a t i o n  of t h e  p r o c e s s o r  m i g h t  be  c o n s i d e r e d  t o  be most- 

appropr i a t e  f o r  d a i l y  use. 

Clear ly ,  t h e  sco res  f o r  t h i s  processor  are low. The sco res  f o r  tests 

w i t h  l i p r e a d i n g  p l u s  s p e e c h  p r o c e s s o r  a re  a b o u t  t h e  same a s  t h e  s c o r e s  

o b t a i n e d  f o r  l i p r e a d i n g  a l o n e ;  t h e  s c o r e s  f o r  t h e  c o n d i t i o n s  w i t h o u t  

l i p r e a d i n g  a r e  among the  lowest l i s t e d  i n  T a b l e  1. Although t h e  "without 
I 
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l i p r e a d i n g ”  scores a re  s i g n i f i c a n t l y  h i g h e r  t h a n  chance ,  t h e y  a re  a l s o  

c o n s i s t e n t  w i t h  a poor  o v e r a l l  r e s u l t  f o r  p a t i e n t  MH compared t o  o t h e r  

p a t i e n t s  using t h e  UCSF/Storz speech processor. T h a t  is. many p a t i e n t s  i n  

t h e  UCSF ser ies  h a v e  much h i g h e r  s c o r e s  t h a n  MH on s imi la r  t e s t s  o f  vowel 

and  consonan t  r e c o g n i t i o n  (see, e.g., S c h i n d l e r  et a., 1986). The low 

scores obtained f o r  MH probably ref lect  t h e  r e l a t i v e l y - p o o r  status of her  

i m p l a n t e d  ear. S p e c i f i c a l  l y ,  h e r  i n t e r a c t i o n s  between s i m u l t a n e o u s l y -  

s t i m u l a t e d  channels  are g e n e r a l l y  seve re ,  and he r  t h r e s h o l d s  f o r  b ipolar -  

p a i r  s t i m u l a t i o n  a r e  h i g h e r  t h a n  t h o s e  f o r  t h e  great m a j o r i t y  of  o the r  

p a t i e n t s  i n  the  UCSF series. 

Breeuwer/Plomp processor ,  2 channels 

E v a l u a t i o n  o f  t h e  s e c o n d  p r o c e s s o r  l i s t e d  i n  T a b l e  1, t h e  

“Breeuwer/Plomp p r o c e s s o r , “  was i n s p i r e d  by o u r  desire  t o  (a)  reduce t h e  

spat ia l  and temporal bandwidths of information presented t o  t h e  e l ec t rode  

a r ray  and ( b )  i n c r e a s e  M H ’ s  a i d e d  l i p r e a d i n g  s c o r e s ,  p a r t i c u l a r l y  f o r  

consonants. The design of t h e  processing strategy was based on t h e  stunning 

r e s u l t s  r e c e n t l y  reported by Breeuwer and Plomp f o r  l i p r e a d i n g  supplemented 

w i t h  s imple  r e p r e s e n t a t i o n s  of t h e  a c o u s t i c  speech s i g n a l  (Breeuwer and 

Plomp, 1984). These i n v e s t i g a t o r s  measured t h e  number of  c o r r e c t l y  

perce ived  s y l l a b l e s  i n  s h o r t  Dutch sentences presented t o  18 l i s t e n e r s  wi th  

normal hearing. The tes t  condi t ions  included l i p r e a d i n g  on ly ,  l ip reading  

p l u s  a c o u s t i c  s u p p l e m e n t ,  and a c o u s t i c  supp lemen t  a l o n e .  The a c o u s t i c  

supplements included r ep resen ta t ions  of t he  sound-pressure l e v e l s  i n  one o r  

two frequency bands of t h e  speech s i g n a l .  The bands were centered a t  500, 

1600 o r  3160 Hz, and t h e i r  widths were either 1 o r  1/3 octave.  The acous t i c  

s u p p l e m e n t  s i g n a l  was d e r i v e d  by s e n s i n g  t h e  R M S  e n e r g y  I n  t h e  o u t p u t  of 

each bandpass f i l t e r  and then ampli tude modulating a s inuso id  a t  t h e  center 

frequency of t h e  f i l t e r  with t h e  RMS l e v e l .  For t h e  t w o - f i l t e r  condi t ions,  

t h e  two ampl i tude -modu la t ed  s i n u s o i d s  were summed t o  p r o v i d e  a combined 

output  signal. 

, c . J  

The b e s t  r e s u l t s  r e p o r t e d  by Breeuwer and Plomp a re  n o t h i n g  s h o r t  of 

astounding. They found t h a t  when l i p r e a d i n g  was Supplemented with two 1- 

oc tave  bands a t  500 and 3160 Hz, t h e  number of co r rec t ly -pe rce ived  sy l l ab le s  

jumped from 22.8% c o r r e c t  f o r  l i p r e a d i n g  o n l y  t o  86.7% c o r r e c t  f o r  
I 
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1 i p r e a d i n g  p l u s  p r o c e s s e d  peech supp lemen t .  The numbe of c o r r e c t l y -  

perceived s y l l a b l e s  f o r  t h e  supplement a l o n e  w a s  26.7% cor rec t .  The s c o r e  

f o r  l i p r e a d i n g  p l u s  acous t i c  supplement is f u l l y  c o n s i s t e n t  with s u b s t a n t i a l  

open- se t  r e c o g n i t i o n  of speech .  Breeuwer and Plomp s u g g e s t  t h a t  t h e  

excel l e n t  resul ts  obtained with such a s imple  acous t i c  supplement may be 

expla ined  by (a) t h e  p o s s i b i l i t y  t h a t  t h e  perceived r a t i o  between high-band 

and low-band energies codes w e 1  1 the  voice/unvoice boundaries i n  connected 

d iscourse ,  which are not v i s i b l e  on t h e  l i p s ,  and (b) t h e  p o s s i b i l i t y  t h a t  

t h e  perceived o v e r a l l  amp1 i tude of t h e  combined f i l t e r  ou tputs  codes w e 1  1 

t h e  temporal dynamics of speech, which a l s o  are no t  v i s i b l e  on t h e  l i p s .  e 

Our a p p l i c a t i o n  of t h e  process ing  s t r a t e g y  d e s c r i b e d  by Breeuwer and 

Plomp cons is ted  of mapping t h e  outputs  of t h e  two f i l t e r s  onto t h e  dynamic 

r a n g e s  o f  two of M H ' s  c h a n n e l s  of r a d i a l - p a i r  b i p o l a r  s t i m u l a t i o n .  The 

t e s t e d  v a r i a t i o n s  of t h i s  bas i c  processing s t r a t e g y  inc luded  (a) d e l i v e r y  of 

"compressed ana log  o u t p u t s "  o f  t h e  two f i l t e r s  ( b e f o r e  t h e  RMS-detection 

c i r c u i t r y )  t o  two w e l l - i s o l a t e d  p a i r s  i n  t h e  e l e c t r o d e  a r r a y  ( p a i r s  1-2 and 

5 - 6 ) ;  (b) d e l i v e r y  of short-durat ion (0.2 o r  0.5 msec), i n t e r l e a v e d  p u l s e s  

t o  t h e s e  two e l e c t r o d e  channels ,  where t h e  p u l s e  i n t e n s i t i e s  were der ived  

from a logar i thmic  t ransformation of t h e  RMS outputs  f o r  each channel;  (c) 
d e l i v e r y  o f  s i m u l t a n e o u s  p u l s e s  t o  t h e s e  two c h a n n e l s .  where t h e  p u l s e  

du ra t ions  and i n t e n s i t i e s  were t h e  same as those  used f o r  v a r i a t i o n  b above; 

(d) d e l i v e r y  of t h e  above-described p u l s a t i l e  s t i m u l i  t o  less-we1 1 - i s o l a t e d  
p a i r s  i n  t h e  e l e c t r o d e  a r r a y  ( p a i r s  1-2 and 3-4 ) ;  and ( e )  u s e  of  i n c r e a s e d  

c u t o f f  f r e q u e n c i e s  i n  t h e  RMS smooth ing  f i l t e r s  t o  r e p r e s e n t  v o i c i n g  and  

f u n d a m e n t a l - f r e q u e n c y  i n f o r m a t i o n  i n  t h e  " r i p p l e s "  of RMS o u t p u t s .  The 

logar i thmic  mapping l a w  f o r  d e r i v i n g  p u l s e  i n t e n s i t i e s  was of t h e  form: 

pulse  i n t e n s i t y  = A x log(RMS l e v e l )  + k, 

where t h e  parameters "A" and " k  were determined f o r  each channel according 

t o  t h e  t h r e s h o l d  and MCL f o r  p u l s e s  on t h a t  c h a n n e l .  T h i s  is t h e  same 

mapping f u n c t i o n  t h a t  w a s  so s u c c e s s f u l l y  a p p l i e d  i n  our s t u d i e s  w i t h  

p a t i e n t  LP a t  UCSP (QPR 7, NIH p r o j e c t  N01-NS-2356). The use  of i n t e r l e a v e d  

p u l s e s  was a l s o  in sp i r ed  by (a) our f ind ing  with LP t h a t  h i s  perception of 

speech tokens improved tremendously when s i m u l  t a n e o u s - o u t p u t s  s t ra teg ies  

were abandoned i n  f a v o r  of i n t e r l eaved-pu l ses  s t r a t e g i e s  and (b) t h e  r e s u l t s  

of subsequent psychophysical s t u d i e s  w i t h  p a t i e n t s  SG and MH a t  Duke which 
$ 
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demonstrated t h a t  very s u b s t a n t i a l  release from channel i n t e r a c t i o n s  could 

be obtained with t h e  use  of i n t e r l e a v e d  pulses .  F i n a l l y ,  i n  t h e  las t  t e s t e d  

v a r i a t i o n  of t h e  b a s i c  Breeuwer/Plomp p r o c e s s o r  ( v a r i a t i o n  e above ) ,  w e  
thought t h a t  t h e  a d d i t i o n a l  information of vo ic ing  and fundamental frequency 

might  b e  conveyed  i f  t h e  c u t o f f  f r e q u e n c i e s  o f  t h e  RMS-smoothing f i l t e r s  

were i n c r e a s e d  from 30 Hz t o  10% of t h e  lower  c u t o f f  f r e q u e n c i e s  of  e a c h  

bandpass f i l t e r  (i.e., 36 Hz f o r  t h e  low band and 224 Hz f o r  t h e  high band). 

I n  t h i s  way t h e  "ave rage"  RMS l e v e l s  i n  each  band would s t i l l  b e  

represented ,  but  t h e  now-present r i p p l e s  i n  the  RMS outputs  ( p a r t i c u l a r l y  

f o r  t h e  h i g h  band) would a l s o  s i g n a l  t h e  times of g l o t t a l  o p e n i n g s - i n  

vo iced-speech sounds. 

The b e s t  r e s u l t s  f o r  t h e  Breeuwer/Plomp processor were obtained with 

p u l s a t i l e  o u t p u t s  and w i t h  t h e  i n c r e a s e d  c u t o f f  f r e q u e n c i e s  of  t h e  RMS- 

smooth ing  f i l t e r s .  The r e s u l t s  were a b o u t  t h e  same f o r  t h e  c o n d i t i o n s  of 

s imultaneous and non-simultaneous s t i m u l a t i o n  of w e l l - i s o l a t e d  p a i r s  i n  t h e  

e l e c t r o d e  a r r ay ;  t h e  sco res  were lowered when l e s s -we l l - i so l a t ed  p a i r s  were 

used .  I n  t h i s  l a s t  se t  of c o n d i t i o n s ,  s c o r e s  were l o w e r  f o r  s i m u l t a n e o u s  

s t imu la t ion .  The sco res  f o r  p re sen ta t ion  of compressed ana log  outputs  t o  

t h e  two s e l e c t e d  c h a n n e l s  were much lower  t h a n  t h e  s c o r e s  f o r  a n y  t e s t e d  

v a r i a t i o n  u s i n g  p u l s a t i l e  o u t p u t s .  F i n a l l y ,  w e  n o t e  t h a t  MH found t h e  

v a r i a t i o n  w i t h  t h e  i n c r e a s e d  c u t o f f  f r e q u e n c i e s  f o r  t h e  RMS-smoothing 

f i l t e rs  t o  sound much more "na tu ra l  and speech l ike."  She could  c o r r e c t l y  

make t h e  male/female d i s t i n c t i o n  with t h i s  v a r i a t i o n  and cou ld  not with t h e  

o t h e r  v a r i a t i o n s  ( t h e  s p e a k e r  was a male, and MH t h o u g h t  t h e  o t h e r  

v a r i a t i o n s  sounded l i k e  a high-pitched female with a monotone vo ice ) .  

The s c o r e s  o b t a i n e d  w i t h  t h e  b e s t  v a r i a t i o n  of t h e  Breeuwer/Plomp 

p r o c e s s i n g  s t r a t e g y  a re  i m p r e s s i v e .  These s c o r e s  are  a t  l e a s t  somewhat 

h i g h e r  i n  e v e r y  c a t e g o r y  when compared w i t h  t h e  s c o r e s  of t h e  compressed 

a n a l o g  o u t p u t s  s t r a t e g y .  The l a rges t  i n c r e a s e  i s  i n  t h e  c a t e g o r y  of 

consonants with l i p read ing ,  as might be pred ic ted  from Breeuwer and Plomp's 

f ind ings  with normal-hearing subjec ts .  A l l  s co res  a r e  s i g n i f i c a n t l y  greater 

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

i n d i c a t e  t h a t  t h i s  p r o c e s s o r  would p r o v i d e  s u b s t a n t i a l  b e n e f i t  a s  a n  

ad junc t  t o  l ip reading .  Because t h e  Breeuwer/Plomp processor  t ransmi ts  on ly  

two channels  of information, it might be e s p e c i a l l y  u s e f u l  f o r  p a t i e n t s  who 

h a v e  v e r y  poor  p a t t e r n s  of  n e r v e  s u r v i v a l  ( w i t h  concomi tan t  channe l  

i n t e r a c t i o n s )  o r  e l e c t r o d e  arrays with a low degree of s p a t i a l  s e l e c t i v i t y  
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( e . g . ,  m o n o p o l a r  e l e c t r o d e  a r r a y s  s u c h  a s  t h e  o n e  u s e d  i n  t h e  

Utah/MIT/Synbion d e v i c e ) ,  or both.  

Inter leaved-pulses  Drocessor, 2 of 6 channels on a t  a time 

The next major class of t e s t e d  processing strategies is in t e r l eaved-  

p u l s e s  processors  of t h e  type w e  a p p l i e d  i n  our s t u d i e s  with p a t i e n t  LP (QPR 

7, NIH p r o j e c t  N01-NS-2356). As d e s c r i b e d  i n  d e t a i l  i n  o u r  r e p o r t  of  IiP's 

case, input  speech s ignals  are f i r s t  high-pass f i l t e r e d  (1st order ,  with a 
b r e a k  f r e q u e n c y  of 1200 Hz) i n  t h e s e  p r o c e s s o r s  t o  f l a t t e n  t h e  speech  

s p e c t r u m  and d i m i n i s h  t h e  o t h e r w i s e  overwhelming  i n f l u e n c e  of t h e  f i r s t  

f o r m a n t  (Pl). The o u t p u t  of t h e  h igh -pass  f i l t e r  i s  t h e n  f e d  t o  a bank of  

bandpass f i l t e r s  whose cen te r  f requencies  span t h e  combined range of F1 and 

P2, a l o n g  a l o g a r i t h m i c  s ca l e .  The RMS e n e r g y  i n  e a c h  band i s  s e n s e d  by a 
fu l l -wave  r e c t i f i e r  and low-pass f i l t e r  connected i n  series to each bandpass 

f i l t e r  o u t p u t .  Next, a "pos t -p rocesso r"  i s  programmed t o  s c a n  t h e  RMS 

o u t p u t s  e a c h  time a p u l s e  i s  t o  be  d e l i v e r e d  t o  t h e  e l e c t r o d e  a r r a y .  The 
o u t p u t  of a f i l t e r b a n k  c h a n n e l  i s  d e l i v e r e d  t o  i t s  a s s i g n e d  e l e c t r o d e ( s )  

o n l y  i f  (a)  i t  is  one of t h e  two c h a n n e l s  w i t h  t h e  greatest  RMS e n e r g y  f o r  

t h e  p r e s e n t  time f r ame  and  ( b )  t h e  RMS e n e r g y  i s  a b o v e  a p r e s e t  " n o i s e  

t h r e s h o l d . "  F i n a l l y ,  t h e  a m p l i t u d e s  of t h e  p u l s e ( s )  d e l i v e r e d  t o  t h e  

s e l e c t e d  channel (s )  i n  t h e  e l e c t r o d e  a r r a y  are de r ived  wi th  a logar i thmic  

mapping law f o r  each channel ,  as p rev ious ly  descr ibed f o r  t h e  Breeuwer/Plomp 

processor .  

-/ 

As i n d i c a t e d  i n  T a b l e  1, t h e  s c o r e s  f o r  t h e  i n t e r l e a v e d - p u l s e s  

p r o c e s s o r ,  2 of 6 c h a n n e l s  on a t  a time, a r e  a t  l e a s t  somewhat h i g h e r  t h a n  

t h e  sco res  f o r  t h e  compressed ana log  outputs  s t r a t e g y  i n  e v e r y  category,  and 
s u b s t a n t i a l l y  higher  i n  t h e  ca tegory  of vowel recogni t ion  without  l i p s .  The 
o v e r a l l  %-correct s co re  is much higher  than t h e  o v e r a l l  %-correct  scores f o r  

t h e  compressed ana log  outputs  p rocesso r  and t h e  Breeuwer/Plomp p r o c e s s o r .  

MH immediately volunteered  t h a t  t h e  6-channel i n t e r l e a v e d  p u l s e s  processor 

(with 2 channels  on a t  a t ime) was much c l e a r e r  and much more understandable  

t h a n  t h e  p r e v i o u s  p r o c e s s o r s  w e  had t e s t e d ;  i n d e e d ,  s h e  t o l d  u s  t h a t  "you 

brought t he  man out  of t h e  b a r r e l  with t h i s  processor." The processor  s t i l l  

sounded "simulated" t o  MH, but  t h e  speech tokens were much clearer than t h e  
, 
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t o k e n s  h e a r d  from t h e  o t h e r  p r o c e s s o r s .  The s c o r e  f o r  vowel r e c o g n i t i o n  

w i t h o u t  l i p s  is  n e a r l y  perfect  and r e p r e s e n t s  s u p e r b  per formance  f o r  a 

cochlear- implant  pa t i en t .  However, t h e  sco res  f o r  consonant recogni t ion are 

no t  much d i f f e r e n t  from those  of t h e  compressed ana log  outputs  strategy, and 

t h e  s c o r e  f o r  t h e  "consonan t s  w i t h  1 i p r e a d i n g "  c a t e g o r y  i s  s i g n i f i c a n t l y  

l o w e r  f o r  t h e  i n t e r l e a v e d - p u l s e s  p r o c e s s o r  compared w i t h  t h e  h i g h  s c o r e  

obtained with t h e  Breeuwer/Ploap processor.  Therefore ,  a major focus  of our 

subsequent e f f o r t  was t o  e v a l u a t e  processing s t r a t e g i e s  designed t o  r e t a i n  

t h e  e x c e l l e n t  per formance  on v o w e l s  w h i l e  i n c r e a s i n g  t h e  l e v e l s  of 

performance on consonants. 

F i n a l l y ,  w e  n o t e  t h a t  t h e  tes ted v a r i a t i o n s  of  t h e  p r e s e n t  and 

s u b s e q u e n t  i n t e r l e a v e d - p u l s e s  p r o c e s s o r s  i n c l u d e d  a t  l e a s t  some 

m a n i p u l a t i o n s  of one o r  more of t h e  f o l l o w i n g  parameters: p u l s e  w i d t h :  

i n t e r p u l s e  i n t e r v a l ;  p u l s e  t y p e  ( i .e. ,  c u r r e n t -  and  d u r a t i o n - b a l a n c e d  

b i p h a s i c  p u l s e s  o r  c h a r g e - b a l a n c e d ,  "monophasic-like" p u l s e s ) ;  and method 

used t o  produce charge-balanced, "monophasic-like" pulses .  The e f f e c t s  of 

t h e s e  m a n i p u l a t i o n s  f o r  a l l  t h e  i n t e r l e a v e d - p u l s e s  p r o c e s s o r s  w i l l  be 

described i n  t h e  l as t  subsect ion of t h i s  major s e c t i o n  on speech-processing 

strategies. 

Interleaved-Dulses urocessor ,  2 of 6 channels on a t  a time, 

with t h e  a d d i t i o n  of an  analog "baseband" simal 

Our f i r s t  a t tempt  a t  i n c r e a s i n g  t h e  s c o r e s  of consonan t  tes ts  f o r  

i n t e r l e a v e d - p u l s e s  p r o c e s s o r s  was t o  add a compressed a n a l o g  "baseband" 

s i g n a l .  The baseband s i g n a l  w a s  d e l i v e r e d  t o  t h e  apical-most p a i r  i n  t h e  

e l e c t r o d e  array, and s i x  channels  of i n t e r l e a v e d  p u l s e s ,  2 channels  on a t  a 

time, were d e l i v e r e d  t o  t h e  remaining s i x  pairs of e l e c t r o d e s  i n  t h e  array 

( p a i r  9-10 was n o t  u sed ,  a s  p r e v i o u s l y  n o t e d ) .  In one v a r i a t i o n  of  t h i s  

hybrid "interleaved-pulses/compressed-analog-baseband-si~al" processor,  t h e  

baseband s i g n a l  was d e r i v e d  i n  e x a c t l y  t h e  same way as  t h e  lowest-band 

s i g n a l  was d e r i v e d  f o r  t h e  c o m p r e s s e d - a n a l o g - o u t p u t s  s t r a t e g y .  

S p e c i f i c a l l y ,  t h e  input  speech s i g n a l  was f i r s t  compressed a t  a compression 

r a t i o  of 3:1, then passed through a bandpass f i l t e r  whose corner  f requencies  

were a t  200 and 800 Hz. and f i n a l l y  passed t h r o u g h  a h i g h - p a s s  "charge 

f i l t e r "  whose corner  frequency was a t  300 Hz. One of t h e  f e a t u r e s  s t rong ly  

__ 

, 

16 



represented in the outputs of the above-described baseband channel was the 
periodicities of voiced-speech sounds. We therefore thought that 
fundamental frequency and voice/unvoice boundaries might be better conveyed 
with the addition of the baseband signal. Also, Mark White's finding of p i  

discrimination for patients using a single-channel, compressed-analog- 
outputs processor (White, 1983) indicated the possibility that at least some 
additional F1 information might be perceived by our patient when this 
particular baseband signal was applied. 

In another variation of the hybrid "interleaved-pulses/compressed- 
analog-baseband-signal" processor the corner frequencies of the bandpass 

filter were extended from 200-to-800 Hz to 50-to-4000 Hz. This manipulation 
was expected to increase further the representation of voicing information 
and perhaps improve the representation of the overall speech envelope. 

The results obtained with these two variations of the hybrid processor 
were quite different. The best overall %-correct score was obtained with 
the variation using the "wide-band" baseband signal, where the bandpass was 
from 50 to 4000 Hz. The scores for both variations indicated a generally- 
destructive effect of adding the baseband signal to an interleaved-pulses 
processor. 

First, for the "wide-band" variation, there were large decreases in the 
scores for vowel and consonant discrimination without lips. The decrease 
for  vowels was probably attributable to increased interactions between 
channels. That is, the release from temporal channel interactions attained 
with the use of interleaved, nonsimultaneous pulses was most likely degraded 
by the presence of the continuous , "ana log" baseband signa 1. Theref ore, the 
representation of steady-state formant frequencies across independent 
channels may have been much less salient when the analog baseband signal was 
presented along with six channels of interleaved pulses. 

Next, the decrease in the score for consonants without lipreading was 
somewhat surprising, but in retrospect consistent with the above hypothesis 
of exacerbated channel interactions. Note, however, that the score for 
consonant discrimination with lipreading was slightly higher for the 
processor in which the baseband signal was used. We suggest that envelope 
information slay have been better represented with the addition of the 
baseband signal, and that 'such an improved representation may have provided 
a useful adjunct to lipreading. 

As mentioned above, the scores obtained with the hybrid processor using 
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t h e  "narrow-band" baseband signal were q u i t e  d i f f e r e n t  than t h e  scores  j u s t  

r ev iewed  f o r  t h e  h y b r i d  p r o c e s s o r  u s i n g  t h e  "wide-band" baseband s i g n a l .  

S p e c i f i c a l  l y ,  t h e  s c o r e s  f o r  t h e  "narrow-band" v e r s i o n  were: 22/25 f o r  

v o w e l s  w i t h  l i p r e a d i n g ;  12/25  f o r  v o w e l s  w i t h o u t  l i p r e a d i n g ;  17/24 f o r  

consonants with l i p read ing ;  and 8/24 f o r  consonants without l ip reading .  In 
a l l ,  then ,  t h e  sco res  f o r  vowel d iscr imina t ion  were lowered and t h e  scores  

f o r  c o n s o n a n t  d i s c r i m i n a t i o n  were i n c r e a s e d  when t h e  bandwidth o f  t h e  

baseband c h a n n e l  was changed from 50-to-4000 Hz t o  200-to-800 Hz. These 

d i f f e r e n c e s  i n  r e s u l t s  might  be e x p l a i n e d  i n  terms of t h e  waveshapes of 

b a s e b a n d - c h a n n e l  o u t p u t s  p r o d u c e d  by t h e  two v a r i a t i o n s  o f  h y b r i d  

p r o c e s s o r s .  I n  p a r t i c u l a r ,  t h e  wide-band s i g n a l  had much h i g h e r  "peak 

f a c t o r s "  and t h e r e f o r e  was perceived by our p a t i e n t  as much louder  than t h e  

narrow-band s i g n a l  when b o t h  s i g n a l s  had t h e  same RMS ene rgy  ( a l s o  see 

Shannon, 1983). To a c h i e v e  t h e  same l o u d n e s s  l e v e l s ,  t h e n .  t h e  o v e r a l l  

l e v e l  o f  t h e  narrow-band s i g n a l  was t h e  h i g h e r  of t h e  two. T h i s  h i g h e r  

l e v e l  may have (a) f u r t h e r  exacerbated channel i n t e r a c t i o n s ,  lowering t h e  

s c o r e s  f o r  vowel recogni t ion  and (b) improved somewhat t h e  representa t ion  of 

v o i c i n g  and e n v e l o p e  i n f o r m a t i o n ,  i n c r e a s i n g  t h e  scores f o r  consonant  

recogni t ion.  The o v e r a l l  %-correct  s co re  f o r  t he  "narrow-band" vers ion  of 

t h e  h y b r i d  p r o c e s s o r s  was 60%. n o t  much d i f f e r e n t  f rom t h e  62% l i s t e d  i n  

Table  1 f o r  t h e  "wide-band" vers ion.  Both sco res  were s i g n i f i c a n t l y  below 

t h e  70% s c o r e  o b t a i n e d  f o r  t h e  i n t e r l e a v e d - p u l s e s  p r o c e s s o r  w i t h o u t  t h e  

a d d i t i o n  of t h e  baseband s i g n a l .  

Inter leaved-pulses  processor ,  a l l  6 channels  on a t  a time 

The d isappoin t ing  resul ts  f o r  t h e  hybr i  2 processors  descr ibed  above l e d  

u s  t o  abandon t h e  h y b r i d  approach  i n  f a v o r  of  methods t o  improve t h e  

r ep resen ta t ion  of speech with non-simultaneous s t i m u l i .  Our f i r s t  s t e p  i n  

t h i s  d i r e c t i o n  was t o  i n c r e a s e  t h e  number of c h a n n e l s  a1 lowed t o  d e l i v e r  

i n t e r l e a v e d  p u l s e s  t o  t h e  e l e c t r o d e  a r r a y  on  e a c h  u p d a t e  f r a m e .  

S p e c i f i c a l l y ,  p u l s e s  were d e l i v e r e d  t o  a l l  s i x  channels  of a six-channel 

p r o c e s s o r  i n  a round- rob in  f a s h i o n .  The a m p l i t u d e s  o f  t h e  p u l s e s  were 

d e r i v e d  from a l o g a r i t h m i c  t r a n s f o r m a t i o n  of t h e  RMS e n e r g i e s  i n  each  

channel bandpass, as p r e v i o u s l y  described. Unlike the  in t e r l eaved-pu l ses  

p r o c e s s o r  w i t h  2 of  6 c h a n n e l s  on a t  a time, t h e  p r o c e s s o r  w i t h  6 of 6 
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c h a n n e l s  on a t  a t ime had no l o g i c  t o  s e l e c t  t h e  t w o  c h a n n e l s  w i t h  t h e  

greatest RMS energ ies  i n  each time frame. Therefore,  t h e  f u l l  spectrum of 

speech ove r  t h e  Fl and F2 range was represented w i t h  t he  "6-of-6-channels" 

processor .  

In  a d d i t i o n  t o  manipulat ions i n  p u l s e  width,  i n t e r p u l s e  i n t e r v a l ,  and 

method f o r  p roduc ing  c h a r g e - b a l a n c e d  "monophasic" p u l s e s ,  t h e  tested 

v a r i a t i o n s  of t h e  "6-of -6-channels" in t e r l eaved-pu l ses  processor  included 

two p a t t e r n s  of round-robin updates.  The f i r s t  pa t t e rn  of channel updates 

was the channel order:  1, 2, 4 ,  6, 3 and 5, where channel 1 was t h e  apical- 

most channel and channel 6 was t h e  basal-most channel ;  t h e  second pat tern-  of 

channel updates  was t h e  channel order :  6, 5 ,  4, 3, 2, 1. The first p a t t e r n  

presented  s t i m u l i  i n  a n  order  designed t o  minimize channel i n t e r a c t i o n s  ( f o r  

M H ' s  p a r t i c u l a r  ear) and t h e  second p a t t e r n  presented s t i m u l i  i n  a temporal 

o rder  t h a t  proceeded  from base t o  apex.  The t e m p o r a l  o r d e r  of t h e  second 

p a t t e r n ,  of c o u r s e ,  mimicked t h e  o r d e r  o f  s t i m u l a t i o n  imposed i n  normal 

h e a r i n g  by t h e  t r a v e l l i n g - w a v e  mechanics  of  t h e  b a s i l a r  membrane. The 

t r a v e l  t .  fnr normal  h e a r i n g  w a s  c l o s e l y  approx ima ted  by a p p r o p r i a t e  

s e l e c t i o n s  of p u l s e  dura t ion  and i n t e r p u l s e  i n t e r v a l  f o r  t h e  electrical-  
s t i m u l a t i o n  case. S p e c i f i c a l l y ,  0.5 msec p u l s e s  spaced 0.2 msec apart were 

u s e d ,  f o r  a t o t a l  " t r a v e l  time" of 4.2  msec from base t o  apex  o v e r  t h e  

l e n g t h  of t h e  e l e c t r o d e  array. Of course,  t h e  power-function of increases  1 ' 

i n  d e l a y  t i n e s  f o r  normal  h e a r i n g  was o n l y  c r u d e l y  approx ima ted  by t h e  

l i n e a r  i n c r e a s e  i n  d e l a y  times implemented i n  o u r  i n t e r l e a v e d - p u l s e s  

- 

- _ -  

1 

processor .  

The r e s u l t s  f o r  t h e s e  two v a r i a t i o n s  of i n t e r l e a v e d - p u l s e s  processors ,  

w i t h  a l l  6 c h a n n e l s  u p d a t e d  on e a c h  round-robin  cyc le .  are  l i s t e d  i n  

separate e n t r i e s  i n  Table 1. The v a r i a t i o n  with t h e  update  order  designed 

t o  minimize  c h a n n e l  i n t e r a c t i o n s  is l i s t e d  as  t h e  f i f t h  p r o c e s s o r  on t h e  

first page of Table 1; the  v a r i a t i o n  w i t h  t h e  update order  designed t o  m i m i c  
d e l a y s  imposed by t h e  t r a v e l l i n g  wave i n  normal  h e a r i n g  is l i s t e d  as  t h e  

first processor  on t h e  second page of Table  1. 

. 

The b e s t  results f o r  t hese  two classes of i n t e r l eaved-pu l ses  processors 

were obtained wi th  t h e  "na tu ra l "  order  of s t i m u l a t i o n  from base t o  apex. MH 
immediately remarked t h a t  t h i s  processor  was t h e  very b e s t  w e  had t e s t e d  and 

t h a t  t h e  processed tokens sounded l i k e  n a t u r a l  speech she remembered. The 

sco res  f o r  t h e  a l t e r n a t e  order  of channel updates  were o n l y  somewhat lower. 

however, and t h e  d i f f e rence  between update o rde r s  seemed more q u a l i t a t i v e  
$ 
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than  q u a n t i t a t i v e .  

For  b o t h  v a r i a t i o n s  of c h a n n e l  u p d a t e s ,  t h e  r e s u l t s  d e m o n s t r a t e  

s u b s t a n t i a l  improvements  i n  vowel and consonan t  r e c o g n i t i o n  o v e r  a1 1 

prev ious ly - t e s t ed  processors.  Excel l e n t ,  world-record l e v e l s  of performance 

are r e t a ined  on vowels w h i l e  large increases  i n  consonant recogni t ion are 
r e a l i z e d  f o r  b o t h  t h e  w i t h - 1  i p r e a d i n g  and w i  thout - l ip reading  conditions.  

The o v e r a l l  % - c o r r e c t  s c o r e s  of 83% and 84% are  a l s o  much h i g h e r  t h a n  t h e  

s c o r e s  of  p r e v i o u s  l y - t e s t e d  p r o c e s s o r s .  Moreover, t hese  r e s u l t s  f o r  t h e  

in t e r l eaved-pu l ses  processors ,  6 of 6 channels  on a t  a time, are among t h e  

best  e v e r  reported f o r  any cochlear- implant  p a t i e n t ,  us ing  any processing 

strategy. The o v e r a l l  %-correct  s co re  is f u l l y  cons i s t en t  w i t h  s u b s t a n t i a l  

open-set recogni t ion  of speech. A s  w i l l  be described i n  s e c t i o n  V of t h i s  

r e p o r t ,  "Plans f o r  t h e  Next Quarter," w e  p l an  t o  conduct tests of open-set 

recogni t ion  with in t e r l eaved-pu l ses  and o the r  processors  i n  t h e  immediate 

f u t u r e .  

To provide  a more-detailed p i c t u r e  of processor  performance, confusion 

matrices from t h e  f i r s t  tested v a r i a t i o n  of "6-of-6-channels" in t e r l eaved-  

p u l s e s  processors  are presented on t h e  next  two pages ( t h i s  v a r i a t i o n  of t h e  

p r o c e s s o r  used  t h e  c h a n n e l  u p d a t e  o rder  d e s i g n e d  t o  minimize  c h a n n e l  

i n t e rac t ions ) .  On t h e  vowel test with l i p r e a d i n g  MH once perceived "b i t "  as 

"bought." and on t h e  vowel tes t  without l i p read ing  she  once heard "boot" as 
"bought"  and  once  h e a r d  "boat" as "b i t . "  R e s u l t s  w i t h  t h e  consonan t  tes ts  

were a l s o  e x c e l l e n t ;  s h e  g o t  201'24 c o r r e c t  with l i p read ing  and 14/24 c o r r e c t  

without  l ip reading .  Most confusions i n  t h e  "with 1 ipreading" condi t ion  were 

i n  c e l l s  a d j a c e n t  t o  t h e  d i a g o n a l ,  i n d i c a t i n g  t h a t  most e r r o r s  were made 

with phonet ica l  ly-similar tokens. In  p a r t i c u l a r ,  MH once perce ived  "ATA" as 

"ADA," once  p e r c e i v e d  "AZA" a s  "ASA,"  and once  p e r c e i v e d  "ALA" as  "ANA." 

This  is s t e l l a r  performance f o r  a cochlear- implant  pa t i en t .  F i n a l l y ,  she 

had some of t h e  same confusions f o r  t h e  "without l ip reading"  condi t ion p l u s  

4 c o n f u s i o n s  between "ASA" and "ATHA." T h e s e  l a s t  two t o k e n s  h a v e  a h i g h  

degree of  a c o u s t i c  s i m i l a r i t y ;  i ndeed ,  w e  ( C C P  and BSW) h a v e  a hard time 

hea r ing  t h e  d i f f e r e n c e  between them i n  our recorded p resen ta t ions .  

To conclude t h i s  subsec t ion  on "6-of -6-channel  s" i n t e r  l e a v e d - p u l s e s  

processors ,  w e  no te  t h a t  w e  were i n i t i a l l y  su rp r i sed  a t  t h e  large increases  

i n  per formance  o b t a i n e d  when w e  went from t h e  "2-channels-on-at-a- t ime' '  

p r o c e s s o r  t o  t h e  "6-channel  s-on-at-a- t ime" processor.  Before t e s t i n g  t h e  

"6-channels-on-at-a-time" processor  w e  were conce rned  t h a t  t h e  p i c t u r e  of 
t 
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c h a n n e l  i n t e r a c t i o n s  w o u l d  b e  v e r y  c o m p l e x  w i t h  s u c h  a " d e n s e "  

r e p r e s e n t a t i o n  o f  t h e  speech s i g n a l .  A p o s s i b l e  a d v a n t a g e  o f  t h e  "2- 

channels-on-at-a-time" processor  was tha t  t h e  time between sequen t i a l  p u l s e s  
cou ld  be a m i l l i s e c o n d  or greater w h i l e  s t i l l  keeping t h e  s t imu lus  frequency 

on  a n y  s i n g l e  c h a n n e l  a t  250 Hz o r  h i g h e r .  T h i s  was i m p o r t a n t  because  MH 
c o u l d  hear  t h e  "modulation whis t le"  of lower s t imu lus  f requencies  and would 

mis takenly  i d e n t i f y  a male speaker as a woman o r  c h i l d  with a "high-pitched, 

monotonous voice ."  A l s o ,  w e  wanted t o  k e e p  t h e  cyc le  u p d a t e  times a c r o s s  

channe l s  a t  o r  below 5 msec because s i g n i f i c a n t  changes i n  speech can occur ~ 

i n  i n t e r v a l s  as s h o r t  as 5-10 msec. The "2-channels-on-at-a-time" processor II o r  

met t h e  above t iming cr i ter ia  with times between p u l s e s  t h a t  w e  knew (from 

p s y c h o p h y s i c a l  measurements)  would  p r o v i d e  good i s o l a t i o n  between t h e  

s t i m u l a t e d  channels  and thereby p rese rve  the  r ep resen ta t ion  of RMS energ ies  

i n  t h e  two selected channels .  I n  c o n t r a s t ,  t h e  time between p u l s e s  had t o  
be grea t ly  reduced (e.g., from 1.5 msec t o  0.2 msec) f o r  t h e  "6-channels-on- I * '  

at-a-time" processor  i n  order  t o  keep t h e  cycle update times a t  o r  below 5.0 

msec. Because t h e  psychophysica 1 s t u d i e s  of temporal channe 1 i n t e r a c t i o n s  

d e m o n s t r a t e d  t h a t  t h e  re lease  from i n t e r a c t i o n s  a f f o r d e d  by t h e  u s e  o f  

n o n s i m u l t a n e o u s  s t i m u l i  was n o t  as  great a t  s h o r t  s e p a r a t i o n s  (e.g., 0.2 

msec) compared t o  l o n g  s e p a r a t i o n s  (e.g. ,  1.0 msec o r  greater) ,  w e  e x p e c t e d  

t h a t  i n c r e a s e d  c h a n n e l  i n t e r a c t i o n s  m i g h t  degrade t h e  per formance  of  

i n t e r l e a v e d - p u l s e s  processors  as t h e  number of channels  i n  each update cycle 

was inc reased .  

A p p a r e n t l y ,  f rom t h e  r e s u l t s  p r e s e n t e d  a t  t h e  b e g i n n i n g  of t h i s  

subsec t ion ,  t h e  improved r ep resen ta t ion  of RMS ene rg ie s  a c r o s s  a l l  s i x  bands 

f a r  o u t w e i g h s  p o s s i b l e  e f f e c t s  o f  i n c r e a s e d  c h a n n e l  i n t e r a c t i o n s .  

Performance i n  tests of vowel recogni t ion  is as good o r  better with t h e  "6- 

channel  s-on" processor  compared with t h a t  of t h e  "2-channe 1s-on" processor ,  

and perforaance i n  t es t s  of consonant recogni t ion  i s  better f o r  t h e  "6- 

channel s-on" processor.  The improvement i n  consonant r ecogn i t ion  may have 

r e s u l t e d  from an improved r ep resen ta t ion  of t h e  complex spectra and temporal 

dynamics of  c o n s o n a n t s .  T h a t  i s ,  v o w e l s  h a v e  "s teady-state"  r e g i o n s  i n  

which t h e  f r e q u e n c i e s  of 2 o r  3 f o r m a n t s  a d e q u a t e l y  s p e c i f y  phonemic 

i d e n t i t y .  In  c o n s t r a s t ,  consonants are not  so well-specified by a formant 

model and a l s o  g e n e r a l l y  have far-greater rates of temporal changes within 

each phonemic u n i t .  Consonants are ins t ead  specified by a h o s t  of f e a t u r e s  

i n c l u d i n g  (a) v o i c i n g / f r i c a t i o n ;  (b)  ampl i tude  envelope;  (c) l o c i  and shapes 

23 

I 



of broad spectral peaks (i-e., the spectra of most consonants do not have a 
we1 1-def ined "formant" structure); and (d) rapid formant transitions from a 
leading vowel into a following consonant or from a leading consonant into a 
following vowel. These features other than steady-state formants are 
probably best represented with rapid updates of information on all channels 
of a mu1 tichannel array. Therefore, a "low-density" representation such 

as that provided by our "2-channels-on-at-a-time" interleaved-pulses 
processor, or by the "1-or-2-channe 1 s-on-at-a-time" processor used in the 
Melbourne/Nucleus device, may be adequate for transmitting information on 
vowels but inadequate for transmitting complete information on consonants. 
Finally, we note again that the "6-channels-on" processor sounded much more 
natural and speech-like to MH compared to all other tested processors. This 
last improvement might also have been a result of the increased temporal and 
spectral resolution probably provided by the "6-channels-on" processor. 

4-channel, interleaved-pulses Drocesso~, 
all 4 channels on at a time 

Encouraged by our success with the 6-channel processor described in the 
previous subsection, we decided to evaluate the effects of reducing the 
number of interleaved-pulses channels to 4. The represented bandpasses were 
identical to those used in the simulations of the compressed analog outputs 
strategy (the first strategy listed in Table 1). As is evident from the 
resu 1 ts presented in Tab1 e 1, performance with the 4-channe 1, interleaved- 
pulses processor was better than the performance obtained with the 
compressed-analog-outputs strategy, but substantially worse than the 
performance obtained with the 6-channel, interleaved-pulses processor. The 
precipitous decline in all scores when the number of channels was reduced 
from 6 to 4 certainly indicates the importance of the number of channels in 
a multichannel auditory prosthesis. Excellent performance was obtained with 
the 6-channel, interleaved-pulses processor while poor-to-moderate 
performance was obtained with the 4-channel, interleaved-pulses processor. 
The differences in all categories of vowel and consonant recognition were 
surprisingly large, and indicate the need for caution when comparing the 
performance of single-channel and mu1 tichannel auditory prostheses. 
Specif ical ly, the advantages of multichannel devices may be far more evident 

t 
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when the number of channels used is at or above some critical minimum, and 
when a good processing strategy is applied for the multichannel device. 

An additional comparison of interest in regard to the results obtained 
with the 4-channel, interleaved-pulses processor is that these results were 
not much better than the results obtained with the 4-channel, compressed- 
analog-outputs strategy. Possibly, the isolation between channels for the 
latter strategy might have been moderately good inasmuch as alternate pairs 

of electrodes were used for the stimulation channels. In such a case one 
could reasonably expect that the performance of the compressed-analog- 
outputs strategy would be comparable to the performance of the 4-channel, 
interleaved-pulses processor (where isolation is good). More likely, 
however, is the possibility that different kinds of information were 
provided by the two processors and that each representation was adequate for 

limited recognition of vowels and consonants. For example, a better 
representation of voicing, voice/unvoice boundaries and amplitude envelope 
may have been conveyed in the baseband of  the compressed-analog-outputs 
processor, while a better representation of frequency information above the 
baseband frequencies may have been conveyed with the interleaved-pulses 
processor (through reduced channel interactions). These or other factors 
could have "traded-off" to produce similar results on the vowel and 
consonant tests. Support for this notion comes from the fact that these two 
processors sounded quite different to MH: the compressed-analog-outputs 
processor produced tokens that MH described as unclear or "like a man 
talking in a barrel," and the 4-channel, interleaved-pulses processor 
produced tokens that sounded "clear but simulated." Also, MH often made 

mistakes in distinguishing a male voice from a female voice with the 
inter leaved-pulses processor, while she rarely made such mistakes with the 
compressed-analog-outputs processor. These differences in percepts strongly 

suggest that the representations of speech information at the nerve were 

different for the two processors. 

6-channel, interleaved-Dulses I)rocessor, 
with the addition of a "noise-biasing" signal 

Our next attempt at improving the performance o f  6-channel, 
This interleaved-pulses processors was to add a "noise-biaslng" signal. 
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noise-biasing s i g n a l  was d e l i v e r e d  t o  monopolar electrode p a i r  9/Ref, and 
cons is ted  of a 200-6000 Hz bandpass of w h i t e  noise.  The idea  was t o  produce 

a degree of s t o c h a s t i c  independence  between a d j a c e n t  neu rons  i n  t h e  

e x c i t a t i o n  f i e l d s  of  b i p o l a r - p a i r  e l e c t r o d e s  by i m p a r t i n g  d i f f e r e n t  

discharge h i s t o r i e s  t o  d i f f e r e n t  neurons .  S p e c i f  i c a l  l y ,  w e  e x p e c t e d  t h a t  

e v e n  s l i g h t  d i f f e r e n c e s  i n  a n a t o m i c a l  and p h y s i o l o g i c a l  p r o p e r t i e s  of 

c o c h l e a r  neu rons  would c a u s e  t h e s e  neu rons  t o  respond a t  l e a s t  somewhat 

d i f f e r e n t l y  t o  a near- threshold no i se  s t imu lus ,  so long  as popula t ions  of 
neu rons  d i d  n o t  "phase - lock"  t o  low-f requency  components i n  t h e  n o i s e .  

T h e r e f o r e ,  f r e q u e n c y  components be low 200 Hz were e l i m i n a t e d ,  and t h e  

f i l t e r e d  no i se  s i g n a l  was d e l i v e r e d  i n  a monopolar conf igura t ion  t o  ensure a 

p e r v a s i v e  (and  n e a r l y  un i fo rm)  s p r e a d  of  e f f e c t  o v e r  t h e  l e n g t h  of t h e  

e l e c t r o d e  array. I f  o u r  a s s u m p t i o n s  u n d e r l y i n g  t h e  g e n e r a t i o n  o f  

s t o c h a s t i c a l  ly-independent, "spontaneous-1 ike" a c t i v i t y  were c o r r e c t ,  then 

responses evoked by d e t e r m i n i s t i c  p u l s e s  would be modified by t h e  ongoing 

a c t i v i t y  i n  t h e  n e r v e ,  produced by t h e  n o i s e - b i a s i n g  s i g n a l .  The 

d e t e r m i n i s t i c  s t i m u l i  were d e l i v e r e d  t o  b i p o l a r  pairs  of t h e  e l e c t r o d e  array 

i n  t h e  manner p r e v i o u s l y  d e s c r i b e d  f o r  t h e  "6-channels-on," i n t e r l e a v e d -  

pu l ses  processor .  

The h y p o t h e s i s  w e  w i shed  t o  e v a l u a t e  w i t h  t h e  a d d i t i o n  of t h e  n o i s e -  

b i a s i n g  s i g n a l  was t h e  s u g g e s t i o n  t h a t  s t o c h a s t i c  independence  between 

ad jacen t  neurons a l l o w s  a greater bandwidth of temporal information t o  be 

represented  i n  t h e  ensemble responses of t h e  audi tory  ne rve  ( t h i s  hypothesis  

is f u l l y  described i n  our 8 t h  QPR f o r  NIH project N01-NS-2356). B r i e f l y ,  if 

neurons  i n  t h e  e x c i t a t i o n  f i e l d  h a v e  d i f f e r e n t  and s t o c h a s t i c a l  l y -  

i n d e p e n d e n t  discharge h i s t o r i e s ,  t h e n  t h e  burden  of i n f o r m a t i o n  t r a n s f e r  

might be s h a r e d  between p r e v i o u s l y - s t i m u l a t e d  n e u r o n s  s t i l l  i n  t h e i r  

r e f r a c t o r y  per iods  and fu l ly - r ecove red  neurons, now ready t o  respond to t h e  

p r e s e n t  s t i m u l u s .  Because n o t  e v e r y  neuron  i n  t h e  e x c i t a t i o n  f i e l d  i s  

s t imu la t ed  on eve ry  major peak i n  t he  s t imu lus  waveform (o r ,  i n  t h e  present  

c a s e ,  on e v e r y  p u l s e ) ,  h i g h e r  f requencies  o f  s t i m u l a t i o n  might  be 

represented  t o  t h e  c e n t r a l  aud i to ry  system i n  a "time-shared" arrangement. 

T h a t  i s ,  responses of discrete subpopulat ions of neurons could  s ignal  t h e  

occurrences of major e v e n t s  i n  t h e  s t imu lus  waveform a t  h ighe r  rates i n  t h e  

ensemble  r e s p o n s e  t h a n  c o u l d  i d e n t i . c a 1  r e s p o n s e s  t h r o g h o u t  t h e  t o t a l  

p o p u l a t i o n  of neurons .  T h i s ,  of c o u r s e ,  i s  s imi l a r  t o  t h e  main argument  

made i n  Weverls v o l l e y  theory of p i t c h  percept ion f o r  normal hear ing,  where 
* 
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he suggests that frequencies as high as 3 to 4 kHz can be represented in the 
ensemble response even though individual auditory neurons can only respond 
to acoustic stimuli at rates of up to about 200 spikes per second. 

As indicated in the scores for the seventh processor class listed in 
Table 1, the effects of adding the noise-biasing signal were generally 

negative. We suggest that the lowered scores may have resulted from one or 

more of the following: 

1. 

2. 

3. 

Channel interactions may have been exacerbated by the addition of 
a sinul taneous "background" stimulus, as with the processor.in 
which an analog "baseband" signal was added; 

The central auditory system may not be able to "decode" the high- 
frequency information represented in the ensemble response: and 

Stochastic independence among adjacent neurons was not achieved 
with our stimulus scheme. 

Among these possibilities, we consider the first and second to be most 
likely. Certainly, the idea of increased channel interactions is supported 
by the disappointing results obtained with the 6-channel, interleaved-pulses 
processor using an analog "baseband" signal. A1 though the scores are higher 

for the "noise-biasing" processor, these scores also reflect possible 
improvements in performance afforded by the use of the "6-of-6-channels," 
interleaved-pulses processor instead of the "2-of-6-channel s," inteleaved- 
pulses processor. In any case, the scores drop for the "2-of-6-channels" 
processor when the analog baseband signal is added and the scores also drop 
for the "6-of-6-channe 1s" processor when the noise-biasing signal is added. 
One explanation for these findings is that the frequency representation 
across channels is significantly degraded when any simultaneous, continuous 
signal is added to the interleaved pulses presented by the unaltered 
processor. 

Next, we note that the results of recent experiments conducted by Burns 

and Viemeister (1981) support the second possibility listed above. 
Specif ical ly, these investigators asked their normal-hearing subjects to 
indicate when they heard changes in pitch when the modulation frequency of 

* 
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sinusoidally-amplitude-modulated (SAM) no i se  was manipulated. If t h e  normal 

a u d i t o r y  system cou ld  decode t h e  " t ime-sha red"  t e m p o r a l  r e p r e s e n t a t i o n  of 

SAM n o i s e ,  t h e n  one  would e x p e c t  t h a t  t h e s e  s u b j e c t s  would e x h i b i t  good 

frequency d i sc r imina t ion  up t o  3 o r  4 kHz; otherwise t h e  frequency l i m i t  of 

good d i sc r imina t ion  might approximate t h e  maximum discharge  r a t e  of s i n g l e  

f i b e r s  i n  t h e  a u d i t o r y  n e r v e  ( i . e . ,  a round 200 t o  300 Hz). In  f a c t ,  Burns 

and  Viemeister f i n d  a " p i t c h  s a t u r a t i o n "  f o r  t h e i r  s u b j e c t s  a t  a round  300 

Hz. This  l i m i t  is e s s e n t i a l l y  t h e  same as t h a t  found f o r  cochlear-implant 

p a t i e n t s .  and  s u p p o r t s  t h e  c o n c l u s i o n  t h a t  t h e  c e n t r a l  a u d i t o r y  s y s t e m  

c a n n o t  decode  a " t ime-sha red"  t e m p o r a l  r e p r e s e n t a t i o n  i n  t h e  ensemble  

a c t i v i t y  of t h e  a u d i t o r y  nerve.  

F i n a l l y ,  w e  n o t e  t h a t  our method f o r  producing s t o c h a s t i c  independence 

among c o c h l e a r  neurons was o n l y  a "bes t  guess" f i r s t  approximation. We p l a n  

m o d e l i n g  s t u d i e s  i n  t h e  n e a r  f u t u r e  t o  e v a l u a t e  t h e  e f f i c a c y  of t h i s  

approach and p o s s i b l y  t o  r e f i n e  t h e  parameters of t h e  noise-biasing s i g n a l  

t o  a c h i e v e  h igher  l e v e l s  of s t o c h a s t i c  independence. 

-- Inter leaved-pulses  processors t h a t  have e x p l i c i t  r ep resen ta t ions  

of fundamental frequency and voice/unvoice boundaries 

The f i n a l  se t  of p r o c e s s i n g  s t r a t e g i e s  e v a l u a t e d  i n  t h i s  r e p o r t i n g  

per iod  i n v o l v e d  e x p l i c i t  r e p r e s e n t a t i o n s  of fundamental frequency (PO) and 

voice/unvoice (v /uv)  boundaries. These v o i c i n g  p a r a m e t e r s  were e x t r a c t e d  

from each of t h e  tokens of t h e  vowel- and consonant-confusion t e s t s  with a 

semi-automated procedure i n  which t h e  f o l l o w i n g  were sensed: (a) peaks i n  

t h e  s p e e c h  waveform a b o v e  a preset " n o i s e  deadband;  (b) t h e  areas  u n d e r  

t h e s e  peaks from deadband c r o s s i n g  t o  deadband c ross ing ;  (c) t h e  p o l a r i t y  of 
e a c h  peak: and ( d )  r u n n i n g  estimates o f  wide-band ( u p  t o  5000 Hz), v o i c e -  
band (40 - 350 Hz), low-band (364 - 707 Hz), and high-band (2235 - 4470 Hz) 
RMS energ ies .  A "p i t ch  pulse"  was de tec t ed  f o r  a g i v e n  peak i f  t h e  peak was 

of t h e  p r e s e l e c t e d  p o l a r i t y  and i f  p r e s e l e c t e d  t h r e s h o l d s  f o r  t h e  area under 
t h e  peak ,  a b s o l u t e  magni tude  of t h e  p e a k ,  t h e  r a t i o  of t h e  a b s o l u t e  peak  

magnitude t o  t h e  voice-band RMS energy, t h e  wide-band RMS energy, voice-band 
RMS energy, and low-band RMS energy were a l l  exceeded. An unvoiced i n t e r v a l  

was d e t e c t e d  if t h e  wide-band RMS energy exceeded a p r e s e l e c t e d  threshold  

and  i f  t h e  r a t i o  of high-band-to-low-band RMS e n e r g i e s  exceeded  a n o t h e r  

, 
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prese l ec t ed  threshold .  S i l e n c e  i n t e r v a l s  were de tec ted  f o r  a l l  segments of 

t h e  d i g i t i z e d  t o k e n s  t h a t  had wide-band RMS e n e r g i e s  be low a p r e s e l e c t e d  

threshold .  

The d e t e c t e d  p a r a m e t e r s  of t h e  au tomated  p a r t  o f  t h e  p r o c e d u r e  

d e s c r i b e d  a b o v e  were w r i t t e n  t o  t h e  d i s k  f o r  subsequen t  e d i t i n g .  In t h e  

e d i t i n g  p a r t  of t h e  procedure w e  examined every  de tec ted  p i t c h  p u l s e  a long  

w i t h  t h e  i n p u t  waveform. A l l  e r r o n e o u s  i n d i c a t i o n s  of p i t c h  p u l s e s  were 

then  d e l e t e d  from t h e  ' T O  f i l e , "  and t h e  r e v i s e d  information was s to red  on 

t h e  disk.  The marking of v/uv boundaries and of s i l e n c e  i n t e r v a l s  was a l s o  

examined f o r  accuracy and modified where appropr ia te .  The ed i t ed  f i l e s  then 

contained e s s e n t i a l l y  p e r f e c t  e x t r a c t i o n s  of t h e  times o f  a1 1 i n d i v i d u a l  

p i t c h  p e r i o d s  and o f  v / u v  b o u n d a r i e s  f o r  a l l  t o k e n s  i n  ou r  consonan t  and 

vowel tests. Therefore,  t h e  performance f o r  each processor  class described 

below i n d i c a t e s  r e s u l t s  f o r  an i d e a l i z e d  e x t r a c t i o n  of PO and v /uv  

boundaries. In  g e n e r a l ,  accu ra t e  e x t r a c t i o n  of these parameters i n  a real- 

time processor  ( e s p e c i a l l y  f o r  FO) is a formidable  t a sk ,  and our i n t e n t  here  

was t o  e v a l u t e  t h e  p o t e n t i a l  f o r  e x p l i c i t  r e p r e s e n t a t i o n s  o f  v o i c i n g  

information.  

I n  t h e  f i r s t  t e s t e d  c l a s s  of  p r o c e s s o r s  t h a t  p r o v i d e d  e x p l i c i t  

r e p r e s e n t a t i o n s  of v o i c i n g  i n f o r m a t i o n ,  t h e  times of p i t c h  p e r i o d s  were 
ind ica t ed  by p resen ta t ions  of pu l se s  on a "baseband" channel. These pu l ses  

were i n t e r l e a v e d  with t h e  pu l se s  presented on higher  channels ,  as p rev ious ly  

descr ibed.  The t o t a l  set of s t i m u l i  s e n t  t o  t h e  e l e c t r o d e  a r r a y  cons is ted  

o f  round- rob in  u p d a t e s  of i n t e r l e a v e d  p u l s e s  t o  t h e  uppe r  c h a n n e l s  and 

s i n g l e  p u l s e s  t o  t h e  apical-most,  "baseband" channel when a p i t c h  per iod was 

t o  be s i g n a l l e d .  I n  t h i s  way w e  hoped t o  r e t a i n  t h e  e x c e l l e n t  l e v e l s  of 

per fo rmance  p r e v i o u s l y  o b t a i n e d  w i t h  t h e  "all-channels-on." i n t e r l eaved-  

p u l s e s  p r o c e s s o r s  w h i l e  a d d i n g  a n  e x p l i c i t  r e p r e s e n t a t i o n  o f  v o i c i n g  

i n f o r m a t i o n .  We f u r t h e r  hoped (and  expec ted )  t h a t  t h e  a d d i t i o n a l  vo ic ing  

i n f o r m a t i o n  would h e l p  o u r  p a t i e n t  make v o i c e / u n v o i c e  d i s t i n c t i o n s  f o r  

c o n s o n a n t s  (e.g. ,  improve  h e r  a b i l i t y  t o  d i s t i n g u i s h  "ASA" f rom "AZA").  

F i n a l l y ,  w e  a l s o  e x p e c t e d  t h a t  t h e  a d d i t i o n a l  v o i c i n g  i n f o r m a t i o n  would 

improve  t h e  " n a t u r a l n e s s "  of t h e  p e r c e p t s  and t h e  a b i l i t y  t o  make 

man/woman/child d i s t i n c t i o n s .  

Unfortunately,  as ind ica t ed  i n  t h e  e n t r i e s  f o r  t h e  l a s t  processor  c l a s s  

on page 1 of T a b l e  1, t h e  a d d i t i o n  of  e x p l i c i t  v o i c i n g  i n f o r m a t i o n  i n  t h e  

manner j u s t  descr ibed lowered t h e  sco res  i n  every  ca tegory  of consonant and 

I 
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vowel recognition compared with the "6-of-6-channels," interleaved-pulses 
processor. One possible explantion for the lowered scores is that we had to 
turn off the lowest channel of the six channels of "high-band" interleaved 

pulses because MH reported a mild pain sensation deep in her implanted ear 
when relatively-intense stimuli were delivered to this channel (electrode 

pair 3-4). Therefore, RMS energies in the band from 434 to 712 Hz were not 
represented in the aggregate outputs from the processor. Inasmuch as this 
band can signal the location of P1 and the presence of voicing (from the 
ratio of high-band-to-low-band energies), it may be that the absence of this 
information more than offset any contributions that might have been provided 
in the baseband "pitch channe 1 ." 

Another possible explanation for decreased performance may be in the 
way FO information was represented. The interleaving of "pitch pulses" on 
the basrband channel of course disrupted the regular timing of updates on the 
upper channels. This disruption might have manifested itself as a degraded 
representation of band energies in the channels above the baseband channel. 
In particular, the insertion of a pitch pulse within the normal sequence of 
round-robin updates could have changed the amount of temporal integration at 
neural membranes over the update cycles in an irregular way. This 
irregularity, in turn, might have produced distortions in the 
representations of band energies for the upper, "5-of-5," interleaved-pulses 
channels. 

Although the results with the first class of processors using explicit 
representations of voicing were generally discouraging, MH did remark that 
the tokens produced by these processors sounded "very natural" and that she 
heard clearly the "deep male voice" of the speaker. Thus, some additional 
voicing information seemed to be making its way into M H ' s  percepts. We 
therefore decided to pursue other ways in which explicit representations of 
PO and v/uv boundaries might be better integrated into the basic "6-of-6- 
channels," inteleaved-pulses processor. 

Y 

Our first step in this direction was to abandon the concept of a 
baseband channel in favor of a new procedure in which the cycles of round- 
robin updates were timed to begin at pitch periods for voiced-speech sounds. 
In this way all six channels of the basic interleaved-pulses processor would 
be updated in strict sequence at every pitch period. Further, no stimuli 
were delivered in the interval between the completion of the update cycle 
for the present pitch period and the start of the update cycle for the 
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subsequent p i t c h  period. Because a s u b s t a n t i a l  amount of time e l apsed  i n  

t h e  "no- s t imu lus"  i n t e r v a l  ( t y p i c a l l y ,  t h i s  time was between 3 and  7 msec 
f a r  t h e  p u l s e  condi t ions  and speech tes t  tokens used),  t h e  onse t s  of channel 

update c y c l e s  were c l e a r l y  pe r iod ic ,  and t h i s  p e r i o d i c i t y  r e f l e c t e d  e x a c t l y  

t h e  p e r i o d i c i t y  of PO f o r  voiced speech. 

Next, f o r  unvoiced speech sounds, t h e  t iming of channel update  c y c l e s  

was c o n t r o l l e d  i n  one of two ways. In  t h e  f i r s t  procedure updates were made 

a t  t h e  maximum rate (i.e.. with on ly  t h e  i n t e r p u l s e  time between sequen t i a l  

u p d a t e  c y c l e s ) ,  as i n  t h e  u n a l t e r e d  "6-of -6-channels"  p r o c e s s o r .  We 

e x p e c t e d  t h a t  t h e  h i g h  d e n s i t y  of s t i m u l a t i o n  produced  by maximum-rate 

u p d a t e  c y c l e s  might  m a i n t a i n  t h e  e x c e l l e n t  per formance  of t h e  u n a l t e r e d  

i n t e r l e a v e d - p u l s e s  processor.  I n  p a r t i c u l a r ,  w e  thought t h a t  maximum-rate 

updates  would keep t h e  unvoiced consonants a t  c lear  ly-audib le  l e v e l s  and 

would convey t h e  complex temporal dynamics of t hese  phonemes. 

The o t h e r  procedure f o r  c o n t r o l  l i n g  c h a n n e l  u p d a t e s  d u r i n g  unvo iced  

segmen t s  was t o  b e g i n  t h e  u p d a t e  c y c l e s  a t  random i n t e r v a l s ,  where t h e  

minimum i n t e r v a l  was equal  t o  t h e  i n t e r v a l  f o r  maximum-rate updates. Thus, 

f o r  most  s e q u e n t i a l  c y c l e s  o f  c h a n n e l  u p d a t e s  t h e r e  was a v a r i a b l e  "dead 

time" between t h e  c y c l e s .  We t h o u g h t  t h i s  " j i t t e r e d "  r e p r e s e n t a t i o n  of 

unvoiced i n t e r v a l s  might produce a n o i s e l i k e  percept ,  and thereby improve 

d i s t i n c t i o n s  between voiced and unvoiced sounds. Instantaneous f requencies  

f o r  t h e  j i t t e r e d  updates  ranged from 50 t o  300 Hz. 
R e s u l t s  f o r  t h e  processors  j u s t  descr ibed  are l i s t e d  as t h e  l as t  fou r  

c lasses  of p r o c e s s o r s  i n  T a b l e  1 (see page  2).  The major  c l a s ses  are ( a )  

t h e  6-channel, i n t e r l eaved-pu l ses  processor  i n  which t h e  update c y c l e s  are 

timed t o  begin a t  p i t c h  per iods  f o r  voiced-speech sounds and a t  t h e  maximum 

rate  f o r  unvoiced-speech sounds; (b) a 4-channel ve r s ion  of t h i s  processor;  

(c )  t h e  6-channel, i n t e r l e a v e d - p u l s e s  processor  i n  which t h e  update  c y c l e s  

are timed t o  begin a t  p i t c h  per iods  f o r  voiced-speech sounds and a t  random 

i n t e r v a l s  ( " j i t t e r e d " )  f o r  unvo iced - speech  sounds :  and  ( d )  a 4-channel  

v e r s i o n  o f  t h i s  p r o c e s s o r .  The r e s u l t s  f o r  t h e  f i r s t  of t h e s e  p r o c e s s o r s  

are similar t o  t h e  r e s u l t s  obtained for t h e  una l t e red ,  "6-of-6-channels," 

i n t e r l e a v e d - p u l s e s  processor  ( t h e  f i r s t  processor l i s t e d  on page 2 of Table  

I). The o n l y  s i g n i f i c a n t  d i f f e r e n c e  i s  a s l i g h t  d e g r a d a t i o n  i n  vowel 

recogni t ion  without l i p s  f o r  t h e  processor  i n  which voic ing  information was 

e x p l i c i t l y  represented.  Poss ib ly ,  t h e  decreased dens i ty  of channel  updates 

d u r i n g  v o i c e d  segmen t s  may h a v e  r educed  t h e  amount o f  t r a n s m i t t e d  

31 



information on t h e  spectral conten t  of t h e  vowels. 

Although t h e  sco res  f o r  t h e  processor  i n  which vo ic ing  information w a s  

e x p l i c i t l y  represented were somewhat lower than the  scores  f o r  t h e  una l t e red  

i n t e r l e a v e d - p u l s e s  p r o c e s s o r ,  MH p refer red  t h e  fo rmer .  She said t h e  

processor  with e x p l i c i t  coding of FO and v/uv boundaries sounded more l i k e  a 

"na tu ra l  human voice" t o  h e r ,  and t h a t  she  could  ea s i ly  pe rce ive  t h e  sex of 

t h e  speaker when t h i s  processor  was used. 

As mentioned above, t h e  next  tested c l a s s  of processors  using e x p l i c i t  

c o d i n g  of v o i c i n g  i n f o r m a t i o n  was a 4 -channe l  v e r s i o n  of t h e  6-channel  

p r o c e s s o r  j u s t  d e s c r i b e d .  Because o f  a s c h e d u l i n g  p rob lem,  o n l y  t h e  

consonant tests were conducted wi th  t h e  4-channel processor.  The o v e r a l l  

s c o r e s  on these t e s t s  were n o t  much d i f f e r e n t  from t h e  o v e r a l l  s c o r e s  

o b t a i n e d  w i t h  t h e  6-channel  p r o c e s s o r .  However, t h e  s c o r e s  on consonan t  

tests were c lear ly  improved f o r  4-channel, i n t e r l eaved-pu l ses  processors  by 

t h e  a d d i t i o n  of e x p l i c i t  coding of vo ic ing  information (i.e.. t h e  sco res  f o r  

c o n s o n a n t  r e c o g n i t i o n  w i t h  and w i t h o u t  l i p s  were 17/24 and  10/24 f o r  t h e  

u n a l t e r e d  4 -channe l  p r o c e s s o r ,  and 17/24 and 14/24  f o r  t h e  4-channel  

p r o c e s s o r  w i t h  e x p l i c i t  c o d i n g  of  v o i c i n g  i n f o r m a t i o n ) .  I n  a l l ,  these 

f i n d i n g s  s u g g e s t  t h a t  e x p l i c i t  c o d i n g  of v o i c i n g  i n f o r m a t i o n  may have  a 
larger  b e n e f i c i a l  e f f e c t  f o r  4 -channe l  p r o c e s s o r s  t h a n  f o r  6-channel  

processors .  

The t h i r d  tested class of i n t e r l eaved-pu l ses  processors  with e x p l i c i t  

c o d i n g  of  v o i c i n g  i n f o r m a t i o n  w a s  t h e  6 -channe l  processor w i t h  j i t t e r e d  

c y c l e  updates  f o r  unvoiced i n t e r v a l s .  A s  shown i n  Table  1, t h i s  processor 

produced phenomenally-good r e s u l t s  on tests of consonant recogni t ion.  The 

s c o r e s  were 22/24 f o r  consonan t  r e c o g n i t i o n  w i t h  l i p s  and 19/24 f o r  

consonant recogni t ion  without l i p s .  A p p a r e & 2 y , p X k ~ ~ t e r e d  r ep resen ta t ion  

helped MH make v/uv and o the r  d i s t i n c t i o n s  t h a t  g rea t ly  improved he r  scores 

on t h e  consonant tests. She a l s o  remarked t h a t  t h e  tokens produced by t h i s  

p r o c e s s o r  were " v e r y  c l e a r , "  " n a t u r a l  ,'I and " l i k e  s p e e c h  I remember." 

F i n a l l y ,  t h e  consonants i n  a l l  tokens of t h e  consonant-confusion matr ix  were 

c l e a r l y  a u d i b l e .  T h i s  f i n d i n g  e f f e c t i v e l y  e l i m i n a t e d  o u r  c o n c e r n  t h a t  

maximum-rate u p d a t e s  migh t  be  requi red  t o  make u n v o i c e d  c o n s o n a n t s  l o u d  

enough t o  i d e n t i f y .  

I 

Unfortunately,  t h e  outs tanding performance i n  r ecogn i t ion  of consonants 

was n o t  matched by o u t s t a n d i n g  per formance  i n  r e c o g n i t i o n  of  vowels .  In  

p a r t i c u l a r ,  t h e  score of 16/25 f o r  recogni t ion  of vowels without  l i p read ing  
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was substantially lower than the scores obtained with 6-channe1, 
interleaved-pulses processors without explicit coding of voicing information 
(23/25 and 24/25) and somewhat lower than the score obtained with the other 
6-channel processor that dl use explicit coding of voicing information 
(20/25). Although we have no ready explanation for the difference in the 
scores for the two 6-channel processors that used explicit coding of voicing 
information, we believe the differences between the scores for the 
processors with and without explicit coding of voicing information may 

reflect differences in the "densities" of channel updates during voiced- 

speech segments. As mentioned before, the lower densities used in the 
processors with explict coding of voicing information may degrade the 
representation of RMS energies across the interleaved-pulses channels. 

The final tested class of processor with explict coding of voicing 
information was the 4-channel version of the previously-described, 6-channel 
processor with "jittered" updates during unvoiced intervals. This 4-channel 
processor had the best performance by far of all 4-channel processors listed 
in Table 1. The improvement in consonant recognition may have resulted from 
a superior representation of v/uv boundaries, as mentioned before, and the 
improvement in vowel recognition may have resulted from a superior 
representation of FO. Vowel recognition might have been improved by 
superior coding of PO because differences in FO and F1 can reliably indicate 
vowel height (high vowels like /i/, /I/, /U/ and /u/ have F1-FO differences 
of less than three critical bands while low vowels have F1-FO differences 

that exceed three critical bands, see Syrdal and Gopal, 1986). Such 
improvements may not have been as evident for the 6-channel processors with 
explicit coding of voicing information inasmuch as these latter processors 
probably provide a higher-resolution picture of F1 and F2 than the 4-channel 
processors. This higher-resolution picture of F1 and F2 may have masked any 
presumably-smaller contribution provided by F1-PO differences. 

To conclude this section on processors with explicit coding of voicing 
information, we note that the overall performance of the best of these 
processors closely approximates the performance of the best interleaved- 
pulses processor without explicit coding of voicing information (83 and 84%. 

respectively). However, the processors with explicit coding of  voicing 
information generally sound more natural to MH and allow her to make 
reliable male/female distinctions. Also, in the case of the 6-channel 
processor with jittered intervals during unvoiced segments, significant 



improvements are found i n  t h e  s co res  f o r  recogni t ion of consonants. Because 

consonan t  r e c o g n i t i o n  i s  much more i m p o r t a n t  t h a n  vowel  r e c o g n i t i o n  f o r  
understanding connected speech, t h i s  processor might be regarded as super ior  

t o  the  6-channel processor  without e x p l i c i t  coding of vo lc ing  information. 

T h e  t r a d e o f f  i n  m a k i n g  a c h o i c e  b e t w e e n  t h e s e  two s t r a t e g i e s  f o r  

i m p l e m e n t a t i o n  i n  a p o r t a b l e ,  real-time p r o c e s s o r  i s  t h a t  t h e  above- 

mentioned a d v a n t a g e s  of t h e  p r o c e s s o r  w i t h  e x p l i c i t  c o d i n g  of  v o i c i n g  

information can o n l y  be obtained a t  t h e  c o s t  of incorpora t ing  an accura te  PO 
and v / u v  d e t e c t o r  i n  t h e  p o r t a b l e  u n i t .  As mentioned b e f o r e ,  accurate 

e x t r a c t i o n  of these vo ic ing  parameters i n  real time is no t  t r i v i a l ,  and such 

e x t r a c t i o n  g e n e r a l  l y  requires  t h e  u s e  of  complex s y s t e m s  of s o f t w a r e  and 

hardware. 

.- - 

Note on waveshape manipulations f o r  

in te r leaved-pulses  processors  

As mentioned before ,  a novel  aspec t  of many of t he  in t e r l eaved-pu l ses  

p r o c e s s o r s  t es ted  w i t h  p a t i e n t  M H  ( b u t  n o t  w i t h  LP) is t h a t  "monophasic- 

l i k e "  p u l s e s  were used. These pu l ses  were formed e i the r  by (a) genera t ing  

i n  sof tware  asymmetric, charge-balanced p u l s e s  w i t h  a shor t -dura t ion ,  high- 

i n t e n s i t y  l ead ing  phase and a long-duration, low- in tens i ty  f o l l o w i n g  phase 

of oppos i te  p o l a r i t y  or (b) high-pass f i l t e r i n g  t r u e  monophasic pu l ses  t o  

p roduce  c h a r g e - b a l a n c e d  s t i m u l i .  The second phase  of cha rge -ba lanced  

asymmetric p u l s e s  produced  i n  method ( a )  a b o v e  was 3.0 msec o r  less i n  

d u r a t i o n  f o r  a l l  p r o c e s s o r s  i n  which t h e s e  p u l s e s  were used .  A l s o ,  peak 

c u r r e n t s  never  exceeded 1.0 lllA f o r  any type  of s t i m u l u s  waveform. F i n a l l y ,  

we no te  t h a t  some high-pass f i l t e r i n g  w a s  a p p l i e d  t o  a l l  s t i m u l i  d e l i v e r e d  

t o  t h e  e l e c t r o d e  array i n  t h a t  t h e  s i g n a l  d r i v e r s  i n  t h e  s t i m u l u s - i s o l a t i o n  

i s o l a t i o n  u n i t  were fed u n i t  were AC coupled and t h e  output  ~- cur ren t s  -~ of -- t h e  - 
r /  

t o  t h e  e l e c t r o d e s  t h r o u g h  c o u p l i n g  c a p a c i t o r s .  T h e  e f f e c t i v e  corner ' / 
frequency f o r  t h e  s t i m u l u s - i s o l a t i o n  u n i t  was around 20 Hz. J r  r 

Use of "monophasic-1 ike" p u l s e s ,  as opposed t o  cu r ren t -  and duration- 

balanced b iphas i c  p u l s e s ,  was based on f ind ings  i n  psychophysical tests with 

p a t i e n t s  SG and MH t h a t  ind ica ted  (a) a lower th re sho ld  and greater dynamic 

r a n g e  c o u l d  u s u a l l y  be o b t a i n e d  w i t h  one p o l a r i t y  o f  a n  asymmetric b u t  

charge-balanced pu l se  f o r  rad ia l  b i p o l a r  p a i r  s t i m u l a t i o n  and (b) a f u r t h e r  
t 

3 4  



”release” from temporal channel i n t e r a c t i o n s  could  be obtained if monophasic 

p u l s e s  were f i r s t  high-pass f i l t e r e d  (a t  about 100 Hz. s i n g l e  p o l e )  before  

i n t e r l e a v e d  d e l i v e r y  to two c h a n n e l s  i n  t h e  e l e c t r o d e  a r r a y .  These 

a d v a n t a g e s  o f  “monophasic“ p u l s e s  were p a r t i c u l a r l y  e v i d e n t  f o r  p u l s e  

d u r a t i o n s  of  0.5 msec or l ess :  i n d e e d ,  p a r a m e t r i c  s t u d i e s  w i t h  t h e  

in t e r l eaved-pu l ses  processors  demonstrated t h a t  supe r io r  r e s u l t s  could  be 

obtained with 0.3 t o  0.5 msec p u l s e  du ra t ions  ( t h e  t e s t e d  range across a l l  

i n t e r 1  eaved-pul ses processors  was from 0.2 to 0.7 msec), 0.2 msec i n t e r p u l  se 

i n t e r v a l  ( t h e  t e s t e d  r a n g e  was from 0.1 t o  1.5 msec), and  w i t h  h igh -pass  

f i l t e r i n g  a t  100 Hz. W i t h  some p r o c e s s o r s  t h e  e f f e c t s  of t h e s e  

m a n i p u l a t i o n s  were l a r g e ,  and  w e  t h e r e f o r e  c o n s i d e r  t h e  s p e c i f i c a t i o n  of 
p u l s e  parameters t o  be an important element in t h e  design of i n t e r l e a v e d -  

pu 1 ses processors .  

-\ . , 

35 



IV. Concluding Remarks 

The broadest conclusion to be drawn from the results presented in this 
report is that manipulations in the processing strategy used in an auditory 
prosthesis can have huge effects on recognition of consonants and vowels. 
Our patient attains outstanding levels of recognition with certain 
processing strategies, and poor-to-moderate levels of recognition with 
others. Certainly, this basic finding demonstrates the importance of 
selection of an appropriate processing strategy for an individual implant 
patient. Because our studied population of patients is limited, we do not 
know at this time whether one processing strategy will emerge as superior 
for all patients. However, for patients LP- and M H a -  processors that 
represented the R M S  energies in five or six bandpasses with interleaved 
pulses provided much better performance than the other strategies we have 
evaluated. We note, though, that both these patients had psychophysical 
manifestations of poor (patient MH) or extremely-poor (patient LP) nerve 
survival. It may be that a completely different class of processors would 
work best for a more-fortunate patient with good nerve survival. For 

example, the excellent results from approximately half of the patients in 
the UCSF series strongly indicate that a compressed-analog-outputs strategy 
may be as good as or superior to an interleaved-pulses strategy for cases in 
which nerve survival is good. We are anxious to test such a patient to 
evaluate this hypothesis. In the interim, however, the major lessons to us 
are that (a) different processing strategies can produce widely-dif ferent 
outcomes for individual patients; (b) interleaved-pulses processors are far 
superior to other processors or at least two patients with poor nerve 
survival: (c) processors other h3.4 “the interleaved-pulses processors may be 
superior for patients with good nerve survival; and ( d )  therefore it is 
important not to have an “adopted religion“ for a single strategy of speech 
processing for auditory prostheses. 

_- - 
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V. Plans for the Next Quarter 

The major activity of next quarter will be continued testing of patient 
MH. Our plans include (a) evaluation of multiple processors in single tests 
of consonant and vowel recognition, where the presentations of both 
processors and speech tokens are randomized; (b) evaluation of the 
processing strategy used in the Melbourne/Nucleus device; (c)  investigation 
of effects of electrode coupling configuration on recognition performance 
(e.g., radial bipolar versus longitudinal bipolar or radial bipolar versus 
monopolar); and (d) evaluation of selected processors with the tests of the 
Minimal Auditory Capabilities battery (the "MAC" test) and of the consonant 
and vowel tests developed by the Iowa group. Completion of these studies 
will extend our present range of tested processing strategies and coupling 
configurations, and will also allow us to compare performances across 
processors and laboratories with the standard (but lengthy) MAC and IOWA 
tests. 

In addition to the above activities, we also expect to begin design and 
construction of portable speech processors in the next quarter. The first 
of these processors will implement in real-time hardware a 6-channel, 
interleaved-pulses strategy for our present patient. Also, we plan to I 

evaluate the possibi 1 ity of including explicit representations of FO and 
v/uv boundaries in this processor, as described in section I11 of this 
report. Our leading candidate for extraction of FO and v/uv boundaries is 
use of the Average-Magnitude-Dif ference-Function (AMDF) algorithm. This 
algorithm has already been implemented by us in a portable, real-time 
processor (QPR 6, NIH project N01-NS-2356). and we hope that we will be able 
to integrate the hardware and software developed for the AMDF processor into 
the larger system of the basic 6-channel, interleaved-pulses processor. 

Finally, our plans include presentations of project results in invited 
lectures at the Kresge Hearing Research Institute in Ann Arbor and at the 
Conference on Speech Recopnition with Cochlear Implants in New York. 
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The f o l l o w i n g  major p r e s e n t a t i o n  was made i n  t h e  p r e s e n t  r e p o r t i n g  

per iod:  

Wilson,  BS and F i n l e y ,  CC: Latency f i e l d s  i n  e l e c t r i c a l l y - e v o k e d  hearing.  

Presented a t  t h e  9 t h  Annual MeetinR o f  t h e  A s s o c i a t i o n  for Research 
i n  Otolarmfzology,  S t .  Petersburg,  F l o r i d a ,  February, 1986. 

An a b s t r a c t  f o r  t h i s  p r e s e n t a t i o n  i s  shown on t h e  n e x t  page  o f  t h i s  

Appendix. 
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LATENCY FIELDS I N  ELECTRICALLY-EVOKED HEARING.  * B.S. Wilson and C.C. F in l ey .  Neuroscience Program Off ice ,  Research Tr i ang le  
I n s t i t u t e ,  Research Tr i ang le  Park,  N . C .  27709. 

I n  t h i s  p re sen ta t ion  w e  w i l l  d e sc r ibe  models t h a t  p r e d i c t  t h e  s p a t i a l  
and  t e m p o r a l  p a t t e r n s  of n e u r a l  r e s p o n s e s  produced by i n t r a c o c h l e a r  
e lec t r ica l  s t imu la t ion .  The s i m p l e s t  of t h e s e  models couples  a mathematical 
d e s c r i p t i o n  of t h e  f i e l d  p a t t e r n s  generated by i n t r a c o c h l e a r  e l e c t r o d e s  wi th  
a m a t h e m a t i c a l  d e s c r i p t i o n  of  s t r e n g t h - d u r a t i o n  c u r v e s  f o r  e l e c t r i c a l  
s t imu la t ion .  The mathematical d e s c r i p t i o n  of t h e  f i e l d  p a t t e r n s  ranges i n  
complexi ty  from an exponent ia l - fa1  l o f f  model t o  our  s p i r a l - p l a n e ,  f i n i t e -  
d i f f e r e n c e  model of  t h e  UCSP e l e c t r o d e  a r r a y  ( 8 t h  ARO, p. 105, 1984);  d a t a  
f o r  t h e  s t rength-dura t ion  model are obtained from t h e  measurements of Loeb -- e t  a l .  (NYAS, 405:123-136, 1983)  and  v a n  den  Honer t  and  S t y p u l k o w s k i  
(Hearing Res., 14:225-243, 1984). For t h e  e x p o n e n t i a l - f a 1  l o f f  d e s c r i p t i o n  
of t h e  e l ec t r i c  f i e l d  p a t t e r n s ,  a p a r a b o l i c - l i k e  p r o f i l e  of l a t e n c i e s  is 
p red ic t ed  by t h e  combined model f o r  monophasic, r ec t angu la r  pu lses .  That 
i s ,  as d i s t a n c e  from t h e  s t i m u l a t i n g  e l e c t r o d e  ( o r  e l e c t r o d e  p a i r )  
increases, t h e  e lec t r ic  f i e l d  f a l l s  o f f  and neurons a t  these  l o c a t i o n s  are 
s t i m u l a t e d  f u r t h e r  and  f u r t h e r  o u t  a l o n g  t h e i r  s t rength-dura t ion  curves.  
U l t i m a t e l y ,  t h e  s t r e n g t h  of t h e  c u r r e n t  f i e l d  f a l l s  below th re sho ld  ( f o r  t h e  
du ra t ion  of t h e  p u l s e )  and neurons a t  l o c a t i o n s  more d i s t a n t  than t h i s  p o i n t  
a r e  n o t  s t i m u l a t e d .  M a n i p u l a t i o n s  o f  p u l s e  i n t e n s i t y  and  d u r a t i o n  h a v e  
l a rge  e f f e c t s  ( e v e n  f o r  c o n s t a n t  c h a r g e )  on t h e  e x t e n t  of  t h e  e x c i t a t i o n  
f i e l d  and  on t h e  s y n c h r o n i c i t y  of  d i s c h a r g e  a c r o s s  t h i s  f i e l d .  These  
e f f e c t s  are h i g h l y  c o r r e l a t e d  with psychophysical measures of loudness and 
t h r e s h o l d .  F i n a l  l y ,  t h e  p a t t e r n s  o f  n e u r a l  r e s p o n s e s  p r e d i c t e d  w i t h  t h e  
f i n i t e - d i f f e r e n c e  model of t h e  UCSF a r r a y  are i n  gene ra l  more complex than  
t h e  p a t t e r n s  j u s t  d e s c r i b e d  f o r  t h e  e x p o n e n t i a l - f a l l o f f  model. In  
p a r t i c u l a r ,  large d i s c o n t i n u i t i e s  i n  t h e  l a t e n c y  f i e l d s  are predic ted  f o r  
balanced b iphas i c  p u l s e s  d e l i v e r e d  t o  t h e  o f f s e t  r a d i a l  p a i r s  of t h e  UCSF 
a r r a y .  P o s s i b l e  p e r c e p t u a l  c o r r e l a t e s  of t hese  d i s c o n t i n u i t i e s  and o t h e r  
f e a t u r e s  o f  t h e  l a t e n c y  f i e l d s  w i l l  b e  l i s t e d ;  and  t h e  l a t e n c y  f i e l d s  
p red ic t ed  f o r  e l e c t r i c a l l y - e v o k e d  hear ing  w i l l  be compared with t h e  l a t ency  
f i e l d s  found i n  normal hearing. In  our  concluding remarks, w e  w i l l  mention 
some ways i n  which t h e  l a t e n c y  f i e l d s  produced  i n  e l e c t r i c a l l y - e v o k e d  
hea r ing  might be made t o  approximate t h e  l a t ency  f i e l d s  of normal hearing. 
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DESIGN 
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83 

Descri pt ion 

gummary of  Speech-Testing Results 

LPC resid coding, 1 pulse/lO ms, 
into pair 1-2 

4 channel compressed analog 
outputs, delivered to the apical 
4 pairs. Compression ratio = 
2:l. RTI tuning procedure. 

same as above, but using the UCSF 
tuning procedures 

same as above, but stimuli were 
delivered to pairs 1-2, 5-6, 11-12, 
and 15-16 

just using the Ch 1 output, delivered 
t o  the inputs of the apical 4 pairs 

4 channel compressed analog outputs, 
as in DESIGN 150, but with a 
compression ratio of 3:l. Stimuli 
delivered to pairs 1-2, 6-6, 11-12 
and 15-16. UCSF tuning procedure. 

same as above, except that the apical 
4 channels are used 

interleaved pulses processor. 6 
channels of mapped stimulation, 
2 channels at a time. 

Hybrid processor in which a 
compressed analog signal is delivered 
to pair 1-2 and interleaved pulses 
are delivered to the remaining pairs 

VOWELS* 
w.  l i p s  W.O. lips 

23/25 
(later 
test date) 

23/25, 
21/25 

19/19 

24/25 

20/25 

22/25 

20/25 

22/25 

7/25, 
7/25 
(later 
test date) 

4/25, 
6/20 

9/20 

7/25 

9/25 
(4/5 for 
"BOUGHT" ) 

8/25 

2/25 

11/25, 
20/25 

12/25, 
11/25 

CONSONANTS** 
w. lips W . O .  lips 

8/24 4/24 
(later 3/24 
test date ) 

13/24 6/24 , 
5/24 

9/24 4/24 

13/24 7/24 

14/24 5/24 

13/24, 3/24 
12/24 

17/24 8/24 



: 1 - 

Summary of Speech Testing Results 

DESIGN Description 
VOWELS* CONSONANTS * * 

w. lips W.O. lips w. lips W.O. lips 

83 same as above, except that the 24/25 19/25 16/24 5/24 
baseband channel was switched off (25/25) (13/25) ( 13/24) (5/24 ) 

later test date, see next page 

83 using just the baseband channel 20/25 11/25 
(i.e., all interleaved-pulses 
channels were switched off) 

N/A lipreading alone 23/25 

84 Hybrid processor identical to 
DESIGN 83, but with the baseband 
extended from 50 to 4000 Hz 

85 Plomp processor with compressed 
analog outputs delivered to pairs 
1-2 and 5-6. 

86 Plomp processor with interleaved- 
pulses outputs delivered to pairs 
1-2 and 5-6. 

87 Plomp processor with interleaved- 
pulses outputs delivered to pairs 
1-2 and 5-6, and with RMS smoothers 
set to 10% of lower cutoffs of the 
bandpass filters. .2ms/ph 0 pulses, 
1.5 ms interleaving 

87.1 same as above, but with time between 
pulses set at .2 ms 

24/25 16/25 

24/25 5/25 

20/25 7/25 

22/25 10/25 

14/24 

16/24 5/24 

13/24 3/24 

18/24 10/24 

18/24 9/24 
(all errors 
in cells 
adjacent to 
the diagonal) 

22/25, 14/25 
23/25 6/25 14/24 6/24 
(later (later (later (later 
date) date) date) date) 
scores generally lower on this test day 



Summary of Speech-Testing Results 

Description 

88 Hybrid processor, identical to 
DESIGN 84, but with no "speech 
filter" before the input to the 
baseband filter 

88 same as above, but with the baseband 
channel switched off (generally 
superior to the above on vowels: no 
degradation in the consonants) 

This is  the same condition as 
DESIGN 83, at the top of the 
previous page. 

f 

95 without the baseband: interleave 
time = .2 ms (variant of DESIGN 88, 
with . 2  m s O  pulses, separated by 
.2  ms; 6 channels) 

95 with .baseband (performance & )  

96 Plomp, with 1.5 ms interleaving 

37 Plomp, with .2 ms interleaving 

87 same as above, but with stimuli 
delivered to pairs 1-2, 15-16 

501 4 channel interleaved pulses, to 
apical 4 pairs (note first 
appearance of pain percepts) 

d 503 monophasic! pulses to staggered 
channels (1-2, 5-6, 11-12, 15-16) 

VOWELS* CONSONANTS * * 
w. lips W.O. lips w. l i p s  W.O. lips 

22/25 11/25 13/24 5/24 

25/25 13/25 13/24 5/24 

scores generally lower on this test day 

25/25 16/25 15/24 5/24 
21/25 18/24 9/24 
(retest) (retest) 

25/25 17/25 14/24 4/24 

tokens flawed 

23/25 9/25 12/24 9/24 
12/25 
(retest) 

22/25 13/25 

20/25 8/25 

14/24 

12/24 

14/24 6/24 



DESIGN 

96 

505 

N/A 

87 

88 

88 

88 

100 

101 

*1 

Summarv of Speech-TestinE Results 

Description 
VOWELS* 

w. lips W . O .  l i p s  

Plomp, with 1.5 ms spacing between 24/25 11/25 
pulses 11/25 

(retest) 

Interleaved pulses processor, 2 20/25 9/25 
channels on at a time, 4 channels in 
all. Electrodes: 1-2, 5-6, 7-8, 15-16. 

lipreading alone 

Plomp with dense pulses (retest?) 25/25 11/25 

6 channel interleaved pulses, 2 17/25 2/25 
channels on at a time, .5 ms/ph& 
biphasic pulses, spaced .7 ms apart, 
(channels adjusted to avoid pain), 
baseband on full bore (not the usual 
condition!) 

same as above, but with baseband 23/25 
switched off and with Ch 2 switched 
off  

same as above, but with Ch 2 inputs 24/25 
directed to Ch 1 

standard "monophasic " 6-channe 1 24/25 22/25 
interleaved pulses processor, .2 ms 
pulses, 1.5 ms between, 2 pulses at 
a time. "Monophasic" pulses are 
balanced in software. Ch 2 is not 
stimulated. 

same as above, except that all 6 25/25 18/25 
channels can have an output on each 
update cycle 

CONSONANTS** 
w. lips W . O .  I i u s  

13/24 5/24 
14/24 
(retest) 

13/24 7/24 
8/24 
(retest) 

11/24 

14/24 5/24 

14/24 9/24 

17/24 7/24 



Summary of Speech-Testinv Results 

DESIGN 

105 

- 

111 

102 

114 

112 

113 

113.1 

116 

Description 
VOWELS * CONSONANTS** 

w. lips W.O. lips W. 1iPS W . O .  liDS 

same as DESIGN 100, but with .5 ms @ 25/25 20/25 13/24 6/24 
"mono" pulses, spaced 1.2 ms apart 

same as DESIGN 101, except that the 25/25 17/25 13/24 7/24 
break frequency of the speech filter 14/25 
is moved from 1200 Hz to 300 Hz (retest ) 

Plomp processor, simultaneous pulses, 23/25 12/25 
delivered to "noninteractive" pairs 20/25 13/25 14/24 12/24 
1-2 and 5-6 (next day) (next day) 

4-channel strategy, all outputs on, 18/25 8/25 13/24 8/24 
with presentation order of 1,3,2,4. 
Channels: 1-2, 5-6, 7-8, 15-16. 
.2 ms @ pulses, separated by .8 ms. 
Pulses are charge balanced in software. 

same as DESIGN 101, except that the 
pulses are high-pass filtered at 
100 Hz 

same as DESIGN 112, except that .3 
msec pulses are used, spaced .2 ms 
apart 

same as above, but with a "noise- 
biasing" signal applied to elecs 
9/Ref. Noise signal: 200-6 kHz, 
presented at threshold level. 

same as DESIGN 112, except that the 
pulses are . 5  msec in duration, 
spaced .1 ms apart 

24/25 15/25 13/24 8/14 
18/25 (test died) 
(retest) 

24/25 23/25 20/24 14/24 
25/25 20/25 19/24 13/24 
(retest (----- I (----- I (----- 1 
on another 
date) 

23/25 18/25 18/24 10/24 

23/25 19/25 20/24 10/24 



Summarv of Speech-TestinF Results 

VOWELS* CONSONANTS ** 
DESIGN 

117 

- 

122 

122.1 

700 

119 

119 

7 00 

702 

701 

Description 

same as DESIGN 116, except that the 
inverse-filter cutoff is increased 
to 200 Hz 

same as DESIGN 113, except that 
sof tware-compensated "monophasic" 
pulses are used instead of "inverse- 
filtered" pulses (master gain = 700) 

same as above, except that master 
gain = 650 

interleaved pulses + pitch-pulse 
baseband, Channel gains adjusted to 
avoid pain (generally disappointing) 

same as DESIGN 113, except that 
ITHRESH = 4 (much better) 

tests on 5/28, 5/30 

Ch 2 off. 
Ch 2 off, Ch 1 at 500. 

same as DESIGN 119, except that 
round-robin updates are from base to 
apex (i.e.t 6-5-4-3-2-1) rather than 
from apex to base (i,e,, 1,2,4,6,3,5) 
("very natural, best processor yet") 

same as DESIGN 119, except that 
linear mapping laws are used for the 
channel outputs instead of the 
"standard" logarithmic mapping laws 

W. 1iQS 

25/25 

25/25 

25/25 

20/25 

25/25 

24/25 
25/25 
25/25 
(repeat) 

20/25 

23/25 
25/25 

W.O. lios w. liDS W . O .  lios 

17/25 17/24 12/24 

20/25 

17/25 

8/25 

16/24 14/24 

18/24 11/24 

21/25 

20/25 
18/25 15/24 12/24 
19/25 20/24 

10/25 ' 

16/24 8/24 

24/25 21/24 12/24 
10/24 
(1 presen- 
tat ion ) 

8/24 could not map 16/24 



Summarv of  Speech-Testinc Results 

DESIGN 

800 

- 

801 

802 

805 

806 

807 

803 

Dcsc r i pt ion 

6-channel round-robin processor like 
DESIGN 702. except that the round- 
robin sequences are timed to begin 
at pitch periods for voiced-speech 
sounds. Max-rate outputs are used 
during unvoiced intervals as in 
DESIGN 702. 

same as DESIGN 800. except that the 
interval between sequential pulses 
is increased from .2 ms to .4 ms 

same as DESIGN 800. except that the 
cutoff frequencies of all RMS- 
smoothing filters are set at 25 Hz 

same as DESIGN 800, except that 
jittered-rate outputs are used 
during unvoiced intervals 

same as DESIGN 805, except that a 
4-channel output is used. Channels 
are 1-2, 5-6, 7-8, 13-14. 

same as DESIGN 806, except that the 
channel assignments are changed to 
1-2. 7-8. 11-12, 15-16 

same as DESIGN 800, except that  a 
4-channel output is used. Channels 
are 1-2. 5-6, 7-8, 13-14. 

VOWELS * CONSONANTS** 
w .  lips W . O .  lips w. lips, W . O .  l i p s  

24/25 18/25 20/24 12/24 
24/25 20/25 20/24 12/24 
(repeat ) 

22/25 17/25 

24/25 22/25 

24/25 16/25 
21/25 

22/25 18/25 

18/24 8/24 

19/24 11/24 

22/24 12/24 
19/24 

19/24 11/24 

17/24 10/24 

17/24 14/24 



1 

DESIGN 

Summary of Speech-Test ing  R e s u l t s  

Descr ip t ion  

a04 same as DESIGN 803, except  t h a t  t h e  
channel assignments are changed t o  
1-2. 7-8. 11-12, 15-16 

* 
** Chance is 5/25 

Chance i s  3/24 

VOWELS* 
p. l i p s ,  W . O .  l i p s  

CONSONANTS ** 
w .  l i p s  W . O .  l i p s  

18/24 10/24 
9 /24  

(repeat ) 

Y 
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