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INTRODUCTION 

The development of cochlear pro.th••e. which 
provide hearing .en.ation. to tho.e 
previou.ly totally deaf by mean. of 
electro-neural .timulation has brought new 
hope for normal cOmMunication to a portion of 
the deaf colllllunity that had pr.vioualy b••n 
beyond h.lp by cx:mventional hearing aida. A 
cochl.ar pro.th••i. provid.. h.aring .en
.ation. by .xciting nerve fibr.. in the 
auditory nerve using .mall .lectrical 
curr.nt. pa•••d through on. or more .lec
trode. plac.d in or around the cochlea. Onc. 
this artificial link in the auditory inform
ation pathway has b••n ••tabliah.d th.r. 
.till remain con.id.rabl. chall.ng.. in the 
s.lection of appropriate coding of inform
ation to be tran.mitt.d along it. In this 
paper w. con.ider the d ••ign of .ignal 
proc•••ing n.c•••ary for an .ff.ctiv. .p••ch 
perc.ption ,'pro.th••i. via the electrical 
.timulation of the auditory nerv•• 

Th. majority of people who r.c.iv. .ignific
ant ben. fit from cochlear pro.th•••• have 
dev.lop.d language .kill. wh.n th.y had 
normal or -near-normal hearin9' Such p.opl. 
have d.v.loped naturally a pathway for 
auditory information in th.ir brain. with 
appropriate int.rfac.. to the cognitiv. 
upect. of language proc•••ing. Thi. 
auditory_facility has been r.nder.d ua.l••• 
becau.. the normal mechano-neural int.rfac. 
in the cochl.a has be.n d ••troyed by .ome 
trauma. di••a... or unknown caua.. Wh.n a 
cochl.ar pro.th••i. i. implant.d to r.-link 
the auditory information pathway to the 
external world of acoustic. th.r. .xi.t. an 
artificial informational bottlen.ck b.tw••n 
the acou.tic .ignal. of .p••ch and the 
internal proce.... of .p.ech und.r.tanding. 
Thi. bottleneck i. cr.ated by the low 
bandwidth of the alternative phy.ical pathway 
from the .xternal world. and by the .kill. 
requir.d of the individual in proc•••ing the 
incoming information. Thi. informational 
.ituation appli.. for all forma of .p••ch 
perception pro.th••••• 

In this paper we will examine the forma of 
information tran.formation that mu.t take 
place in cochlear pro.th..... update an 
earlier r.view of th.ir d.v.lopment 
worldwid•• outline continuing probl.m ar.a•• 
and r.port on r.cent d.v.lopment. in this 
fi.ld in Au.tralia. 

INFORMATION FLOW IN COCHLEAR PROSTHESES 

Conceptual map. of sp••ch perception have 
be.n produced by many authors. Such map. 
typically incorporate a numb.r of information 
transform. from on. r.pr••entation to 
another. Analytic Mbottom-up - tran.forms 
from an informationally rich domain to a more 
re.trict.d or ab.tract domain. and predictive 
Mtop-down- transforms from an abstract domain 
to one closer to the phy.ical .ignal domain 

are oft.n mix.d tog.ther in various 
configuration.. Figur. 1 pr•••nts a set of 
bottom-up tran.form. which modify the .pe.ch 
information flow for a cochlear implantee. 
Top-down compon.nta are omitted from this 
figure although they will .xi.t both within 
and b.tw••n .om. of the tran.forms. 

The fir.t tran.formation. which is unique to 
the .p.ech p.rc.ption pro.th.si. user. is 
that of .lectro-acouatic tran.duction via a 
microphon. and .ub••qu.nt signal proces.ing. 
The .ali.nt f.atur.. of this tran.formation 
are ' it. input and output int.rfaces. At the 
input th.r. i. a r.quirement to det.ct the 
de.ir.d .ignal and r.j.ct unwant.d .ignals. 
Thi. i. typically achieved by a combination 
of u ••r and hardware m.thods. Location of 
the d ••ir.d .ignal may be achieved by 
pointing a dir.ctional microphone at the 
sourc. or away from competing signals. 
Automatic gain control hardware can be 
adju.t.d to limit the coll.ction of .ignals 
to a u••ful rang.. At the output the .ignal 
muat be pr•••nt.d in a form that i. matched 
to the input of .ub••qu.nt tran.formation•• 
Thi. may be by r ••tricting information flow 
to that which i. known to b. acc.ptabl. to 
th••• furth.r .tag... or by pa••ing a larg.r 
amount of information from which it i. hoped 
that the us.r will b. able to .xtract u••ful 
cu.. by d.v.loping perc.ptual .kills. 
po8t-operativ. .vid.nc. .e.m. to indicate 
IEIU1Y individual variation. in this area. 

The tran.formation of information by the 
.l.ctro-neural int.rface may be d••cribed in 
the p.ychophy.ical domain. of loudne••• 
pitch. and .harpn.... Diff.r.nc. limen. and 
ranking and .caling of p.rc.pt. in th••e 
psychophy.ical domain. can indicate the per
formanc. of the int.rfac. when pre.ent.d with 
.timuli which vary in the inten.ity. .patial. 
temporal. and fr.quency phy.ical domain.. A 
critical factor d.t.rmining this performance 
is the di.tanc. b.tw.en .timulating .lec
trod•• and .urviving .xcitable nerve fibre•• 

As .p••ch i. it••lf a compl.x .ignal. and the 
.lectro-neural int.rfac. may al.o be compl.x. 
psychophy.ical de.cription. n.ed to b. 
examined b.yond .impl. variation along one 
dimen.ion if th.y are to guide the d ••ign of 
COdin9 strat.gi.. for .p••ch via a .ophi.ti
cat.d proc•••or. Th. psychophy.ic. of .tatic 
and dynamic .timulation on one dimen.ion n.ed 
to be inv••tigat.d inth. pr•••nc. of both 
.tatic and dynamic stimuli on oth.r 
dimen.ion.. The psychophy.ical int.raction 
of .timulu. components can indicat. how 
parall.l acou.tic feature.. important for 
phon. tic di.tinctions. can b. optimally 
cod.d. The integration of th... parallel 
chann.l. of information may th.n b••valuated 
using t ••t. of phon.tic discrimination. 

The final l.v.l of information transformation 
illu.trat.d in Figur. 1 is that of lingui.tic 
ability to us. knowl.dge .ourc.. compri.ing 
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semantic. syntactic. and lexical information 
to further decode the rapid flow of partially 
decoded phonet~c information. 

This broad view of information processing in 
a speech perception prosthesis becomes 
important when we consider what are the best 
forms of speech processing to perform. There 
seems to be no reason to assume that even 
normally-hearing individuals use" similar 
strategies and place similar weights on the 
various facets of their speech understanding 
system. Likewise. it seems probable that 
individuals with different histories and 
etiologies of deafness will have developed 
understanding strategies that are signific
antly different. The form of speech 
processing and the psychophysical 
characteristics of the stimulation modality 
indicate the range of perceptual cues that 
are available to the perceiver. The use that 
is made of these cues will depend on the 
cognitive skill and aptitude of the 
perceiver. For instance. one subject may 
have considerable ability to integrate 
syntactic and semantic constraints within his 
understanding system if he receives 
sufficiently precise prosodic information. 
while another subject may perform optimally 
when receiving a wide range of spectral and 
temporal cues even if none of them are 
particularly well resolved. 

REVIEWING COCHLEAR PROSTHESIS DESIGNS 

Earlier Review. Our earlier review of speech 
processing. for cochlear prostheses (8) 
included a survey of eight well established 
research centres in Europe. the U.S.A.• and 
Australia. That survey comprised the 
identification of the electro-neural 
interface design and the speech processing 
design of the prostheses. together with 
various levels of psychophysical. phonetic. 
and linguistic evaluation. Coverage of these 
issues was by no means uniform being 
dependent on published results. 

The devices surveyed from research centres in 
London. Vienna. Paris. Los Angeles. San 
Francisco. Salt Lake City. Stanford. and 
Melbourne included single electrode systems 
which transmitted just one signal to all the 
excited neurones. and multiple electrode 
systems which stimulated up to 21 different 
locations in the cochlea or up to 4 locations 
in the auditory nerve leaving the cochlea. 

The speech processors were also very varied. 
Single channel systems transmitted a single 
acoustic feature in the form of a voice 
excitation signal. or a multiplicity of 
features in a modified microphone signal to 
one electrode or to several electrodes in 
parallel. Multiple channel systems used 
either multiple acoustic features in 
parallel. bandpass filtered microphone 
signals. or the low-bandwidth control signals 
of a formant or channel vocoder. 

Review Update. Two further research centres 
are described briefly here. Both of these 
qroups are working with German language 
material. 

The group in Zurich who started work in 1974 
have developed a transcutaneous inductively 
coupled single electrode implant situated at 
the round window after some uncertain results 
from experimentation with two bipolar elec
trodes in the auditory nerve bundle. They 

single channel speech processors us~ng 

pulsatile stimUlation. Comparisons between 
the performance of one postlingually and two 
prelingually deaf patients using up to 8 
speech processing variants on closed-set word 
and phonetic tests have been reported (4). 
No open-set discrimination by hearing alone 
has yet been claimed (12). 

The group in Cologne-Duren implanted 104 
patients between 1978 and 1984 using a novel 
multi-electrode array on the external coch
lear wall in the tympanic cavity. Since the 
beginning of 1985 patients have been im
planted with 16 electrodes in a monopolar 
configuration whereas previously only 8 elec
trodes had been used. Clear tonal 
impressions have usually not been found. but 
a tonotopic organisation of pitch for the 
same stimulus on different electrodes has 
been reported (7). In speech processing mode 
electrodes are stimulated one at a time with 
a constant amplitude pulsatile waveform 
derived from a bank of 16 third-octave 
filters by a microprocessor based algorithm 
that is adjusted for each patient. Some 11\ 
of patients show some signs of developing 
open-set speech communication but results of 
formal tests have not been reported (1). 

Outstanding Problems. The earlier review (8) 
indicated that some very good results were 
obtained by individuals using very different 
devices and speech processing strateg IS 

whereas other individuals with the s me 
facilities performed at a much lower le\el. 
It was concluded that comparison of res.Jlts 
achieved using these diverse systems. often 
with only a few individuals. was not feasible 
in any consistent quantitative way for a 
number of reasonsl 

1.	 The form of speech signal processing was 
not always adequately deacribed. 

2.	 The degree of information passed via the 
visual channel. when used. was simply 
quantified as present or absent. 

3.	 The stimulus material was not always 
accurately described in well-defined 
terms. so that the degree of a priori 
constraint on the total of all possible 
utterances could be reliably estimated. 
This problem is exacerbated When material 
from different languages is involved. 

4.	 The lack of description of the speaker 
used: speech characteristics. the devia
tion of these characteristics from ~e 

main corpus of speakers familiar to the 
implantee. and the degree of familiarity 
of the particular speaker to the i~ 

plantee. 

5.	 The lack of information abOut the nature 
of acoustic environment and electro-acous· 
tic transducers which influence the signal 
pathway between speaker and implantee. 

6.	 The lack of knowledge about the status of 
the electro-neural interface within the 
cochlea. and the strategies of patient 
selection for implantation and for 
inclusion in reported results. 

7.	 Lack of quantification of the cognitive 
capacity of the implantee' to perform 
linguistic tasks in the presence of novel 
cue extraction tasks. 

have been experimenting with a novel range of 8. Lack of information about the degree 
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experience of the implantees in use of 
their device. and amount of training 
received in its use for various tasks and 
in various situations. 

Some clarification of description has been 
evident in the recent literature, but not all 
of these shortcomings are directly addressed 
by greater care in descriptiort. Factors 2. 
4, 6 and 7 are subject to real, problems of 
measurement and quantification. 

FURTHER DEVELOPMENTS 

A major example of progress in overcoming 
some of the assessment problems outlined 
above is the work at the University of Iowa 
where implantees having four different coch
lear prosthesis designs have been subjected 
to a common battery of tests (6). In the 
case of three of the designs the devices were 
also implanted within the same research 
programme and hence aspects of patient 
selection and pre- and post-operative 
training were also controlled. The four 
designs were: a single-channel device using 
a limited energy window of the speech signal 
(Los Angeles), a 4-channel device using 
bandpass fil~ered versions of the speech 
signal (University of Utah); a single-channel 
design using a spectrally shaped speech 
signal (Technical University of Vienna), and 
a 2l-channel device encoding voice excitation 
frequency~ second formant, and speech energy 
(University of Melbourne). Greater detail on 
all these systems is available in reference 
(8). In brief the study showed thatl 

1.	 The mUltiple channel systems outperformed 
the sin~e ohannel systems. 

2.	 The two mUltiple channel systems performed 
at a similar level for a wide range of 
tests on good quality signals. 

3.	 The fOur channel bandpass filtered design 
performed better than the 21 channel 
feature encoding design on noisy signals. 

These results suggest that more central 
neural processing can utilise different inf
ormation on different nerve fibres even 
though the structure of that information is, 
in part~ artificial. Each electrode in the 
4-channel system carries a complex pattern of 
temporal stimUlation comprising information 
relating to passband energy and local 
frequency components including formants and 
voice excitation harmonics. The perceptual 
task is complex and it is not clear which if 
any of these components will be transmitted 
faithfUlly. It seems likely that the task of 
gaining useful cues will involve considerable 
sifting of potential cues. In contrast the 
21 channel system is attempting to transmit 
only a few features, each within a clearly 
delineated psychophysical domain. If the cue 
is present then it will occur in a 
predictable way with minimal interference 
from other aspects of the stimulus. If it 
does not so appear then the percei ver will 
not have the back-up of several secondary 
cues which have been previously experienced 
as correlates. 

Questions can be asked about the optimisation 
of devices and training procedures for 
patients in such a programme. If a single 
approach is taken in order to standardise 
procedures then individual device 
optimisation which may be regarded as part of 
the design strategy may be overlooked. or 
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given specific attention which amounts to 
additional training. It became apparent in 
presentations and discussion at the 
International Cochlear Implant Symposium in 
Melbourne (August, 1985) that at least one 
device. implanted and evaluated away from the 
group that developed it. performed at a lower 
level. The single channel extra-cochlear 
device from the Vienna group was implanted 
and evaluated in London (11), in Stockholm 
(9), in Rochester (10); and in the abOve 
comparative study at the University of Iowa 
(6), using English or SWedish material rather 
than German. It is clear that the setting up 
of frequency equalisation circuits in this 
speech processor is a key element in -its 
successful operation. as in some cases the 
inventors of the device were called in to 
perform this. Lower performance may have 
been due to non-optimal settings for the 
non-German material or the use of 
standardised English test material. 

It is also apparent that users of the 
4-channel bandpass system that fared so well 
in noise conditions had experience 
(training?) in manually coping with noise. as 
their system has no automatic gain control or 
compression which are standard on other 
systems. However. these queries about common 
testing procedures away from the home-base of 
these devices do not detract from the major 
forward step of removing several of the 
problems outlined in the previous section. 

RECENT DEVELOPMENTS IN AUSTRALIA 

Recent developments in the Melbourne group 
have b_n concerned with' giving further 
speech feature information to the implantee 
and assessing the value of that additional 
information. Our original speech processing 
strategy waa to present information relating 
to voice excitation frequency (F0) as a pulse 
rateJ a spectral component strongly correlat
ed with the second formant (F2) as the site 
of stimulation. and the signal energy measur
ed in the region of the second formant range 
(Al) as the current level of the pulaes. 

Signal Analysis Studies. A flexible speech 
processor using essentially the same 
philosophy but incorporating first formant 
frequency (Fl) and amplitude (AI) information 
is outlined in figure 2. This design 
provides for up to six speech related 
parameters to drive the three dimensions of 
electrical stimulation: site, current level. 
and temporal pattern of stimulation. An 
analysis of the performance of this front-end 
processor has been carried out for the 
analysis of carefully collected vowel anc 
consonant information (levels D and E of 
figure 1.). The results indicate that the 
speech processor outputs allow analytic 
discrimination. using visual inspection of 
the time courses of the five parameters, of 
most vowels and consonants. from a single 
experienced speaker in a quiet environment. 
Vowel discrimination is indicated by good 
estimation of Fl over the whole range. and of 
F2 over the range above 1~~0Hz, and duration 
cues. Consonant discrimination is indicated 
by parametric features involving all 
parameters and their interrelationships. 
However the richness of cues present in the 
original signal is reduced leaving only 
minimal redundancy. It is therefore not 
surprising that nearly all discriminative 
information is lost when an SiN ratio of 0 dB 
is	 applied. and that low amplitude consonant 
information is affected at an SiN ratio of 20 
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dB. This work will appear in (3). 

For the normal speech signal redundant inf
ormation can be used to confirm or deny noisy 
cues. In an informational bottleneck 
situation. the tendency is to force as much 
non-redundant information through as is 
possible in order to achieve a maximum range 
of discriminations with good qualfty signals. 
If discriminations are to be maintained in 
noise then some redundancy is necessary. 

Perceptual Studies. Perceptual studies of 
vowel and consonant confusions have been 
routinely performed on all cochlear implant 
patients as part of their post-operative 
clinical programme. An analysis has recently
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been carried out of the results of such 
studies for 28 patients. These represent all'" the post-lingually deaf patients with normal;, 

vision who have completed the post-operative 
programme. The individual characteristics of 

" each patient were represented by five 
~ numerical parameters I age at implant. period 
j"	 of profound deafness at time of implantation. 

mean period of implantation at time of tests. 
number of electrodes in use. and number of 
current levels in use. These parameters 
quantify factors which may be correlated with 
cognitive skills, deterioration of natural 
auditory-cognitive interfaces. experience 
with electrical stimulation, and oto-neural 
factors causing partial insertion of the 
electrOdes or restrictions on use of stimuli 
as indicated by psychophysical studies. 

~.	 Processing Strategies. Among the 28 
~ 
'l'	 patients~ four different stimulation 
",<C	 strategies were in use. Each strategy is!'..,.. labelled according to the sp••ch parameters 

that were mapped onto the three electrical-i stimulation domains (temporal pattern/elect trode site/current lev.l). Our original 
~. strategy is therefor. labell.d Fe/F2/A2. 
- Additional information at level 0 (figur. 1) 
~ has be.n introduced in the form of first 
~ formant frequency (Fl) and amplitude (AI).. 

information. Al information has be.n added 
in the form Ae - Max(Al,A2) to give better 
overall amplitude env.lope information in 
strategy Fe/F2/Ae. Fl information has been 
added in boro ways. In the time domain Fl 
pulses have replaced the Fe pulses as the 

":: time pattern in strategy Fl/F2/A2. In the 
electrode site domain Fl information has been ... allocated approximately one third of the ... domain such that Fl and F2 are pr.sented-; quasi-simUltaneously and at current levels;; derived from their original amplitudes in'. strategy Fe/Fl,F2/Al.Ae. 

Stimuli. A set of 11 vowels in [hVd] context 
.:-
;,.0

and 12 consonants in [aCa] context were 
presented in randomised groups comprising 
four of each vowel or four of each consonant. 

~- The stimuli were presented by both male and 
female aUdiologists using live voice at 
normal conversational level in a small room~ 

J.~ with a background noise lev.l of 40-4SdBA.
-i..... Within each session the material was 

presented in three conditionSI hearing alone 
'i.. (H); lipreading alone (L)~ and hearing plus 
~ ... lipreading (HL). Confusion matrices were~
 

~::; constructed using the four most recent tests.
 

.f Auditory vs Visual. Correlations between the
f. overall vowel and consonant scores for both L 

and H conditions indicate that patients who 
lipread vowels also lipread consonants

-:~. 
well 

well; and those who hear vowels well alsoii-

I 
hear consonants well. but that hearing and 
lipreading are not significantly correlated 

-


for vowels or for consonants. Therefore lip
reading proficiency cannot be taken as 
predictive of performance in the artificial 
hearing modality. 

Information Transfer Analysis. Information 
transfer analys~s for vowels (based on Fl. 
F2~ and duration) indicated that all 
strategies convey at least Sa\ of amplitude 
and F2 information to most patients. and for 
BOme this figure exceeds 75\. Because of the 
redundant nature of the amplitude. Fl. and F2 
cues in vowels. some 33\ of Fl information 
can be inferred from amplitude and F2. No 
additional Fl information was transmitted to 
the One user of the Fl/F2/A2 strategy. but 
the seven users of Fe/Fl.F2/Al.Ae received an 
average of 51\ of Fl information. The use of 
the stimulation site dimension to encode both 
Fl and F2 information did not impair but 
rather increased the receipt of F2 inform
ation. This increase was not in fact signif
icant but Fl information and overall informa
tion were significantly increased. The maint
enance of F2 information transfer may in part 
be due to the redundancy between Fl and F2. 

The HL scores for consonants were signific
antly higher than the L scores for all 
features (Voicing. nasality. affrication. 
duration. place. amplitude envelope. high F2. 
and visual). Further the Fe/Fl.F2/Al.~ 
strategy enabled a higher average score for 
every feature in the HL condition than 
strategies without explicit Fl information. 

Multiple Regression Model. Th. individual 
patIent characteristics and information 
transfer results were represented by the five 
parameters of individual characteristics, the 
pr.sence of Fl in the processing strategy. 
and information transmitted by 3 OOIlIponenu 
of vowel quality and 8 companenta of conson
ant quality. The significance lev.ls of the 
factors in a multiple repr.ssion mod.1 of 
th.s. variables are sUlllllarised in table 1. 
The regression analysis was highly signific
ant for most ind.pendent variables (b). 
Apart from five non-significant cases. the 
regression coefficienta were always negative 
for age at implantation (c) and period of 
profound deafness (d)J and positive for 
period since implantation (e)." number of 
electrodes in use (f).' number of current 
levels in use (g).' and the presence of Fl 
information in the speech processing strategy 
(h) • 

The ~l showed th4t discrimination of 
vowels and consonants in the H condition 
depended on the age and number of years of 
profound deafness. The regression coeff
icients ....er. of the order of -a. 3\ per year 
for both independent variables. Countering 
these negative coefficients were significant 
learning effects (column e). These effects. 
measured in the first six months after iID
plantation. were of the order of 2\ per 
IIOnth. They must level out eventually but 
th.re is not sufficient data to estimate the 
likely asymtote. 

This model confirmed that the number of elec
trodes in use was an important factor in 
determining the FI and F2 information for 
vowels. and that the explicit p~esence of Fl 
information in the strategy was highly sig
nificant for receipt of Fl information. ~e 
number of electrodes in use was also a sig
nificant factor in the transmission of 
duration. high F2 and affrication cues for 
consonants. This work will appear in (2). 

....
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Speech Understanding. The cognitive 
integration of phonetic discrimination into 
the speech understanding process has been 
evaluated using open-set word testing. 
open-set sentence testing. and connected 
discourse tracKing with and without lip
reading (5). Two patients with above average 
performance were tested under balanced test 
conditions comparing the F0/F~/A0 and the 
Fa/Fl.F2/Al.Aa strategies for' all these per

The improvement in performance of patients 
using this updated speech processor has out
dated the previous comparisons with perform
ance from other research centres. This indi
cates the importance of continued comparative 
testing in a COIllUOO environment with COII'lIlOl1 

procedures if the optimum design for a coch
lear prosthesis is to be determined. 
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Figure 1	 A bottom-up perspective on the 
tranaforlDAtion of information 
in a cochlear prosthesis-
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:.	 Figure 2 Block Diagram of Speech processor used by the Melbourne group
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