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ABSTRACT 

The performance of eight subjects was assessed on a closed-set tactual test battery to evaluate elliciency of 
the speech feature encoding strategy currently used in the University of Melbourne multichannel electrotactile 
speech processor. The test battery included twelve subtests of suprasegmental and segmental speech feature 
contrasts. Results showed that all subjects scored significantly above chance on suprasegmentalfeatures such 
as syllable number, stess and vowel length. In addition, seven of the eight subjects scored significantly above 
chance for vowel formant frequency discrimination. Scores for manner of articulation contrasts were more variable, 
with better performance for the higher frequency, longer duration fricatives ana affricates. Scores for voicing 
contrasts suggested that improvements to the tactual coding of this feature could be achieved. The second 
study examined the contribution of the tactual input to consonant feature identification for subjects using the 
electrotactile aid in combination with either a low-pass filtered auditory input or different levels of aided residual 
hearing and lipreading. Results for four normally-hearing subjects showed increased voicing and manner 
identification scores with the addition of tactual input. Similar results were found for two hearing-impaired sub
Jects, one using the tactual input in combination with lipreading and one using the tactual input in combination 
with aided residual hearing. 

INTRODUCTION More recently, the combination of visual and 
tactual input has been shown to be effective in 

Efforts to utilize the tactile modality as an the coding of both suprasegmental and 
alternative avenue to convey speech informa segmental features of speech. The combined 
tion for the hearing-impaired date from the early tactual and visual input has also been demon
work of Gault (1926) with simple vibrotactile strated to improve performance on both closed
devices. Traditionally, the aim has been to utilize set and to a lesser extent on open-set word and 
the tactile modality as a sensory substitute for sentence discrimination (Plant, 1986; Brooks et 
a damaged auditory system. Studies have aI., 1986b; Cholewiak and Sherrick, 1986; 
demonstrated that prosodic features such as Weisenberger and Miller, 1987. Cowan et aI., 
syllable length, stress pattern and vowel length, 1988). Successful use of the tactual modality to 
as well as segmental features such as con supplement information available through aided 
sonant voicing and manner of articulation may residual hearing, or the combination of aided 
be transmitted through the tactual modality hearing and lipreading has been reported for 
(Sparks et aI., 1979; Plant, 1983; Saunders and multichannel tactile devices (Eilers et aI., 1988; 
Franklin, 1985; Boothroyd and Hnath, 1986; Kozma-Spytek and Weisenberger, 1987; Lynch 
Brooks et a\., 1986a: Carney, 1988; Blarney et et aI., 1988; Cowan et aI., 1989). 
aI., 1988). Recognition of whole words present A wide variety of strategies have been 
ed tactually through a multichannel vibrotactile utilized to encode speech information as tactile 
device has also been demonstrated for one patterns and it is reasonable to assume that the 
extensively trained subject (Brooks, 1987). degree of improvement in speech discrimina
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tion found with a particular device is directly 
related to both the type of information encoded 
and the efficiency of the encoding strategy. 
However, it has proven difficult to adequately 
assess performance of tactile devices and their 
respective encoding strategies without substan
tial periods of training prior to evaluations. 
Recently, Plant (1989) has developed a tactile 
test battery which allows assessment of speech 
feature information available from a tactile dis
play used by untrained subjects. Although it 
might be argued that tactual perception tests 
underestimate the possible improvement in 
speech discrimination provided by a tactile 
device, since the contribution of combined 
modality cues (i.e. tactual plus auditory or visual) 
is not assessed, this test battery does allow 
examination of the efficiency of the encoding 
strategy employed in transmitting speech 
feature information to the user. 

This report describes two related studies 
conducted to evaluate speech feature encoding 
by the wearable multichannel electrotactile 
speech processor (Tickle Talker) developed by 
Blamey and Clark (1985). The first study 
examined tactual performance on diSCrimination 
of speech feature contrasts to evaluate the 
effectiveness of the current speech encoding 
scheme using the tactual test battery developed 
by Plant (1989). The second study assessed the 
contribution of tactual input to consonant feature 
discrimination when combined with audition and 
audition plus lipreading. The analysis of these 
results provided information about the trans
mission of feature cues and identified areas 
where improvements in speech processing 
might be achieved. 

STUDY 1 

Aim 
The aim of study 1 was to evaluate the 

effectiveness of the current Tickle Talker feature 
encoding strategy in providing tactual cues for 
discrimination of speech feature contrasts. 

Method 
The Electrotactile Stimulator (Tickle Talker). The 
third generation Tickle Talker used in this study 
consisted of: a lapel or ear-level microphone 
(Knowles model 1843 omnidirectional hearing
aid type) to receive speech sounds; a speech 
processor, similar to that used in the University 
of Melbourne/Cochlear Pty. Ltd. cochlear 
implant (Blamey et aI., 1987a), which extracted 
three parameters from the speech waveform; a 
stimulator unit which coded the extracted 
parameters into corresponding electrical stimuli; 

and an electrode handset through which the 
stimuli were presented to the user. A common 
rubber electrode was located at the wrist and 
each of eight stainless steel finger electrodes 
was located on one side of one of the four 
fingers of the non-dominant hand. The elect
rodes were positioned on the skin surface over
lying the digital nerve bundles. Stimulation of 
the digital nerve bundles, in distinction to nerve 
endings, was a novel feature of the wearable 
device first reported in Blamey and Clark (1985). 
This placement led to more pleasant sensations 
and larger dynamic ranges than for stimulation 
of nerve endings (Blamey and Clark, 1987). 

Stimulus parameters were organized so that 
the user perceived a pattern of stimulation mov
ing across the fingers which directly corres
ponded to the extracted features present in the 
speech signal. Electrode number was selected 
on the basis of the estimated second formant 
frequency (EF2) in the range of 800-4000Hz. 
Speech amplitude envelope, perceived as inten
sity of stimulation by the user, was electrically 
coded as pulse width. Stimuli were constant 
current biphasic pulses, separated by a fixed 
100us interval in which there was no current 
flow. Threshold and maximum comfortable 
pulse widths were indepentently set for each 
electrode by the user, over the range of 
10-1000us. An estimate of fundamental fre
quency (EFO), perceived as roughness of stimu
lation, was electrically coded as stimulus pulse 
rate. EFO was scaled so that an FO value of 
250Hz produced a pulse rate of 150pps, on the 
basis of psychophysical studies (Blamey & 
Clark, 1987) which found that pulse rate dis
crimination was poorer at higher pulse rates. 

Subjects. Eight subjects, 4 female and 4 male, 
participated in the testing. Subjects 1,2,3 and 
4 were normally-hearing members of the 
research team, who although familiar with the 
device, had not received formal training. Sub
jects 5,6 and 7 were normally-hearing tertiary 
students who were paid for their participation. 
Subjects 5 and 7 had received 70 hours train
ing in a previously reported study (Cowan et aI., 
1988). Subject 8 was a profoundly hearing
impaired adult. Subjects 5,6,7 and 8 participat
ed in organized training sessions of approx
imately 45 hours prior to this evaluation as 
detailed in study 2. 

Evaluation Materials. A closed-set test battery 
of twelve subtests, developed and recorded by 
Plant (1989) to evaluate coding of selected 
speech contrasts by tactile devices, was used 
for this study. Tests were prerecorded on audio 
cassettes by a male native speaker of Australian 
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TABLE I: Feature contrasts for the twelve subtests 

No. Feature Specific Contrasts 

syllable numberlstress monosyllables, spondees, trochees 
trisyllables beginning with Ibl 

2
3
4
5
6 

syllables beginning with Iml 
vowel length 1i,I1,1a,fII,I7),vl with final stop 
vowel length li,I1,1a,1\/,I~,vl with final nasal 
vowel formants (F1/F2) 1Ii,I\I,Ii,a/,II,2Je1 with variety of consonants 
vowel formants (F2) lael'/,Ii,YI with variety of consonants 

7 consonant voicing Ip,b/,ltj ,d?pf,v/,ls,zl 
8 consonant manner nasal vs voiced stops Im,b/,ln,dl 
9 fricatives vs stops Ip,fl,lt,sl,lv,b/,lz,dl 
10 stops vs affricates It,tj l,Id,dJI 
11 nasal vs fricative In,z/,lm,vl 
12 fricative vs stops vs blend Is,t,stl 

English and were presented via a Phillips FC444 
cassette deck. Presentation level was measured 
electroacoustically through TDH-39 head
phones at 70dBSPL. The tape output was 
directly coupled to the external input of the 
speech processor. The aid sensitivity control 
was adjusted by each subject to a comfortable 
setting for a segment from the Rainbow 
Passage (Fairbanks, 1960) which preceded sub
test #1 on the tape recording. Presentation was 
in the tactile alone (T) condition and no auditory 
signal was provided. 

Each subtest included 24 items, presented 
as a 2 alternative forced-choice task in an ABX 
format (i.e. cat, mat: cat), with the exception of 
subtest #12 which used an ABCX format with 
three separate alternatives. Specific contrasts 

included in each subtest are detailed in Table 
1. Subtests were presented consecutively and 
no repeats of test items were provided. Feed
back on performance was not provided. Vowel 
items were presented in a IcVcl format. Con
sonant contrasts were in the initial position in 
a ICvCI format. Subjects were provided with 
printed response sheets giving the two alterna
tives and were instructed to circle only the word 
which was repeated. Each word in any subject 
pair acted as the stimulus for an equal number 
of presentations. 

Results 
Results for the eight subjects are shown in 

Table II. Total A shows the number of scores on 
each subtest significantly above chance 

TABLE II: Test battery scores for the eight subjects 

SUbject Subtest Tot.B 
2 3 4 5 6 7 8 9 10 11 12 

1 18 12 19 18 18 21 17 15 21 14 19 18 9 
2
3
4
5
6
7

17 20 20 19 20 17 16 14 17 11 16 14 8 
17 15 19 21 20 21 13 18 17 11 16 17 8 
20 21 22 21 20 19 12 18 21 20 18 13 11 
22 20 22 19 19 19 18 19 19 17 21 17 12 
20 18 18 17 15 13 10 14 18 18 18 19 8 
18 21 22 21 17 17 17 21 15 14 19 17 10 
17 19 19 17 19 17 12 16 20 18 17 17 10 

Tal. A 8 6 8 8 7 7 3 4 7 4 6 8 76 

Total A. Number of subjects scoring significantly above chance (p<0.05) for each subtest. 

Total B. Number of subtest scores significantly above chance (P(0.05) for each subject. 
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(p < 0.05) for the eight subjects. Total B shows 
the number of scores for each subject signifi
cantly above chance across the twelve subtests. 
On the basis of the binomial probability distri
bution, a score of 17 or greater on subtests 
#1-#11 or a a score of 13 or greater on subtest 
#12 would be required to exceed chance at 
p < 0.05. As shown, a combined total of 76 
scores from a possible total of 96 (8 subjects x 
12 subtests) were significantly above chance 
(p < 0.05). For the eight subjects, a mean of 9.5 
subtest scores significantly exceeded chance 
across the twelve subtests. Subject 5 scored 
above chance for all 12 subtests. 

A small advantage was noted for the four 
trained sUbjects (subjects 5,6,7 and 8), who 
scored significantly above chance on a total of 
40 subtests (from a total of 48), as compared 
with 36 subtest scores significantly above 
chance for the four untrained subjects (subjects 
1,2,3 and 4). As shown in Table II, this difference 
was found to be due to performance on subtests 
#7-#12, since both groups scored equally on 
subtests #1-#6. However, this difference between 
trained and untrained subjects was not found 
to be statistically significant at p < 0.05. Specific 
results for each subtest are as follows:

Syllable number/stress: All eight subjects scored 
significantly above chance p < 0.05 for subtest 
#1 contrasting monosyllables, trochees, spon
dees and trisyllables beginning with the voiced 
stop Ib/. Six of the eight subjects scored signifi
cantly above chance for subtest #2, which used 
syllables beginning with the nasal Im/. 

Vowel features: All eight subjects were able to 
discriminate vowel length correctly, both with a 
final stop (subtest #3) and final nasal (subtest 
#4). Seven of the subjects were also able to 
differentiate vowel formant frequency contrasts 
as shown by the results for subtests #5 and #6. 
Subject 6 was the only user who could not per
form this task at levels significantly above 
chance. 

Consonant features: Results for the consonant 
subtests showed much greater individual and 
intertest variations than vowels or syllable 
numberlstress subtests. Poorest overall perform
ance was on voicing (subtest #7), where only 
3 of the 8 subjects scored significantly above 
chance (p< 0.05). For the five manner subtests, 
the eight subjects recorded 29 scores out of a 
possible 40 significantly above chance 
(p< 0.05). Six of the eight subjects scored 
significantly above chance on all subtests 
involving fricative contrasts (subtests #9, #11, 
#12) and all eight subjects scored significantly 

above chance (p< 0.05) on the frica
tivelstoplblend contrast (subtest #12). In order 
to assess the performance of the device on 
encoding specific contrasts, a more detailed 
analysis of each subtest was performed. 

These results are shown as Table III. For 
each subtest, an overall percentage correct 
score was calculated, as well as percentage 
correct scores for both test items in each con
trasted pair. Overall performance on initial 
voicing (subtest #7) was 64%. Initial voicing dis
crimination showed variation according to 
manner of articulation, with scores of 47% for 
stops, 75% for affricates and 68% for fricatives. 
Within the fricative group, a score of 72% was 
found for the IS,zl contrast as compared with 
63% for the If,vl pairing. Discrimination of an 
unvoiced stimulus was poorer than for a voiced, 
with combined scores of 49% correct for dis
crimination of Ip,t,S,t,sl as compared with 73% 
for Ib,d,3,v,z/. A test on the basis of the binomial 
distribution (Thornton and Raffin, 1978) showed 
this difference in performance on unvoiced vs 
voiced test items to be significant at p< 0.05. 

As with initial voicing, overall scores on each 
of the five intial manner of articulation subtests 
(#8-#12) varied according to the specific manner 
groups contrasted. Results for subtest #8, con
trasting the nasal consonants Im,nl with the 
voiced stops Ib,dl, showed an overall score of 
69%, with slightly better discrimination of the 
Im,bl contrast (75%) as compared with In,dl 
(64%). Subtest #9, contrasting voiced and 
unvoiced fricatives with stops, showed an overall 
score of 78% correct. As shown by the contrast 
pair scores, a significant difference (p< 0.05) 
was evident between discrimination perform
ance of the If,pl contrast as compared with the 
other three pairs, especially for the IS,II and IZ,dl 
contrasts, which showed scores of 92% and 
91% correct. Performance on subtest #10, con
trasting stops with affricates was 65%, with a 
small difference between discrimination of the 
unvoiced /I,tj I pair (63%) as compared with the 
voiced Id,d:) ) contrast (70%). Overall score on 
subtest #1 f, contrasting nasals with voiced 
fricatives, was 74%. The analysis showed a 
significant difference (p < 0.05) in discrimination 
scores for the In,zl contrast (90% correct) as 
compared with the Im,vl pairing (58%). Results 
for subtest #12 showed an overall 68% correct, 
with individual scores of 42% for lsI, 78% for 
/II and 83% for the blend Isl1. Analysis of the 
confusions showed that for an lsI stimulus, sub
jects responded correctly on 42% of presenta
tions, responded with the blend on 47% of items 
and with Itl on only 11% of items. Similarly, for 
the 1st! stimulus, the correct response was given 
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TABLE III: Analysis of Consonant Feature Subtest Results 

Test Contrast	 Score Pair Scores 

7 Voicing 64%	 Ip,bl 47% 
ItS,d-S 75% 
If,vl 63% 
Is,zJ 72% 

8 NasalslStops 69%	 Im,bl 75% 
In,dl 64% 

9 FricativeslStops 78%	 If,pl 58% 
IS,t! 92% 
IV,bl 72% 
IZ,dl 91% 

10 StopslAffricates 66%	 lt,tSI 63% 
Id,d31 70% 

11 NasalslFricatives 74%	 In,zJ 90% 
1m ,vI 58% 

12 FricativelStoplBlend 68%	 lsI 42% Itl 78% 1st! 83% 

in 83% of items, lsI in a further 17% and Itl did 
not occur. For the ItI stimulus case, 78% of 
responses were correct, with the remainder 
divided between the blend 1st! with 11% and lsI 
with 11%. 

Discussion 
Before discussing the results, several points 

concerning the test battery require mention. 
Although the ABX test format has the excellent 
property that the experimenter need not specify 
the dimension along which A and B are differ
ent, the format does have the disadvantage of 
requiring the subject to compare the test 
member of the sequence with the immediately 
preceding second member and the remote first 
member, necessitating reliance on the memory 
of the subject (Pollack and Pisoni, 1971). 
Secondly, although the subtests contain 
representative phonemes from each contrast 
group, not all phonemes are contrasted, since 
to do so would require a much longer procedure. 
In the case of a tactile device utilizing a spectral 
display of frequency information, differences in 
performance on specific vowel or consonant 
contrasts may be undetected due to non
inclusion of the particular phonemes in the 
subtest stimuli, for example the absence of the 
velar consonants Ik,gl from the subtest items. 
In addition, since the test utilizes only initial 
pOSition contrasts for consonant voicing, 

separate assessment of tactile encoding of final 
voicing would be required, since initial and final 
voicing are known to be coded by different cues. 
Finally, the test battery as used assesses only 
tactual perception and the utilization of com
bined modality cues is not examined. For 
example, voicing-onset time differences, trained 
as a cue to voicing in the Tickle Talker program, 
require the combination of both tactual and 
visual information. 

While these factors emphasize the limita
tions which must be placed on the tactile results 
as a predictor of improvement in everyday 
speech discrimination, the test battery does 
allow assessment of speech feature encoding 
by a tactile device used by untrained subjects, 
as demonstrated by the absence of any signifi
cant difference in performance between the 
trained and untrained group of subjects. Further, 
the assessment of tactile alone perception 
indicates the information available to hearing
impaired children and adults for self-monitoring 
of their speech production. Overall, the results 
clearly indicate that substantial speech feature 
information is being encoded by the tactile 
device and perceived by the user through the 
tactual modality. The scores demonstrate that 
the device is capable of providing prosodic cues 
such as syllable number, stress pattern and 
vowel length as well as segmental cues such 
as vowel formant frequencies and to a lesser 
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extent consonant voicing and manner of 
articulation cues. 

The performance of the eight subjects on 
syllable length and stress, vowel duration and 
vowel formant frequency discriminations (sub
tests #1-#6) is consistent with tactual per
formance on similar subtests of the MAC Battery 
(Owens et ai, 1988) and SPAC Battery 
(Boothroyd, 1984), reported for the Tickle Talker 
in an earlier study (Blamey et ai, 1988). The per
formance on syllable length may be attributed 
to amplitude envelope information encoded by 
pulse width changes (i.e. stimulus strength). 
Syllable stess may be encoded by amplitude 
envelope changes, as well as by changes in 
EFO over time, perceived as pulse rate differ
ences. Performance on vowel length dis
crimination may be attributed to proviSion of 
timelintensity information encoded as changes 
in stimulus strength, while vowel formant fre
quency discrimination is possible through pro
vision of EF2 information encoded as electrode 
position. The performance of subject 6, who was 
the only subject failing to score significantly 
above chance on vowel formant identification 
(subtests #5 and #6) is surprising and difficult 
to explain, given that the same subjects scored 
66% correct on a closed-set confusion matrix 
of eleven vowels presented in the tactile alone 
condition in a previous study (Cowan et ai, 
1988). 

Results for initial voicing (subtest #7) show 
correct discrimination of voiCing on 64% of sub
test items, however, only three of the eight sub
jects achieved scores significantly above 
chance (p <0.05). As shown in Table III, perform
ance was better for the longer duration fricatives 
and affricates than for the shorter duration stops. 
Cues to the voicedlunvoiced contrast are 
encoded by changes in stimulus strength result
ing from the differing amplitude envelopes for 
the voiced vs. unvoiced consonants, as well as 
by pulse rate differences resulting from changes 
in EFO. Previous psychophysical studies 
(Blamey and Clark, 1987) have shown that pulse 
rate differences were not well perceived by all 
SUbjects and that pulse rate provided less 
information than either electrode position or 
pulse Width (amplitude). The poor performance 
on initial voicing shown in subtest #7 may be 
due to either poor recognition of the pulse rate 
tactual cue, or to an insufficient number of 
pulses in the shorter duration consonants to 
allow discrimination of pulse rate or stimulus 
strength differences. The latter explanation is 
consistent with the poorer initial voicing scores 
for stops as compared with the longer duration 
fricatives and affricates. Errors were more com
mon for unvoiced stimuli (49% correct) than for 

vOiced Items (73% correct), suggesting that sub
jects may also be utilizing amplitUde informa
tion in identifying voiced consonants. 

Performance on the five initial manner of 
articulation subtests (#8-#12) indicates that sub
stantial information is being provided by the 
tactual input. However, as shown by the detailed 
analysis, performance varied according to the 
particular manner contrast. Cues to consonant 
manner are encoded by changes In stimulus 
strength resulting from amplitude envelope 
differences. For example, nasal murmur would 
provide a stronger stimulus than fricative nOise 
(subtest #11) or voicing in the voiced stop (sub
test #8) In addition, EF2 Information, coded by 
electrode position, may be contributing to 
manner discrimination, especially through 
signalling of the presence of high-frequency 
frication. The device gives a :::Iear place cue for 
the fricatives lsI and Izl, based on their high EF2 
and resultant electrode stimulus position on the 
outside of the little finger (electrode #8), with no 
overlap from other vowels or consonants. 
Utilization of this EF2 information may be 
responsible for the higher scores shown in Table 
III for the IS,tI (92%) and Iz,dl contrasts (91%) 
as compared with If,pl (58%) In subtest #9 and 
the high score for recognition of the presence 
of lsI, (either in Isolalion or in blend), shown on 
subtest #12. Similarly. on subtest #11. subjects 
easily differentiated the In,zl contrast (90% 
correct), whereas the Im,vl contrast, involving 
two consonants with similar durations and some 
overlap in electrode position proved more 
difficult (58% correct). Given the limited spread 
of frequency boundaries possible with an eight
channel device, some overlap of formant fre
quency cues is Inevitable. However. the results 
indicate that Improvements in tactual encoding 
of initial VOicing and manner of articulation are 
possible, since performance on these feature 
subtests was not as consistent as for the pro
sodic and vowel formant frequency subtests. 

The findings of the detailed analysis for 
VOicing and manner contrasts are consistent 
with results reported previously In Blamey et a1 
(1988) for tactual perception of Initial voiCing and 
manner subtests of the SPAC Battery. However. 
in that study, higher scores were reported for 
final voicing (90%) and manner (80%) than for 
initial VOICing on SPAC subtests The higher 
scores for final voicing and manner were at
tributed to utilization of preceding vowel time/in
tensity cues not available for initial position con
sonants. These results re-emphasize that scores 
from subtests #7-#12 must be confined to ini
tial consonant voicing and manner and that 
separate assessment of final consonant features 
would be required. 

6 



STUDY 2 conversational training, has been described in 
a- detail in a separate paper (Cowan et aI., 1989). 

I Aim 
of I Study 1 demonstrated that useful speech Evaluation Materials. Subsequent to completion 
Ib feature information was available through the of the training programme, consonant discrimin
1e I tactual sensations produced by the Tickle Talker. ation was assessed with twelve consonants 
ed However, tactual encoding of consonant Ip,b,m,f,v,t,d,n,s,z,g,k/, presented live voice by 
he I features was not as efficient as coding of a familiar male trainer in an laCai format. Four 
Int suprasegmental or vowel formant frequencies. random-order presentations of each consonant 
us I The aim of study 2 was to examine the cont- were presented, producing confusion matrices 
pe ribution of tactual input to consonant feature dis of 48 items for each condition tested. Evalutions 
lid I crimination for subjects using the Tickle Talker were conducted in four conditions: (1) tactile plus 
se I in combination with lipreading and either a low audition plus lipreading (TLA), (2) tactile plus 
Ib pass filtered auditory input or different levels of audition (TA), (3) lipreading plus audition (LA), 
by I aided residual hearing, to establish if a differ- (4) audition alone (A). For the two hearing
to ent pattern of results was evident for combined impaired subjects, consonant testing was per

gh I modality perception. formed on four separate occasions, producing 
cy matrices composed of 16 repetitions of each 
for I Method consonant. In addition, an expanded consonant 
F2 Subjects. Four normally-hearing female adults, matrix of 22 items was presented to the 
he I aged 20-27 years, received approximately 45 normally-hearing group. This test included the 
no hours of training over a six-month period in the original 12 consonants plus additional fricatives 
,ts. I use of the Tickle Talker. The subjects were Ij,e,d,hi, affricates ItS,d3/, semivowels Iw,yl 
be tertiary students and were paid for participation. and liquids /I,rl producing an 88 item matrix from 

b

I}Ie Three of the subjects also participated in study four repetitions of each'consonant. The expand
)/0) tin addition, two profoundly hearing-impaired ed matrix was presented in the TLA and LA conI 
nd adult males participated in the training ditions only.
 
ce programme. Audiometric data for these 2 sub During evaluations, the normally-hearing
 1 

jects is shown in Table IV. GM was diagnosed subjects were isolated in a sound-attenuating on 
at age 4 subsequent to meningitis, while JC was chamber, providing 45dBA sound attenuation. ~ts 

congenitally hearing-impaired, diagnosed at age Visual input was available through a double
ng 
1% 

2with unknown etiology, GM did not wear hear- glazed window in the wall of the sound chamber. 
ne 1 ing aids, as previous experience had not The speaker's face was approximately 1m from 
He , demonstrated an advantage in speech discrim the sUbjects and was well-lit from both sides. 
ad I ination. JC wore a single postauricular hearing Tactual input was provided via the Tickle Talker 
ht aid, although a binaural fitting was trialled as input microphone, which was located outside 
re part of the hearing aid upgrade and re the sound chamber at a distance of 40cm from I 
i1ts .1 evaluation included in the training programme. the speaker's lips. Auditory input was provided 
ng . The training programme and methodology, con via a Sennheiser MD431 omnidirectional micro
He I sisting of live voice training in both phoneme phone, connected to an audio mixer and digital 
He recognition at the word and sentence level and low-pass elliptical filter with a rejection slope in 
ro I 
s.
 
for TABLE IV: Audiometric data for two hearing-impaired subjects (better ear in dBHl re ANSI
 
"nt 1969, aided thresholds free-field in dBSPl) 
al I 
nd Subject Age Test Threshold (better ear) 
'er I 

250Hz 500Hz 1kHz 2kHz 4kHz
for j
for 

30 UA 95 110 NR NR NRler 1 GM 
25 UA 50 75 100 110 NRat \ JC HA 43 53 51 63 65'In

---------------------_.-------------}n
'es l UA. Unaided thresholds measured in dBHl under TDH-39 headphones. nl
lat r HA. Aided thresholds measured with free-field warble tones in dBSPL. 
'es I NR. No response at audiometer output limits. 
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excess of 70dB/octave. The microphone was 
located approximately 40cm from the speaker's 
lips and presentation level was monitored at 
70dBA by a Quest Model 215 sound level meter. 
The speech signal was low-pass filtered at 
300Hz, reamplified, mixed with 60dBSPL of 
speech-shaped masking noise and presented 
to the subject via Telephonics TDH39 head
phones. The masking noise ensured that no in
formation from the tester's voice was audible by 
transmission through the sound chamber wall. 
The low-pass filter cutoff frequency of 300Hz 
was selected to approximate the possible 

auditory information available to a user with a 
"bottom-corner" profound hearing loss. 

For the two hearing-impaired subjects, 
evaluations were conducted with both subject 
and tester in the sound attenuation chamber, at 
a distance of 1m. Presentation level was mon
itored at 70dBA by a sound level meter. Visual 
input was via lipreading. Tactual input was via 
the ear-level input microphone of the Tickle 
Talker. Auditory input was provided to JC via his 
single postauricular hearing aid. GM did not 
wear hearing aids and performed all evaluations 
without auditory input as the speech signal was 
inaudible. 

TABLE V: Mean percentage correct scores for feature analysis for combined consonant 
matrices for four sUbjects in four conditions 

Test/Feature Condition 

TLA LA p TA A P 

12 consonant test 92 79 0.05 51 32 0.05 
manner 99 93 0.005 86 69 0.05 
voicing 95 87 0.1 85 83 NS 
place 97 95 NS 55 32 0.05 

22 consonant test 95 79 0.005 NT NT 
manner 98 88 0.025 
voicing 98 91 0.025 
place 98 92 0.005 

p. significance level on t-test comparing mean scores in the two conditions.
 

NS. t-test results were not significant at p <0.1.
 

NT. not tested in these conditions.
 

TABLE VI: Voicing and manner confusions for four filtered-speech subjects on 12 consonants 
in TLA and LA conditions. 

Stimulus 
Stops 

Unvoiced Voiced 
TLA LA TLA LA 

Response 
Nasals 

TLA LA 

Fricatives 
Unvoiced Voiced 

TLA LA TLA LA 

Stops 

Unvoiced .83 .73 .17 .25 .02 

Voiced .02 1.0 .96 .02 

Nasals 1.0 1.0 

Fricatives 

Unvoiced .03 .19 .94 .53 .03 .28 

Voiced .09 1.0 .91 
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TABLE VII: Analysis of voicing and manner confusions for four filtered-speech subjects on 
12 consonants in TA and A conditions. 

Stimulus Response 
Stops Nasals Fricatives 

Unvoiced Voiced Unvoiced Voiced 
TA A TA A TA A TA A TA A 

Stops 

Unvoiced .71 .65 .21 .19 .06 .06 .02 .10 

Voiced .13 .04 .75 .60 .02 .02 .10 .33 

Nasals 1.0 .97 .03 

Fricatives 

Unvoiced .16 .47 .25 .19 .59 .16 .19 

Voiced .03 .06 .31 .03 .06 .06 .06 .81 .56 

Results 
Normally-hearing Subjects. Mean percentage 
scores for the combined consonant responses 
of the four subjects are shown in Table V. Per
centage correct scores showed a significant 
improvement (p <0.05) for the combination of 
tactual input with either audition plus lipread
ing or audition alone on both the twelve and 
twenty-two item consonant matrices. The results 
were further analyzed according to consonant 
features and these scores are also shown in 
Table V. Comparison of TLA and LA feature 
scores showed significant improvements 
(minimum p (0.1) for manner and voicing on 
both the 12 and 22 item consonant matrices and 
for place of articulation on the 22 item matrix. 
Comparison of TA and A scores showed signifi
cant Improvements (p <0.05) for manner and 
place, whereas no significant increase was 
found for voicing. 

Tables VI and VII show results organized in 
confusion matrices according to phonemic 
group voicing and manner features for the 
TLNLA and TAlA contrasts on the twelve con
sonant test, while Table VIII shows a similar 
analysis of TLA/LA results for the twenty-two 
consonant test. As shown in the three tables, 
addition of tactile input resulted in improved 
identification in both the combined TLA and TA 
conditions. This is demonstrated by the reduc
tion in the proportion of confusions in both the 
TLA and TA conditions (as compared with LA 
and A) and by the elimination of some phonemic 
group confusions in the aided conditions. For 
example, as shown in Table VI, confusions were 

completely eliminated in the TLA condition for 
voiced stops, voiced fricatives and nasals and 
only voicing confusions were present for un
voiced stops, as compared with voicing and 
manner errors in the LA condition. Similarly, as 
shown in Table VIII, confusions were complete
ly eliminated in the TLA condition for nasals, 
voiced fricatives and liquids, while the number 
of confused phonemic groups was reduced for 
unvoiced stops, unvoiced fricatives and voiced 
affricates. 

TA and A confusions on the 12 consonant 
matrix, shown in Table VII, present a similar pat
tern to that of Table VI. Confusions in the TA con
dition were completely eliminated for nasals and 
the proportion of errors was reduced for each 
of the other phonemic groups, especially for the 
unvoiced and voiced fricatives. Analysis of the 
specific consonant confusions within the frica
tive groups showed correct responses in the TA 
condition on 91% of items for IS,zl and on 47% 
of items for If,v/, as compared with A scores of 
34% and 19% respectively. 

Hearing-impaired Subjects. Table IX shows 
mean percentage scores for the combined con
sonant confusion matrices for subjects GM and 
JG. Results for GM show an increase from 48% 
correct with lipreading alone to 84% with the 
addition of tactual input. Analysis of the 
responses for identification of features shows 
an increase for both voicing and manner with 
the addition of tactual input, while errors on 
place were completely eliminated. Results for 
JC also show increased scores on consonant 
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TABLE VIII: Analysis of voicing and manner confusions for four filtered-speech subjects on 22 consonants in TLA and LA conditions 

Stimulus Response 
Stop Nasal Fricative Affricate Liquid Semivowel 

Unvoiced Voiced Unvoiced Voiced Unvoiced Voiced 
TLA LA TLA LA TLA LA TLA LA TLA LA TLA LA TLA LA TLA LA TLA LA 

Stop
 

Unvoiced .94 .89 .06 .08 .03
 

Voiced .03 .14 .97 .86
 

Nasals 1.0 .96 .04 

Fricatives 
Unvoiced .03 .08 .07 .95 .63 .10 .10 .02 

Voiced .03 1.0 .94 .03 

Affricates
 

Unvoic;ed .17 .17 .75 .58 .08 .25
 

Voiced .08 .08 .08 .17 .92 .67
 

Liquids .17 1.0 .83 

Semivowels .04 .21 .96 .79 



----------------------

TABLE IX: Mean percentage scores for feature analysis of combined consonant matrices for 
two hearing-impaired subjects 

Subject Feature Condition 
TLA LA TA A 

---~--

GMa Overall 84 48 NT NT 

Manner 100 82 

Voicing 84 54 

Place 100 98 

JC Overall 95 83 69 52 

Manner 100 94 92 84 

VOicing 95 87 98 95 

Place 97 90 92 85 

a Scores for GM are in the TL and L conditions_ 

identification with the added tactual input to fusions for each phonemic group in the L 
either audition plus lipreading (a 12% increase) condition. 
or audition alone (17% increase)_ Feature ident Tables XI and XII show similar analyses of 
ification analyses for the TLAlLA and TAlA com TLA/LA and TAlA phonemic group feature con
parisions show small percentage increases for fusions for subject JG. For both the TLAlLA and 
manner, voicing and place in both the TLA and TAlA condition comparisons, the proportion of 
TA conditions. Table X shows the phonemic confusions was lower in the tactually aided con
group feature confusion matrix for GM's con dition for each phonemic group. As shown in 
sonant responses_ As shown, confusions in the Table XI, confusions in the TLA condition were 
TL condition were eliminated for nasals and the eliminated for unvoiced stops, nasals and voiced 
proportion of errors was reduced for each of the fricatives, while only voicing confusions 
other phoneme groups. In addition, only voicing occurred for unvoiced fricatives, as compared 
confusions occurred in the TL condition, as with both voicing and manner errors in the LA 
compared with both voicing and manner con- condition. Confusions in the TA condition, 

TABLE X: Analysis of voicing and manner confusions for subject GM. 

Stimulus Response 
Stops Nasals Fricatives 

Unvoiced Voiced Unvoiced Voiced 
TL L TL L TL L TL L TL L 

Stops 

Unvoiced .71 .27 .29 .59 .06 .04 .04 

Voiced 10 19 90 .56 .23 .02 

Nasals _19 22 1.0 .59 

Fricatives 

Unvoiced 06 .78 .69 .22 .25 

Voiced .03 .16 .59 .84 .38 
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TABLE XI: Analysis of voicing and manner confusions for subject JC in TLA and LA conditions. 

Stimulus Response 
Stops Nasals Fricatives 

Unvoiced Voiced Unvoiced Voiced 
TLA LA TLA LA TLA LA TLA LA TLA LA 

Stops 

Unvoiced 1.0 .92 .08 

Voiced .97 .89 .03 .11 

Nasals .04 1.0 .96 

Fricatives 

Unvoiced .04 .96 .79 .04 .17 

Voiced .13 1.0 .87 

shown in Table XII, were eliminated for voiced 
stops and nasals and the proportion of response 
errors was reduced for unvoiced stops and 
voiced fricatives. 

Discussion 
The results for both the normally-hearing 

and hearing-impaired subjects demonstrate an 
overall improvement in consonant identification 
with the addition of tactual input, provided 
through the Tickle Talker, to information avail
able from lipreading, aUdition, or aUdition plus 
lipreading. The analyses for manner of articu
lation showed improvements for both the 
normally-hearing group and for the two hearing-

impaired subjects in all tactually-aided condi
tions and matrices. However, voicing perfor
mance was more variable. For the normally
hearing subjects, small improvements in voicing 
were found for the TLNLA comparison on both 
the twelve and twenty-two consonant tests. 
However, no significant improvement in voicing 
was found in the TNA comparison. Similarly, 
subject JC showed an 8% increase for voicing 
in the TLA/LA contrast as compared with a 3% 
increase in TNA. The relatively high voicing 
scores found in both the LA and A conditions 
for both the normally-hearing subjects and sub
ject JC may be attrib!Jted to voicing cues 
inherent in the lower frequency duration and 

TABLE XII: Analysis of voicing and manner confusions for subject JC in TA and A conditions. 

Stimulus Response 
Stops Nasals Fricatives 

Unvoiced Voiced Unvoiced Voiced 
TA A TA A TA A TA A TA A 

Stops 

Unvoiced 

Voiced 

Nasals 

Fricatives 

Unvoiced 

Voiced 

.97 .89 

.08 

1.0 

.21 

.17 

.05 

.92 

.08 

.46 

1.0 

.04 

1.0 

.75 

.12 

.03 

75 

.03 

.04 

.79 

.03 

.08 

.D8 

.54 
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amplitude envelope information available in the 
auditory signal. Subject GM, performing without 
audition, shows much lower voicing scores in 
the tactually-unaided condition. However, the 
differences in voicing discrimination suggest 
successful utilization of the trained tactual/visual 
cue of voicing onset-time to improve perfor
mance in the TLA condition, as compared with 
the absence of this cue and lack of improvement 
in the TA/A comparison. 

Detailed analysis of the phonemic group 
confusion matrices shows that although relative
ly high scores were recorded in the tactually
unaided conditions (L, LA and A), the propor
tion of confusions was reduced with the added 
tactual input for each phonemic group. Previ
ous studies with cochlear implant patients 
(Blamey et aI., 1987b) have demonstrated that 
cues to manner of articulation could be con
veyed through amplitude envelope information 
and the results for manner confusions found in 
the LA and A conditions for the normally-hearing 
subjects and subject JC might be attributed to 
this input. In addition, cues to nasality, con
tained in the frequency range of 180-300Hz, 
would be available in the 300Hz low-pass 
filtered speech signal, and would also be within 
the aided audible range for subject JC. 

However, for both the normally-hearing sub
jects and subject JC, the addition of tactual input 
resulted in either an elimination of confusions 
or a reduction in the type and proportion of 
errors made in each phonemic group. For ex
ample, in the TLA condition, confusions were 
eliminated for voiced stops, nasals and voiced 
fricatives on the twelve consonant test, as well 
as for nasals, voiced fricatives and liquids on 
the twenty-two consonant test. Errors for the 
other phonemic groups were largely confined 
to voicing errors (I.e. voiced stops for unvoiced 
stops) as compared with both voicing and man
ner errors in the LA condition. SUbject JC shows 
a similar pattern in TLAILA confusions, with 
elimination of confusions for unvoiced stops, 
nasals and voiced fricatives, and a reduced 
proportion of errors in the TLA condition as com
pared with LA. 

A similar pattern was evident in the analysis 
of TA/A confusions, which showed a reduction 
in the proportion of errors for each phonemic 
group for both the normally-heanng subjects 
and subject JC. An interesting finding for these 
subjects was that a greater reduction in the 
proportion of errors was found for the fricatives 
and affricates as compared with the stops. This 
may in part be attributed to lower LA and A 
scores for the fricatives, possibly due to less 
available acoustic information, but also high
lights that cues to high frequency consonant 

features such as frication, which were unavail
able through audition or lipreading, were being 
encoded by the tactual input and perceived by 
the users. 

The overall results for subject GM also 
demonstrate that additional feature information 
was provided through the tactually-encoded 
cues provided by the Tickle Talker, which was 
unavailable through lipreading. Confusions in 
the TL condition were eliminated for nasals, and 
the proportion of errors was reduced in each of 
the other phonemic groups. In addition, con
fusions in the TL condition were confined to 
voicing errors, as compared with both voicing 
and manner errors with lipreading alone. 
Further, a greater reduction in the proportion of 
errors in the TL condition (as compared with L) 
was evident for SUbject GM than for the TLA or 
TA conditions for the normally-hearing subjects 
or subject JC. This was especially evident in the 
case of the stop consonants. However, it must 
be noted that the proportion of errors for sub
ject GM with lipreading alone was consistently 
higher than for the other subjects in the 
tactually-unaided conditions. This supports the 
contribution of additional lOW-frequency con
sonant feature cues, available in the auditory 
signals, to the LA and A performance for the 
normally-hearing subjects and subject JC. Since 
this information would be unavailable to subject 
GM, a greater proportion of consonant con
fusions would be expected. 

The results of study 1 showed that the 
current encoding strategy used in the Tickle 
Talker successfully provided prosodic and vowel 
formant feature information, and to a lesser 
extent manner and voicing cues for consonant 
discrimination. The results of study 2 assessed 
the contribution of this tactually-encoded inform
ation to the identification of consonants when 
the Tickle Talker was used in combination with 
the auditory and visual modalities. The results 
demonstrate the consistent utilization of tactual 
cues on both the tactual test battery and the 
consonant confusion matrices. For example, the 
clear high frequency place cue, encoded 
through EF2 information, resulted in improved 
discrimination of the fricatives /s/ and /zI in both 
studies. In addition, the improved performance 
on voiced and unvoiced manner group dis
crimination in the tactually-aided conditions, as 
compared with tactually-unaided, may be 
attributed to time/intensity and EFO information, 
encoded through stimulus strength and pulse 
rate differences. Initial voicing discrimination 
results from study 1 suggest that the tactual 
cues for this feature were not as well perceived 
as those encoding suprasegmental or vowel for
mant frequency information. The results of study 
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2 are consistent with this finding, in that ~ I ~ ~ ~ ~ ~ ~ 

although the tactual input reduced the propor 0 

tion of confusions for both voicing and manner 
in each phonemic group, the majority of con
fusions remaining in the tactually-aided condi- ui 
tions were on voicing, as compared with both .!!! 
manner and voicing confusions in the tactually- -g _ 
unaided conditions. In addition, as discussed en ~ I (0 cry N 0 (0L[) 

previously, the results of study 2 clearly show 0 F ~ N cry N N r-
the utilization of a combined tactual/visual cue ~ 
to voicing which would be unavailable in the c 
tactual test battery. The results of study 2 are ~ ~ ~ cry NON co en 
also consistent with previously-mentioned g: ~ 

studies, which demonstrated that tactual input jj So .-: 

provided through a multichannel tactile display ~ ~ c i;' 
can supplement feature information available N ~ 0 0 ~ "t ~ (0 £. ci5 
through either lipreading (Weisenberger and ... E E 
Miller, 1987; Brooks et ai, 1987) or aided residual .; e e 
hearing and lipreading (Lynch et ai, 1988);... 0 l.L l.Lo ~ NN~ON"t .. 
Kozma-Spytek and Weisenberger, 1988; Cowan - g ~ . 
et aI., 1989). Results for these subjects report- ~ '0 '0 .~ 
ed elsewhere (Cowan et aI., 1989) also indicate c:i 0> 0> ai 
that although tactual input significantly improved v en ~ N N 0 cry r-- 0 0 "0 

speech discrimination scores on open-set word S: &l &l .E 
and sentence tests when used in a combined ~ ~ ~ OJ 

modality approach, the degree of improvement i ~ ~ g
was consistently lower for open-set tests, and s:. :i; co N N N N "t "t ~ ~ III 

improvements could result from a clearer encad- ~ ~ ~ ~ ~ 
ing of initial voicing cues. ~ :i ~ ~ 'iii 

Comparison of speech feature encoding .c _ r-- ~ N "t 0 cry cry .9.9 ~ 
performance of various tactile devices is often <t g: co co ~ 
difficult, due to differences in experimental ~ jj ~ ~ E 
design, number of subjects and their degree of i ~ _ _
training, as well as inherent differences in the ~ (0 0 0 0 0 0 r-- ~ 8 § 
type of tactual information provided. For '§, @ ~ .;: 
example, a single-channel device providing only en 13 13 ~ 
timelintensity information would not be expect- Cl 0» 0» ~ . . c L[) ~ N cry "t "t r-- .r:
ed to encode frequency-specific cues as well .;: .2 .2 u 
as a multichannel device providing a spatial 8 co co ~ 

array of frequency information. However, it is of en ~ ~ .2 
interest to compare the results of study 1 with ~ "t ~ cry L[) N 0 co ~ ~ 11l 

those of Plant (198m. Although Plant used a ~ ,g ,g ~ .- .- .- c 
different number of subjects (n=5) and a slightly .g g, g, 11l 

different presentation method (via a loudspeaker en '(i) '(i) -¥ 
as opposed to direct electrical coupling), the '0 cry cry N L[) ~ co g> g> ~ IL[) 

actual test battery recordings were identical. In :i;§'§iii 
addition, as shown in the analysis of study 1, .c ~ ~ ~ 

no significant difference was noted between the § N ~ cry N 0 (0 LO co 15L[) 

trained and untrained Tickle Talker subjects, Z II II ~ 
thus eliminating the problem of differences in _ SSm 
subject training. This comparison is shown as )( 13 13 15 
Table XIII. The percentage figure gives the per- ~ ~ cry N L[) cry 0 co~.~ ~ 

centage of subtest scores significantly above m .g .g '0 
chance for each device from the possible total ~ 't ~ ::.::. OJ 

for that study. Overall, the subjects using the * ~ ~ ~ ~<1l 

Tickle Talker would appear to be receiving more c = <1l ~ f'E 1l 1l ~ 
information from the device than the subjects .~ Ii' ~ ~ <1l ~ ~ § § ~ 
shown in Plant, with any of the five commercially iii c ti c E ti t5 c c a. 
available tactile devices. This is especially evi- 0 ~ f'E ~ f'E f'E ~ D "<1l 
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dent in the results of the vowel formant and con
sonant manner subtests. The most notable com
parison is for vowel F2 formant frequency (sub
test #6). As shown, seven of the eight Tickle 
Talker subjects performed significantly above 
chance on this subtest, as compared with no 
results significantly above chance for any of the 
five devices tested by Plant. As discussed previ
ously, one would not expect single channel 
devices to provide much spectral information, 
but the performance of the multichannel 
Tacticon is surprising, especially as compared 
with the successful encoding of this feature 
through the multichannel spatial display of the 
Tickle Talker. Conversely, encoding of initial 
voicing by the Tickle Talker was not as success
ful as for the Minivib. 

The analyses of results in study 1 and 2 
suggest that provision of clearer coding of initial 
voicing and to some extent manner of articula
tion cues could result in improved feature recog
nition and speech discrimination, since all 
feature confusions were not eliminated in the 
tactually-aided conditions. Several alternative 
encoding strategies, Including provision of a 
separate voicing electrode, or utilization of an 
FOF1F2 encoding strategy similar to that current
ly utilized in the University of Melbourne/Coch
lear Pty Ltd. multichannel cochlear implant, will 
be assessed for improvements to initial voicing 
with the Tickle Talker. 

The results also suggest that alternative 
encoding strategies may be required to meet the 
specific needs of different users within the popu
lation. The present encoding strategy, provid
ing both lower frequency prosodic and vowel for
mant frequency cues as well as higher frequen
cy cues to consonant voicing and manner, ap
pears efficient for users such as GM, with little 
residual hearing. However, users such as JC, 
utilizing the tactual input in combination with 
residual audition, already receive substantial 
lower frequency prosodic and vowel formant 
frequency information through aided residual 
hearing. For this group, the provision of low 
frequency cues through the Tickle Talker would 
appear to be redundant, and while provision of 
redundant cues may prove beneficial, a better 
spatial separation of higher frequency con
sonant feature cues, unavailable through aided 
residual hearing, might give better advantage 
for speech discrimination. 
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