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Three vibrotactile vocoders were compared in a training study involving several different 
speech perception tasks. Vocoders were: ( 1 ) the Central Institute for the Deaf version of the 
Queen's University vocoder, with 1/3-oct filter spacing and logarithmic output scaling 
(CIDLog) [Engebretson and O'Connell, IEEE Trans. Biomed. Eng. BME-33, 712-716 
(1986) ]; (2) the same vocoder with linear output scaling (CIDLin); and (3) the Gallaudet 
University vocoder designed with greater resolution in the second formant region, relative to 
the CID vocoders, and linear output scaling (GULin). Four normal-hearing subjects were 
assigned to either of two control groups, visual-only control and vocoder control, for which 
they received the CIDLog vocoder. Five normal-hearing and four hearing-impaired subjects 
were assigned to the linear vocoders. Results showed that the three vocoders provided 
equivalent information in word-initial and word-final tactile-only consonant identification. 
However, GULin was the only vocoder significantly effective in enhancing lipreading of 
isolated prerecorded sentences. Individual subject analyses showed significantly enhanced 
lipreading by the three normal-hearing and two hearing-impaired subjects who received the 
GULin vocoder. Over the entire training period of the experiment, the mean difference 
between aided and unaided lipreading of sentences by the GULin aided hearing-impaired 
subjects was approximately 6% words correct. Possible explanations for failure to confirm 
previous success with the CIDLog vocoder [Weisenberger et al., J. Acoust. Soc. Am. 86, 
1764-1775 (1989) ] are discussed. 

PACS numbers: 43.71.Ma, 43.71.Es, 43.71.Ky 

INTRODUCTION What has emerged in the literature is a rather clear indi- 
cation that vibrotactile devices do have potential to provide 

Among hearing-impaired.people, there are those whose significant enhancement of lipreading by profoundly hear- 
impairment is so profound that auditory amplification via ing-impaired individuals. An important research effort at 
hearing aids provides no benefit. One possible solution to the Queen's University involved design and modification of a 
communication problems of these i•dividuals is the p•:ovi---mulficha•-mel•vibrotacfile vocoder •Brooks and Frost, 
sion of a device that provides speech information to the vi- 
brotactile sense as a pattern of vibrations on one or more 
mechanical stimulators. Various scientists and engineers 
over the past 70 years, beginning with Gault (1926), have 
attempted to devise an effective vibrotactile aid. The possi- 
bility of doing so has become increasingly viable as electronic 
devices have become smaller, more powerful, and more effi- 
cient. Yet, basic questions remain such as how most effec- 
tively to design the vibrotactile stimulus and how to estimate 
its benefit. At this time, the ambitious goal of designing a 
vibrotactile device that can convey speech without requiring 
the profoundly hearing-impaired individual to simulta- 
neously lipread (speechread) has generally been consigned 
to the future, and it is tacitly conceded that development of a 
highly effective supplement to lipreading would itself be a 
major accomplishment. 

1983). One normal-heating subject, an author of several pa- 
pers concerning the device (e.g., Brooks and Frost, 1983; 
Brooks et al., 1986a, b), underwent extensive training. After 
receiving 196 h of vibrotactile practice, including extensive 
tactile-only training with isolated words, the subject in 
Brooks et al. (1986b) was tested in an open-set sentence 
PrOcedure. The version of the vocoder used for the study had 
18 one-third-oct bandpass filters and presented the energy in 
each band as the amplitude of a corresponding 100-pulse- 
per-second mechanical vibration. The reported results are 
among the most favorable reported in the literature on vibro- 
tactile devices. The number of words correctly identified in 
isolated sentences in visual-only and tactile-visual condi- 
tions was reported for the second presentation of the sen- 
tences. In the visual-only condition, the subject scored 58 % 
words correct, contrasting with 80% words correct in the 
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tactile-visual condition. Results were also reported in terms 
of measures obtained with the method of Connected .dis- 

course tracking (CDT, De Filippo and Scott, 1978), in 
which a live talker reads to a subject who is required to re- 
peat verbatim what was said. The subject achieved approxi- 
mately 49 wpm with the vocoder, in contrast with approxi- 
mately 15 wpm without the vocoder. 

Weisenberger et'al. (1989) worked with a microproces- 
sor-based, 16-channel, implementation of the' Queen's vo- 
coder (Engebretson and O'Connell, 1986)'.' The lowest two 
channels had bandwidths of 2/3 oct, and •the remaining 
channels had 1/3-o6t bandwidths. The Weis.•.nberger et al. 
(1989) study involved comparison of the Queen's device to a 
multichannel electrotactile device, the Tacticon (Saunders 
et al., 1976). Three normal-hearing subjects •'received exten- 
sive vibrotactile-only training with isolated words or non- 
sense syllables prior to participating in CDT. Two subjects 
achieved aided rates of 70 wpm CDT with the Vocoder at the 
end of the training, but aided rates were generally between 30 
and 50 wpm during the second half of training. Visual-only 
performance was below 30 wpm during most Sessions. Levitt 
et al. (1986) have argued that tracking at 70 wpm is compar- 
able to slow but practical face-to-face communication. The 
Tacticon was much less beneficial for enhancing CDT rates 
than was the Queen's vocoder. 

For the current study, the same vocoder studied by Wei- 
senberger et al. (.1989) was compared with' two new vo- 
coders hypothesized to be more effective. We designated the 
Central Institute for the Deaf implementation of the Queen's 
University vocoder "CIDLog." The "Log"' suffix is ex- 
plained below. 

Although previous results with the Que. en's vocoder 
were favorable, it was hypothesized that its .use of logarith- 
mic amplitude scaling at the filter outputs is not particularly 
well suited to vibrotactile perception. This scaling restricts 
the relatively wide dynamic range of speech to the narrower 
dynamic range ofthe skin and also accommodates variations 
in loudness associated with live talkers, two positive attri- 
butes. Unfortunately, logarithmic output SCaling can also 
reduce the contrast between formant peaks and valleys, and 
as a result many yibrotactile channels can be.simultaneously 
active. We hypothesized that what is important to represent 
to the vibrotactile sense is the location of formant peaks, and 
that a high level of vibrotactile activity at the formant valleys 
may result in relatively poor perception of formant loca- 
tions. Therefore, a second vocoder was implemented (desig- 
nated "CIDLin"-for Central Institute for the Deaf linear 

vocoder) for which the filter bank was identical to CIDLog 
but output scaling was linear. 

Additional consideration of the CIDLin vocoder design 
resulted in a new filter bank. The first column of Table I 

gives the filter spacing for the CID implementation of the 
Queen's vocoder (labeled "CIDLog" and "CIDLin"). The 
1/3-oct filter spacing of CIDLin and CIDLog provides rela- 
tively little resolution in the region of the second formant 
(i.e., 900-2500 Hz), a bottom filter ( 140 Hz) likely too low 
to provide useful formant information, and three upper 
filters that provide redundant information regarding the 
presence of frication energy. ' 

TABLE I. Vocoder channels. AI.1 filters were bandpass except for Channel 
16 of GULin, which was high pass, (HP). 

' Vocoder 

CIDLog 
Channel CIDLin GULin 

1 140 260 

2 222 • 392 

3 315 525 

4 397 660 

5 500 791 

6 630 925 

7 794 1060 

8 1000 1225 

9 1260 1390 

10 1587 ,. 1590 

11 2000 1820 

12 2520 2080 
-. 

13 3175 2380 
,. 

14 4000 ß 2720 

15 5040 . 3115 

16 6350 3565 HP• 

We hypothesized tha• 16 filters could be allocated more 
effectively: It would be more helpful to the lipreader to have 
a clearer percept of second formant patterns and transitions, 
since the F2 region is thought to be the single most informa- 
tive band for. conveying distinctions in auditory speech per- 
ception (Liberman et al., 1967). Therefore, a new filter bank 
(designated "GULin" for' Gallaudet University linear vo- 
coder) was designed and implemented for greater F 2 resolu- 
tion by providing a larger number of bands in that region 
(Table I). The filter spacing was designed to be approxi- 
mately linear. One high-pass filter was provided, principally 
for indication of high-frequency energy. Output was scaled 
linearly. 

The main goals of the current study were:'( 1 ) to com- 
pare the efficacy of these three vibrotactile vocoders that 
varied in terms of filter spacing and output scaling; and (2) 
to compare the vocoder across normal-hearing versus hear- 
ing-impaired adults. These goals were addressed in a train- 
ing study with a multiple single-subject design. 

I. EXPERIMENT 

Four subject groups'participated: visual-only controls 
and subjects assigned to one of the three vocoders. An out- 
line of the experiment, which was composed of several differ- 
ent tasks, is given in Table II. Use of several different types of 
procedures is typical for studies of this kind; since it is not 
known how best to promote vibrotactile learning, and it is 
unclear the degree to which performance on any one task can 
be used to predict performance on any other. 

In pre- and post-tests,-subjects performed visual-only 
(VO) open•.se t sentence identification without feedback. 
This task was.used to estimate improvements in lipreading 
the talkers: 'Subjects also performed forced-choice nonsense 
syllable identification with.feedback in visual-only (VO) 
and tactile-•,isual (TV) conditions. Nonsense syllable iden- 
tification was.employed to give subjects experience with the 
experimental setup, familiarity with the prerecorded talkers, 
and initial e.xperience with'their assigned vocoder. In the 
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TABLE II. Experiment protocol. Numbers in parentheses are the nominal number of sessions required to complete the task. 

Training period •timulus materials Modality a Feedback 

Screening ( 1 ): 
Pretest (8)' 

Baselines 1-6 ( 12)' 

Treatments 1-5 (30)' 

Post-test ( 8)' 

20 CID sentences, open-set identification, male talker 
40 CID sentences, open-set identification, male talker 
92 CV tokens each repeated ten times, forced choice identification, male and female talkers 
92 CV tokens each repeated ten times, forced-choice identification, male and female talkers 
40 B-E sentences, open-set identification, stimulus repetition, female talker 
40 B-E sentences, open-set identification, stimulus repetition, male talker 
6 six-minute tracking installments, female talker 
120 B-E sentences, open-set identification, feedback, stimulus repetition, female talker 
120 B-E sentences, open-set identification, feedback, stimulus repetition, male talker 
12 six-minute tracking installments, live talker 
6 sets forced-choice consonant identification, 
(word-initial in treatments 1, 3, 5 and word-final in treatments 2 and 4) 
40 CID sentences, open-set identification, male talker 
92 CV tokens each repeated ten times, forced-choice identification, male and female talkers 
92 CV tokens each repeated ten times, forced-choice identification, male and female talkers 

vo N 

vo N 

VO Y 

TV Y 

VO Y 

VO Y 

VO Y 

TV Y 

TV Y 

TV Y 

TO Y 

VO N 

VO Y 

TV Y 

a The visual control group received all stimuli in the VO condition. 

main part of the experiment, during which subjects received 
isolated sentences for open-set identification, six baseline 
training periods without vocoders were alternated with five 
treatment training periods with vocoders (except for visual- 
only control subjects). Results from open-set sentence iden- 
tification were considered most important, since the task 
most closely approximated speech perception outside the 
laboratory. Subjects were also tested on word-initial or 
word-final consonant identification in a forced-choice pro- 
cedure. This task was performed tactile-only (TO) by the 
subjects assigned to vocoders and VO by the visual control 
subjects. This was the sole TO task in the experiment and 
was included primarily to afford subjects the opportunity to 
focus on learning vibrotactile segmental contrasts across 
varied phonetic contexts. During the training periods, sub- 
jects also participated in CDT. It was hypothesized that sub- 
jects would maintain greater motivation in the experiment, if 
the protocol included interaction with a live talker. CDT 
was chosen for this purpose. In this paper, we report results 
from all the experimental procedures. CDT rates are not 
reported for several reasons: ( 1 ) The procedure was not car- 
ried out in the typical manner; (2) speech of the hearing• 
impaired subjects was generally unintelligible and they re- 

control conditions, visual-only and CIDLog vocoder. Three 
subjects were assigned to each of the two experimental con- 
ditions GULin and CIDLin. An additional subject became a 
replacement when one CIDLog subject subsequently 
dropped out of the experiment, because of time conflicts. 
One CIDLin subject was not included in analyses, because a 
research assistant inadvertently changed the subject's vo- 
coder assignment to CIDLog midway through the experi- 
ment. Subjects' ages ranged between 23 and 41 years. Three 
of the subjects were male. In all, nine normal-hearing sub- 
jects' results were analyzed. 

Heating-impaired subjects were screened in terms of au- 
diometric evaluations and lipreading. Subjects were required 
to have the following characteristics: severe or profound bin- 
aural, sensorineural heating loss; no visual impairments; and 
excellent lipreading skills. The decision to use excellent li- 
preaders was based on two main considerations. First, pre- 
vious work (Bernstein et al., 1989; Eberhardt et al., 1990) 
had shown significant effects of visual learning. It was hy- 
pothesized that little visual learning would occur, if subjects 
were highly competent lipreaders. As a consequence, base- 
line performance would be more stable and aided treatment 
performance might better approximate ultimate aid benefit. 

(3) we believe that use of a live talker provides the opportu- 
nity for uncontrollable variables that may significantly affect 
tracking rates (Hochberg et al., 1989; Matthies and Carney, 
1988; Pickett, 1983; Tye-Murray and Tyler, 1988). 

A. Subjects 

Subjects were screened for average-or-better lipreading 
and normal or normal-corrected vision. Nineteen normal-' 

heating naive adults from the Gallaudet University student 
and staff community were recruited and individually admin: 
istered a lipreading screening test. 1 Eight subjects were r½-- 
jected because their screening scores were below average. 
For those accepted into the study, the mean CID sentence 
screening score was 45.2 key words correct out of a possibl•e 
103. Two subjects were randomly assigned to each of the•. 
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ties of excellent lipreaders would be adequate to perform the 
open-set sentence identification task. Since Gallaudet Uni- 
versity is a bilingual community (English and American 
sign language), it was necessary to find subjects whose re- 
sponses would rely primarily on their knowledge of English. 
Otherwise it would be difficultor impossible to distinguish 
language errors from lipreading errors. 

Eleven severely or profoundly hearing-impaired sub- 
jects received the lipreading screening test. Four were reject- 
ed due to poor lipreading ability, one was rejected due to 
vision problems, one due to lower brainstem involvement, 
and one subject was an excellent lipreader but declined to 
participate. Two subjects were randomly assigned to the 
CIDLin and two to the GULin vocoder. Table III gives sub- 
jects' ages, pure-tone averages, CID sentence key word lip- 
reading scores on the 20-sentence screening test, and vo- 
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TABLE III. Profoundly deaf subjects. 
, 

Subject Age 

Pure-tone thresholds 

dB HL b 

right ear left ear 
Etiology CID a sentences 

(Age diagnosed) Screening ¾ocoder 

021 28 112 108 

026 36 102 98 

037 38 106 103 
038 33 95 87 

Unknown (4 years) 76 GULin 
Unknown ( 1« years) 67 CIDLin 
Unknown ( 1« years) 75 GULin 
Unknown ( 1« years) 92 CIDLin 

Key words correct, 103 possible. 
re: ANSI S3.6-1989. 

coder assignments. The mean screening test score for 
heating-impaired subjects was 77.5 key words correct. All of 
the hearing-impaired subjects were female and either Gal- 
laudet students or graduates. All subjects were paid for their 
participation. 

B. Stimuli and instrumentation 

1. Stimuli stored on laser videodisc 

All prerecorded stimuli were stored on laser videodiscs 
(Bernstein and Eberhardt, 1986a,b). Stimuli were recorded 
by a male and a female talker. Details concerning videodisc 
production are given in Bernstein et al. (1989) and Eber- 
hardt et al. (1990). Briefly, the talkers spoke General 
American English. During recording, they were seated in 
front of a dark background. The talker's face filled most of 
the screen area. Lighting was provided by two face-level di- 
rect 600-W floodlights, at approximately 35 ø to either side of 
the midline. Two 600-W fill lights were positioned above the 
talkers. 

Four sets of videorecorded materials were used in the 

experiment: isolated monosyllabic words, a corpus of 1568 
B-E ( Bernstein and Eberhardt, 1986a,b) sentences, CID ev- 
eryday sentences ( Davis and Silverman, 1970), and CV non- 
sense syllables. 

Twelve sets of eight monosyllabic words each were se- 
lected for two-alternative, forced-choice identification of ei- 
ther the initial or final consonant. Word lists are given in 
Appendix A. Word-initial consonant contrasts were/b/- 
/d/, /1/-/m/, /f/-/s/, /b/-/g/, /w/-/r/, and /t/-/1/. 
Word-final consonant contrasts were /n/-/g/, /d/-/s/, 
/t/-/p/, /b/-/d/, /1/-/d/, /•/-/•/. Word selection was 
limited by the prerecorded corpus. The goal of the selection 
procedure was to obtain four pairs of words per contrast that 
varied only in terms of the target contrast, for example, 
word-initial pairs "dark" versus "bark" and word-final 
"dub" versus "dud." 

Videorecorded B-E sentences were composed for the 
most part by one of the authors (LEB) with the intent of 
providing a large set of unrelated topics, in language that 
might be representative of casual conversation. The sentence 
corpus of 1568 sentences contained 70% statements, 24% 
questions, and 5% imperatives. Syntax of the statements in- 
cluded simple active declaratives, passives, and negatives. 
Approximately half of the B-E sentences were recorded by 

both the male and female talker, and half were unique to one 
talker. Sentence length varied between 3 and 12 syllables as 
given by dictionary transcriptions. The distribution of sen- 
tence types was approximately the same for each sentence 
length. However, the majority of the sentences was between 
six and nine syllables. Talkers were instructed to produce 
each sentence as though it had been extracted from a natural 
conversation. 

100 CID everyday sentences (Davis and Silverman, 
1970) spoken by the male talker were used for screening 
lipreading (20 sentences) and for pre- and post-testing (40 
sentences each). The two sets of 40 sentences were equated 
for difficulty (Demorest and Bernstein, 1987). 

CV nonsense syllables were used during pre- and post- 
tests and consisted of two tokens from each talker of the 

22 consonants,/p,b,m,f,v,O,0,w,r,•,•d,g,•,t,d,s,z,k,g,n,l,h/, 
combined with the vowel/a/. The isolated vowel/a/was 
included for a total of 92 tokens. 

A TMS320 microprocessor-based system that provided 
the CIDLog, CIDLin, and GULin vibrotactile vocoders by 
simply changing a switch setting (thus holding hardware 
constant) was built at Central Institute for the Deaf by the 
fourth author. Signal processing was based on the design 
described in Engebretson and O'Connell (1986). Input sam- 
pling was at 15 015 Hz, low-pass filtered at 7500 Hz. The five 
highest channels were pre-emphasized and all channels of 
CIDLog were then submitted to logarithmic output scaling. 
The CIDLin vocoder was identical to CIDLog except that 
logarithmic output scaling was disabled and overall gain was 
set with the goal that formant peaks would be equally intense 
across the vocoder bandwidth, while formant valleys would 
generally not cause activation of the vibrators. Gain for the 
GULin vocoder was determined by the same method as for 
CIDLin. 

The stimulator array was a replication of the Engebret- 
son-O'Connell CID array. It comprised 16 magnetic sole- 
noids activated by 100-Hz square wave pulse trains modula- 
ted by the energy in respective filter bands. The array was 
13.5 cm with 8.4-mm spacing from center to center of each 
solenoid. It was secured to the underside of the left forearm 

With straps. In sessions in which the subjects were required 
to type sentences, a flexible fabric bandage was wrapped 
around the array and arm, so that it was possible to rotate the 
arm into the normal position for typing. 
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3. Videodisc control 

Videorecorded stimuli were presented on an 18-in. color 
monitor (SONY TRINITRON). VO and TV stimulus pre- 
sentation consisted first of freezing on the first video frame 
for approximately 1 s and then playing the stimulus forward 
in real time. Search for the following stimulus was not initi- 
ated until the subject recorded a response. The effect 
achieved by frame freezing was natural and continuous, 
since the start and end video frames had been chosen during 
videotape editing for a relaxed expression on the talker's 
face. Also, the use of constant angular velocity (CAV) vi- 
deodiscs allowed frame-by-frame control of the stimulus 
with flawless transitions between freeze and play modes. 
Audio signals from the videodisc were fed directly to the 
vocoder system when appropriate. 

4. Control of auditory stimulation 

An IAC sound-treated chamber was used for all testing. 
To ensure that mechanical vibrations from the vibrotactile 

array were not heard, all subjects wore earplugs (E.A.R), as 
well as headphones presenting noise shaped to mask both the 
vibrotactile array and the voice of the live talker used during 
CDT. Sound field testing with pure tones was used to deter- 
mine that these measures prevented the normal-heating sub- 
jects from detecting sound from the array or the live talker. 
Hearing-impaired subjects were required to wear the ear- 
plugs and headphones so that any associated nonauditory 
discomfort was imposed on them also. 

C. Procedures 

1. General test procedures 

p•utu•u• requ •,.,0111pletlOll expel 1111elltal ired ap- 
proximately 65-70 one-hour sessions. During each baseline 
training period, tasks were divided among sessions such that 
a session comprised approximately two 20-sentence videore- 
corded, B-E sentence sets for open-set identification, and 
three 6-min CDT episodes. During each treatment period, 
tasks were divided among sessions such that a session com- 
prised approximately two 20-sentence videorecorded, B-E 
sentence sets for open-set identification, one set of forced- 
choice consonant identifications, and two 6-min CDT epi- 
sodes. The terms "baseline" and "treatment" are used in 

reporting results for all subjects, although visual controls 
received no vibrotactile stimuli during treatment periods. 

a. Word-initial and word-final consonant identification. 
The computer keyboard was used to collect two-alternative, 
forced-choice, word-initial and word-final consonant identi- 
fications during training periods. Stimuli were presented in 
pseudorandom order without replacement in four blocks of 
32 trials ( 8 words • 4 repetitions). The correct response was 
displayed on the computer monitor following each response. 
Word-initial identification was performed in treatment per- 
iods 1, 3, and 5, and word-final in treatment periods 2 and 4. 

b. Sentences. Open-set sentence identification used a 
standard computer video terminal for response collection. 
Each trial was composed of an initial stimulus presentation, 
a typed transc•ption by the subject of whatever he/she 
could identify of the sentence, feedback in the form of the 

text of the stimulus displayed on the computer monitor, and 
finally a repeat presentation of the stimulus. Feedback and 
repeated presentation were not given during screening, pre- 
or post-test sentence identification. 

B-E sentences for baseline and treatment periods were 
randomly selected without replacement, until all ofa talker's 
sentences had been assigned to one of the 20-sentence train- 
ing blocks. Then a set of new random selections was made 
from the entire B-E set. Only a small number of blocks 
reused sentences. This was not considered a problem, since 
previously it had been shown that visual-only performance 
for these sentences improved only after three or more pre- 
sentations (Eberhardt et al., 1990). 

All response sentences were checked for spelling errors 
and corrections were made only in unambiguous responses. 
Then, words correct were counted by a computer program. 
The program accepted as correct only those words spelled 
identically with the stimulus and in correct sequential order. 

c. Connected discourse tracking. Three texts varying in 
reading difficulty were selected from a series designed for 
teaching adults to read (Murphy, 1986). The texts designed 
to be easiest and intermediate comprised one- or two-page 
stories or articles and the most difficult comprised a multi- 
chapter story. Readings were assigned according to a fixed 
schedule: That is,' each CDT assignment began at the same 
point in the texts across subjects. This procedure was de- 
signed to attempt to control experience across subjects. Thus 
subjects rarely completed a short article or story, and fre- 
quently required a summary of the intervening long story 
that they had not received during CDT itself. Normal-hear- 
ing subjects spoke their response and hearing-impaired sub- 
jects used signed English in combination with speech. 

d. Nonsense syllable identification. The computer key- 
board was used to collect responses for the 23-alternative, 
forced-choice nonsense syllable identification task during 
pre- and post-tests. Keys were given orthographic labels for 
the phoneroes and subjects were instructed regarding the 
labels. The correct response was displayed on the monitor 
after each response. Identification judgments were obtained 
for each of the talkers separately in aided and unaided ½ondi- 
.tions, during pre- and post-tests. In all, ten judgments per 
token in each of the conditions during both pre- and post-test 
were obtained. 

2. Data analysis 

a. Word-initial and word-final consonant identification. 
All data analyses were performed using SPSS x (1986). 
Planned comparisons were performed to test for differences 
between vocoder groups and differences between training 
periods for the word-initial observations separated from the 
word-final observations. The binomial model was used to 

test for above chance performance on individual word-initial 
or word-final consonant contrasts. 

b. B-E sentence identification in baselines and treat- 
ments. For the B-E open-set sentence identification task, the 
unit of analysis was a single sentence. An analysis of covari- 
ance was performed with number of words correct as the 
dependent variable and number of words in the stimulus 
sentence as the covariate. The factors in the experimental 
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design were subject, talker, and training period, and all three 
factors were considered fixed. Sentences were nested within 

cells and treated as a random variable. 

Because the four groups contained different numbers of 
subjects, and because only two of the groups included hear- 
ing-impaired subjects, between-subject effects (dr= 12) 
were examined as a series of planned contrasts: ( 1 ) the visual 
group versus the CIDLog group (since these were both con- 
trol groups); (2) the two control groups versus the experi- 
mental groups (CIDLin and GULin); (3) the CIDLin 
group versus the GULin group; (4) the normal-hearing sub- 
jects versus the heating-impaired subjects within the CID- 
Lin group; and (5) the normal-hearing versus the hearing- 
impaired subjects within the GULin group. The remaining 
contrasts tested differences between individual subjects with 
the same heating status and vocoder (df= 7). 

Differences among the 11 training periods (d f= 10) 
were also examined via planned comparisons. The five treat- 
ment periods were contrasted with the six baseline periods to' 
test for the vocoder effects (referred to as the vibrotactile 
contrast). Within the baseline (dr= 5) and treatment' 
(dr= 4) periods, differences were examined using orthogo- 
nal contrasts for trend. These are referred to as baseline 

trends and treatment trends, respectively. In keeping with 
the single-subject multiple baseline design, simple analyses. 
of covariance (talkerX training period) were also per- I 
formed for individual subjects. Given this data-analytic" 
model, the effects of primary interest were the interactions of 
the between-group comparisons and the vibrotactile con- 
trast. .. 

c. Pre- andpost-test nonsense syllable identification. Per- 
formance on the nonsense syllable identification task was 
quantified in terms of transmitted information (in bits) and 
percentage-correct identification. The data were analyzed 
using a mixed design, with three within-subject factors: test 
period (pre-test versus post-test), vibrotactile condition 
(aided versus unaided), and talker. The between-subjects" 
degrees of freedom were partitioned as described above 
(df= 5), with the remaining seven degrees of freedom allo- 
cated to the error term. 

II. RESULTS 

A. Word-initial and word-final consonant identification 
in treatment training periods ' 

Analysis of variance showed that there were no differ- ' 
ences between vocoder groups on either word-initial or" 
word-final consonant identification [F(2,6) < 1 ]. There 
were also no systematic effects of treatment period for either 
the word-initial or word-final identifications. In particular, 
there was no evidence of learning across training periods 1, 
3, and 5 for word-initial consonant contrasts [F(2,12) < 1 ], 
and no evidence of learning across training periods 2 and 4 
for word-final consonant contrasts [F(1,6) < 1 ]. However, 
overall word-final consonants were identified significantly 
more accurately than word-initial consonants 
[F(1,6) = 8.00, p = 0.039]. Level of performance was in- 
vestigated in terms of individual subjects. Since the training 
period was not significant, data from each phoneme contrast 

were pooled on a per-subject basis. Evidence of above- 
chance performance at the level ofp < 0.05 was determined 
for each of the 12 sets of words seen by each subject. For 
word-initial sets, at least 158 trials out of 288 indicated 

above-chance performance; and for word-final sets, at leas• 
108 trials out of 192 indicated above-chance performance. 
Figure 1 (a) and (b) shows results for individual subjects. 
Figure 1 (a) shows the word-initial and Fig. 1 (b) the word- 
final contrasts. Percentages in the figures are based on the 
total number of trials across the entire set of word-initial 

(1728) and word-final (1152) observations. Asterisks indi- 
cate those contrasts identified beyond chance. Figure 1 (a) 
and (b) shows the higher performance for word-final than 
word-initial contrasts and the similar performance across 
vocoders. The least accurate contrast was/b/versus/d/in 

word-initial position. The most accurate was/•/versus/•/ 
in word-final position. In general, these results suggest that 
the three vocoders were equally effective in conveying mini- 
mal phonemic differences required for this task. 

% Correct Word-Initial Consonant 
lOO 

80 

40 
,. 

•o•' •* 

o CIDLog 

: HI 

(a) 

I /b/ versus /d/ 

I /b/ versus /$/ 

GULin 

Group 

• /1/ versus /m/ 

[----] /w/ versus /r/ 

1.1-1 

CIDLin 

• /f/ versus /s/ 

I /t/ versus /I/ 

% Correct Word-Final Consonant 

løø I HI 

ß 80 HI 
ß 

ß 60 

40 

o CIDLog 

I /n/ versus /g/ 

I /b/ versus /d/ 

HI 

(b) 

GULin CIDLin 

Group 

• /d/ versus /s/ I----I /t/ versus /p/ 

='•'J."-'• /I/ versus /d/ I----] /6/ versus /.•/ 

FIG. 1. TO consonant identification by individual s•bjects: (a) shows the 
word-initial contrasts and (b) shows the word-final contrasts. Percentages 
are based on the total number of trials across the entire set of word-initial 

(1728) and word-final (1152) observations. The asterisks indicate those 
contrasts that were identified by individual subjects at thep < 0.05 level be- 
yond chance. [The letter "a" in (b) indicates that that subject's /b/ versus 
/d/ contrast was estimated on the basis of trials at one training period only 
due to missing data. ] 
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.o 

B. Isolated B-E open-set sentence identification in 
baseline and treatment training periods 

ß . 

The covariate (sentence length in word's) was signifi- 
cantly related to the dependent v..ariable (num. ber of words 
correct in the sentence) both..in the overall analysis 
(F( 1,21460) -- 1739.39, p < 0.'0005 ) and for every one of 
the 13 subjects (p < 0.0005)..Th.e within-cells correlations 
between sentence length and. n.umber of words correct 
ranged from 0.11 to 0.47, with a median of 0.26. 

: 

: 

1. Effects of vibrotactile vocoders 

Figure 2 (a) and ( b ) shows the mean difference between 
aided and unaided training periods for each of the subjects. 
Figure 2 (a) gives the difference, in words correct per sen- 
tence, between the covariate-adjusted means for treatment 
and baseline periods. Figure '2(b) gives unadjusted differ- 
ences in the overall percentage of words correctly identified 
in the two conditions. 

Ttie covariance analysis showed no diffei'ence between 
the visual control group and the CIDLog control group in 

o 

terms: of the vibrotactile contrast [F(1•21460) -- 0.13, 
p- 0.•20], suggesting no effect of the CIDLog vocoder. 
The analysis did show a significant difference between the 
two control groups and the two experimentfl.1 groups, CID- 
Lin and GULin, in terms of the magnitude of the vibrotactile ß 

ß , 

ß 

ß 
. 

Words Correct per SentenCe 
0.5 

0.2 

0.4 

O.3 .- 

ß 

0.1 

0 

-0.1 

(a) 

Visual CIDLog CIDLin GULin 
Group 

I Significant, p < .04 [• Not Significant ' 

% Words Correct 
,, 

ß HI HI HI HI 

i i i i,. i i i i i I i i .i i i 

Visual CIDLog CIDLin GULin 
.. Group '- 

{b) " 1 Significant, p < .04 • Not Significant 
. 

ß 

FIG. 2.'Words-correct, mean performance differences, treatment minus ba'- 
seline, for open-set sentence identification across the entire experiment. (a) 
shows •he difference, in words correct per sentence, between the adjusted 
means for treatment and baseline periods. (b) shows unadjusted differences 
in the :overall percentage of words correctly identified in the two types:of. 
training periods. The solid bars indicate differences significant at p < 0.04. 
The hatched bars show nonsignificant differences. : 

ß 

ß 
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•:0ntrast [F(1,21460) = 7.15, p = 0.007]. That is, taken to- 
gether, the two'•xperimental groups •howed a significantly 
greater treatment effect than the two control groups. There 
was also a sighificant difference between the two experimen- 
,tal groups [F( 1,2• 1460) = 9.12, p = 0.003 ]. These results 
can be explained in terms of the single-subject analyses. Ta- 

ß-•le IV gives the Fratios and levels of significance for each of 
the subjects. -... 

The individual subjects' analyses confirmed that no dif- 
ference betweeh baseline and treatment conditions was ob- 

tained for the visual-only controls. Analyses also showed 
that neither the CIDLog nor CIDLin subjects were signifi- 
cantly aided by their assigned vocoder. In contrast, signifi- 
cant improvements with the vocoder were obtained by each 
of the GULin subjects. 

As predicted by the screening scores, hearing-impaired 
subjects were generally more accurate lipreaders than were 
normal-hearing •ubjects. The mean number of words correct 
per sentence identified by the hearing-impaired subjects was 
3.42, and the corresponding mean for heating subjects was 
2.04. The mean-length of stimulus sentences was 6.02. In 
terms of overall percent words correct (total words correct 
divided by total words presented), the percentages were 
57.7% for hearing-impaired lipreaders and 34.3% for nor- 
mal-hearing lipreaders. 

Figures 3(a) and (b) and 4(a) and (b) show the per- 
centage words correct achieved by each of the GULin aided 
hearing-impaired subjects at each of the treatment and base- 
line sessions. The results are given separately for the male 
[ Figs. 3 (a) and 4 (a) ] and female [ Figs. 3 (b) and 4 (b) ] 
talker, since talkers were significantly different in intelligi- 
bility (see below). Each data point represents responses to 
40 isolated sentences. The figures show that although the 
two subjects obtained virtually the same screening score (see 
Table III), subject 021 was generally more accurate aided 
and unaided than was subject 37. Both subjects achieved 
aided levels of performance as high as 80% words correct 
with the male talker toward the end of the training periods. 
Their unaided scores were almost as high during the final 
baseline. Subject 021 [ Fig. 3 (b) ] obtained considerable en- 
hancement to lipreading the female talker with the GULin 
vocoder during the second half of the treatment training per- 
iods, generally scoring above 60% words correct. Subject 
037 [Fig. 4(b) ] was somewhat less successful with the vo- 
coder during the same part of the experiment, scoring less 
than 60% words correct with the female talker. 

2. Trends over time 

There were significant differences among training per- 
iods for both the baseline and treatment training 
[F(5,21460) -- 22.10 and F(4,21460) -- •3.78, respective- 
ly, p <0.0005 ]. Figure 5 shows the adjusted means, com- 
bined across all subjects. For baseline periods, all trend com- 
ponents were significant (p < 0.01 ), whereas for treatment 
periods only the linear and quadratic components were sig- 
nificant [F(1,21460) -- 43.73, p <..0.0005, and 
F(1,21460) -- 5.77, p -- 0.016, respecti{;e.ly]. This pooling 
of data across subjects is justified becaus• the shape of the 
baseline and treatment curves was comparable for all sub- 
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TABLE IV. Fratios and significance of the vibrotactile contrast for each of•he 13 subjects. NS = p > 0.05. HI = heating-impaired. NH = normal-heating. F 
ratios were calculated on an individual-subject basis (dr= 1, 1654). 

Visual CID Log CID Lin GULin 
Subject F p Subject F p Subject F p Subject F p 

005 (NH) 0.03 NS 007 (NH) 1.93 NS 
020 (NH) 0.00 NS 022 (NH) 0.43 NS 

017 (NH) 0.69 NS 010 (NH) 4.85 0.028 
024 (NH) 0.31 NS 016 (NH) 7.30 0.007 
026 (HI) 0.00 NS 028 (NH) 4.27 0.039 
038 (HI) 1.37 NS 021 (HI) 13.56 0.001 

037 (HI) 9.15 0.003 

jects. That is, the interaction of subjects with periods (within 
baseline and treatment training periods) was not significant 
[F( 108,21460) -- 1.14, p -- 0.148 ]. To emphasize this 
point, Fig. 6(a) and (b) shows performance trends across 
the 11 training periods separately for each group. The means 
in Fig. 6 have been adjusted both for the covariate (number 
of words in the sentence) and for treatment effects (i.e., the 
differences between baseline and treatment periods). The 
shape of these curves reflects the combined influences of 
learning, practice, and materials operating across the course 
of the experiment. 

3. Talker effects 

In previous work, we have reported a talker effect for 
these stimuli (e.g., Demorest and Bernstein, 1987; Bernstein 
et al., 1989) and the effect was replicated in the present ex- 
periment [F( 1,21460) = 697.54, p < 0.0005 ]. Although 
each talker spoke an average of 6.02 words per stimulus sen- 
tence, the average number of words correct was 2.88 for the 
male and 2.05 for the female. The magnitude of this effect 
varied somewhat from subject to •ubject 
[F(12,21460) = 4.66, p <0.0005], ranging from 0.48 to 

Male Talker 
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B T T T B T T T B T T T B T T T B T T T B 
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(a) ---'-- Tactile-Visual -•-- Visual Only 

Male Talker 

% Words Correct 
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(a) • Tactile-Vsual --•-- Visual Only 

Female Talker 

% Words Correct 
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0 • i • I • i • i I I J i i [ • • • • J 
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{b) --• Tactile-Visual • Visual Only 
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% Words Correct 
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(b) --• Tactile-Visual -•-- Visual Only 

FIG. 3. Percentage words correct achieved by the hearing-impaired subject 
021 at each of the treatment and baseline sessions. (a) shows results with 
the male talker, and (b) shows results with the female talker. Each data 
point represents responses to 40 isolated sentences. 

FIG. 4. Percentage words correct achieved by the heating-impaired subject 
037 at each of the treatment and baseline sessions. (a) shows results with 
the male talker, and (b) shows results with the female talker. Each data 
point represents responses to 40 isolated sentences. 
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Words Correct per Sentence- 
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FIG. 5. Adjusted baseline and treatment means over training periods, 
across all subjects, in words correct per sentence. 

Words Correct per Sentence 
3.5 

3.0 

1.15 words per sentence (median = 0.79). Nevertheless, it 
was consistent in direction and was always highly significant 
(p < 0.0005). 2.0 

Talker interacted with the vibrotactile contrast 4.5 

IF(1,21460) = 4.44, p = 0.035], producing a larger treat- 4.0 
ment effect for the more difficult talker (0.20 vs 0.08 words 0.5 
per sentence). However, this result must be considered mar- 0.0 

ginal because it was not significant in any of the individual- • 
subject analyses. Talker also interacted with treatment 
trends [F(4,21460) = 7.30, p < 0.0005], but this effect was {b! 
confined to only two of the 13 subjects (subjects 026 and 
016) and was not readily interpretable. 

C. Pre- and post-test effects 

I. CID sentence identification 

To examine improvements in lipreading scores across 
the duration of the experiment, 40 CID sentences spoken by 
the male talker were presented without feedback as a pre-test 
and another 40 equated for difficulty (Demorest and Bern- 
stein, 1987) were presented as a post-test. Scoring was based 
on all words in the sentences. Percent-correct scores im- 

proved significantly [F(1,9) = 47.46, p < 0.0005] but there 
was no difference in the amount of improvement for the four 
subject groups. Across subjects, pre-test scores averaged 
47.3% words correct, whereas post-test scores averaged 
57.0%. At pre-test, normal-hearing subjects averaged 
40.0% words correct, and hearing-impaired subjects aver- 
aged 48.8% words correct. At post-test, normal-hearing 
subjects averaged 63.9% words correct, and hearing-im- 
paired subjects averaged 75.6% words correct. These pre- 
post improvements are significant [F(1,11) = 8.83, 
p = 0.013 ], and there is no evidence that lipreading is more 
stable among hearing-impaired subjects [F( 1,11 ) < 1 ]. 

2. Forced-choice nonsense syllable identification 

a. Pre- and post-test differences. Performance on the 
nonsense syllable identification task was analyzed both in 
terms of the traditional measure, percent correct, and also in 
terms of transmitted information. For percent-correct 
scores, the pre- to post-test improvement was 3.2% (47.8% 
vs 51.0% ). The magnitude of this improvement is statistical- 

2 3 4 5 6 7 8 9 10 11 

Training Period 

Visual -• CIDLog + ClDLin + GULin 

FIG. 6. Trends across the 11 training periods separately for each group in 
words correct per sentence. (a) gives the baseline trends, and (b) gives the 
treatment trends. All means have been adjusted both for the covariate and 
for treatment effects. 

ly significant [F(1,7) = 7.48, p = 0.029). When perfor- 
mance was expressed in terms of transmitted information, 
the pre-test mean of 3.05 bits was not found to be significant- 
ly different from the post-test mean, 3.11 [ (F(1,7) = 5.36, 
p = 0.054]. Expressed in terms of the maximum informa- 
tion available (4.52 bits), these values represent perfor- 
mance levels of 67.3% and 68.8%, respectively. These re- 
sults suggest that nonsense syllable identification is not 
highly affected by training with other materials. 

b. Effects of vibrotactile stimulation. For both perfor- 
mance measures, nonsense syllable identification was better 
in aided than in unaided conditions [F(1,7) = 46.98 and 
80.58, p < 0.0005 ]. For percent-correct scores the difference 
was 5.4% (52.1% vs 46.7% ) and for transmitted informa- 
tion the difference was 0.12 bits (3.14 vs 3.02). Although 
this appears to imply that the vibrotactile aid provided bene- 
fit, this interpretation is undermined by the lack of interac- 
tion with groups (F < 1 ). In particular, the small but signifi- 
cant "aid" effect was also obtained for the visual control 

group who received no vibrotactile stimulation during "aid- 
ed" trials. The most probable interpretation for the aid effect 
is that it reflects the confounding of conditions with order: 
The aided trials were run following the unaided trials for all 
subjects. Order was not counter balanced in the design, be- 
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cause the visual control group was available to test for pres- 
ence of an aid effect. 

c. Talker effects. It is interesting to note that for C¾ 
syllable identification, the talker effect was considerably di- 
minished relative to that for sentence identification. Al- 

though performance was slightly better with the male talker 
(50.2% vs 48.6% and 3.10 bits versus 3.06), for percent- 
correct measures this difference was not significant 
[F(1,7) = 2.68, œ = 0.146), and for transmitted informa- 
tion it was only marginally so [F(1,7) = 7.56, œ = 0.029 ]. 
Talker did not interact with other factors in the experimental 
design. This minimal difference between the two talkers on 
C¾ syllables suggests that the source of the talker effect ob- 
served with sentence materials does not have to do with con- 

sonant articulation per se. 

III. DISCUSSION 

A. The failure to replicate previous CID vocoder results 

This experiment demonstrated similar transmission of 
vibrotactile speech information by the three vocoders, when 
word-initial and word-final consonants were identified in 

TO forced-choice identification, but significant differences 
between the GULin vocoder and the CID vocoders, when 
subjects performed open-set T¾ sentence identification. 
Only the subjects who received the GULin vocoder achieved 
significantly enhanced lipreading of sentences when using 
their vocoder. The lack of differences among vocoders on the 
consonant identification task suggests that segmental infor- 
mation was available via all three vocoders. The contrast in 

results across procedures suggests the possibility that the 
information was less readily available via the CID vocoders. 
Extraction of information from the CID vocoders could re- 

quire more focused attention, not possible when subjects 
were required to lipread sentences. The result with sentences 
was unanticipated in light of the previous reports of benefit 
with the CID/Queen's vocoders (Brooks et al., 1986b and 
Weisenberger et al., 1989). 

One possible explanation for the sentence results is that 
previous subjects tested with the CID/Queen's vocoders 
(Brooks, 1984; Brooks and Frost, 1986a, b; Weisenberger et 
al., 1986) were particularly gifted at processing vibrotactile 
speech information, in contrast with the current subjects. 
This is a possibility that cannot be investigated due to the 
great differences between studies. However, subject selec- 
tion cannot be used to explain results within the current ex- 
periment, since subjects were randomly assigned to the three 
vocoders and those assigned to GULin were all significantly 
aided by that vocoder. It is also possible that previous talkers 
produced speech better suited to the CID vocoder. But this 
seems unlikely, given the current failure to find robust inter- 
actions between talkers and vocoders. 

We need to examine another possible explanation, that 
differences in training between the current experiment and 
previous ones (Brooks et al., 1986b; Weisenberger et al., 
1989) might be responsible for our failure to replicate en- 
hanced sentence lipreading with the CID vocoder. It may be 
that variations across training protocols can have profound 
effects on performance. However, recently Weisenberger et 
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al. (1990) reported that they found no difference in CDT 
rates for subjects trained either with connected speech or 
isolated speech stimuli, suggesting that method of training 
may have a less signific. ant effect than might be thought. 

Since differences among subjects, talkers, and lraining 
procedures appear not to provide a Satisfactory explanation, 
we must consider factors involving the vibrotactile vocoders. 
The current CIDLog vocoder was a copy of that employed 
by Weisenberger eta!. (1989). Since that vocoder varied 
somewhat in filter design from that reported by Brooks and 
her colleagues, we focus here on PoSsible differences between 
the vibrotactile stimuli in the Weisenberger et al. study and 
our own CIDLog vibrotactile stimuli. Since talkers in the 
Weisenberger et al. study were live;: we cannot analyze spe- 
cific characteristics of the acoustic speech input that might 
account for stimulus differences. The single possible factor 
that we can isolate and have examined in detail is the signal 
processing obtained with each of the vocoders. 

We had hypothesized that the level of lipreading en- 
hancement to be obtained via a vibrotactile vo½oder is in part 
a function of the degree of contrast between formant peaks 
and valleys that is represented to the skin. We observed that 
logarithmic output scaling reduces the contrast between 
peaks and valleys, with the reduction in contrast a function 
of input gain. To test our hypothesis, we obtained two ver- 
sions of the CID vocoder, one with logarithmic and t. he other 
with linear output scaling. One question we may ask is 
whether the adjustment in scaling accomplished the intend- 
ed goal. We believe it did. An example of the effects of scal- 
ing is given in Figs. ?(a) and (b) and 8(a)-(i). 

Figure 7 (a) shows the time-intensity plot of the vowel 
/o/. Figure 7 (b) is a plot of the energy output by three chan- 
nels of each of the vocoders at 175 ms into the vowel. The 

channels were chosen so that the highest was approximately 
at the F 1 center frequency of the vowel. For the CID vo- 
coders the highest was channel 7, centered at 794 Hz. For the 
GU vocoder the channel was at 791 Hz. Measurements were 

made at the level used for stimulus presentation in the exper- 
iment. Figure 7 (b) shows that the contrast between formant 
peak and valley was well preserved by both of the linear 
vocoders but not by CIDLog. Families of output curves for 
the same three channels of each vocoder and the same vowel 

input are given in Fig. 8(a)-(i). Outputs were plotted at 
input decrements of 4 dB, beginning at the level of saturation 
for the formant peak. The stimuli for this experiment were 
presented at a level equivalent to -- 4 dB. 

Figure 8 (a)-(c) shows that at the three highest input 
levels, contrasts between the F 1 peak and lower valley was 
minimal for CIDLog. However, it is evident that as the level 
drops, first channel 5 becomes inactive and then channel 6. 
As predicted by the shape of the logarithmic function, con- 
trast between channels declines with increased input intensi- 
ty. It is possible, therefore, that results reported by Weisen- 
berger et al. (1989) were obtained by using a low input 
setting that preserved formant peak-to-valley contrast at the 
output. However, results shown in Fig. 8 (d)-(f) contradict 
this explanation. These figures show that at all input levels, 
CIDLin was capable of preserving contrast between formant 
peak and valley. Thus CIDLin subjects received stimuli that 
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FIG. 7. Output levels versus vocoder channel. (a) is the time waveform of 
the vowel. (b) shows the output levels of three channels for each of the 
vocoders at approximately 175 ms into the vowel. The vowel F 1 center fre- 
quency was located approximately within the CID channel 7 and the GU 
channel 5. 

should have provided good resolution between peaks and 
valleys. Furthermore, since the word-initial and word-final 
consonant identification results failed to show differences 

between vocoders, it would appear that even at the relatively 
high input level to CIDLog used in this experiment, formant 
information was preserved to some degree. 

Figure 8 (g)-(i) shows that for the particular token ana- 
lyzed here; contrast between channels was somewhat worse 
for GULin than CIDLin. This effect may be due to the meth- 
od used to specify the linear scaling, with which we are cur- 
rently experimenting. •- Nevertheless, the figure does illus- 
trate greater contrast than that shown for CIDLog [Fig. 
7 (a)-(c) ]. These restilts suggest that output scaling is not 
responsible for the sentence results obtained with the CID 
filters in this experiment. Indeed, we cannot at this time pro- 
vide any definitive explanation for the discrepany between 
ours and previous experiments. 

Considering only the results obtained for the three vo- 
coders in the current.experiment, the likely explanation for 
the superior results with the GULin vocoder is that its filter 

'sisacing was better s..uited to obtaining vibrotactile speech 
information during the putatively more complex task of 
open-set sentence identification. The hypothesized explana- 
tion for this result: is that the greater resolution of F2 pro- 
vided by GULin allowed subjects to more accurately follow 
the movement ofF'2 and thi•reby obtain more accurate pho- 

.. 

netic information. , 
. . . 

-. 

.-; 

B. Effects of hearing status 
The majority of w•t•rk on vibrotactile devices has been 

conducted with normal-hearing adults. A question that 
needs to be raised is how the experimental results may be 
affected by the subjects' visual experience in acquiring 
speech information. In the past, we have discussed evidence 
for greater visual than...vibrotactile learning on the part of 
normal-heating subjects aided by vibrotactile F0 supple- 
ments (Bernstein et al.,.';.-1989; Eberhardt et al., 1990). In the 
current study, it was hypothesized that hearing-impaired 
subjects would evidence far less visual learning in the open- 
set sentence identification task, since they rely on vision for 
speech perception, and=therefore the vocoder benefit would 
be more easily estimat&t by simply comparing performance 
with the aid on versus off. Although heating-impaired sub- 
jects were more accurate lipreaders than normal-hearing 
subjects, significant yisual learning effects of equivalent 
magnitude were obtained regardless of heating status. 

These results raise' a new question, what is it that sub- 
jects are learning in .this task? The learning is not learning of 
individual sentences, since sentence identification scores im- 
proved across pre- and post-tests for unique sentences. An 
hypothesis to account for the learning effect is that subjects 
are learning visual phonetic characteristics of the talkers. It 
must be remember.ed that the same speech activities that 
produce the acoustic speech signal are responsible for the 
visual signal. Thus effects ofcoarticulation, for example, can 
be expected visually (Benguerel and Pichora-Fuller, 1982; 
Montgomery •t al.; 1987) as well as acoustically. These ef- 
fects are not frequently discussed in relation to lipreading. 
What is better known is that a high level of phonemic ambi- 
guity occurs in'lipreading (Owens and Blazek, 1985). As 
Church (1987) has argued for machine speech recognition 
(from acoustic signals), phonetic context effects may pro- 
dde valuable information for narrowing down the possible 
word candidates in an otherwise ambiguous message. The 
same may be true for visual speech perception. The proce- 
dure used for open-set sentence identification in the current 
experiment may provide the subjects with an opportunity to 
learn to extract contextually constrained phonetic variations 
in the visual stimulus. 

C. Trends over time 

A final comment about performance over time concerns 
the shape of the learning curves for the baseline and treat- 
ment conditions. Trend analysis of the treatment periods 
revealed significant linear and quadratic trends, but baseline 
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FIG. 8. Output levels, in percent of full scale, for the vowel/a/across vocoders, three vocoder channels, and six input levels. The order of output levels 
corresponds in order of magnitude to the input levels for all panels, and is noted explicitly in (f). The vowel F 1 center frequency was located approximately 
within the CID channel 7 and the GU channel 5. The current experiment was conducted at approximately - 4 dB relative to full scale. 
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FIG. 8. (Continued.) 

periods were found to be more complex, requiting higher- 
order trend components for adequate description. 

The greater variability among baseline means undoubt- 
edly reflects the fact that sentence sets were sampled ran- 
domly and were not equated for difficulty. Although the 
materials were statistically equated for sentence length in 
words, this covariate was not strongly related to perfor- 
mance and no attempt was made to match the materials with 
regard to other putative determiners of sentence difficulty. 
We are currently engaged in psychometric studies of these 
sentences and are attempting to identify predictors of sen- 
tence difficulty that can be used in the future to develop 
equivalent sets of test materials. 

'The most likely reason for the lesser variability of treat- 
ment means is that treatment periods consisted of 240 sen- 
tences each, whereas baseline periods used only 80 sen- 
tences. The standard error of the treatment means could 

thus be expected to be less than that of the baseline means by 
a factor of 1/V• or 0.577. In fact, the standard deviation of 
the six adjusted baseline means was 0.292 and the standard 
deviation of the treatment means was 0.134, a ratio of 0.457. 
These two values are not significantly different 
[F(5,4) = 1.59, p > 0.05 ). The difference in complexity of 
the learning functions is consistent with the greater statisti- 
cal reliability of the treatment means. 

D. Summary and conclusions 

The main result of the current experiment was the find- 
ing of significant enhancement of sentence lipreading by the 
GULin vo½oder in contrast with the CID vo½oders. Careful 

analysis of the three vo½oders suggests that the filter spacing 
of the GU vocoder is responsible for its superior perfor- 
mance. No satisfactory explanation could be forwarded to 
explain the unanticipated failure to find significant enhance- 
ment with the CID vo½oders. These findings point to the 
importance of conducting replication experiments across 
laboratories, since such efforts can serve to focus attention 
on critical variables that may lead to both better understand- 
ing of the perceptual effects obtained with devices and to 
more efficient and effective evaluation procedures. 
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APPENDIX 

Stimulus words for word-initial consonant contrasts were: 

( 1 )/d/vs/b/. ding-bin, dark-bark, dent-bent, dust-bust. 
(2)/1/vs/m/. lop-mop, lust-must, lay-may, latch-match. 
(3)/f/vs/s/. fit-sit, fang-sang, fed-said, foil-soil. 
(4)/b/vs/•,/. bin-shin, book-shook, bale-shale, bed-shed. 
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(5)/w/vs/r/. wick-Rick, wig-rig, went-rent, west-rest. 
(6)/t/vs/1/. tin-lin, top-lop, tot-lot, tow-low. 
Stimulus words for word-final consonant contrasts were: 

( 1 )/n/vs/g/. pun-pug, pin-pig, din-dig, seen-sag. 
(2)/d/vs/s/. dud-bus, sad-kiss, said-lace, kid-sass. 
(3)/t/vs/p/. sit-sip, putt-pup, seat-seep, sat-sap. 
(4)/b/vs/d/. dub-dud, tab-sad, cub-cud, pub-bead. 
(5)/1/vs/d/. dill-did, dull-dud, sale-said, bale-bead. 
(6)/•/vs/•/. ratch-rash, catch-lash, teach-dash, ditch- 
dish. 

2 Equhlization of channel outputs is more important with linear output rep- 
resentation than with logarithmic cdmpression, since the skin's vibrotac- 
tile dynamic range is about 20-30 dB. Therefore, the following procedure 
was used to refine the original channel-by-channel equ. alization. As an in- 
put signal to the vocoder, a white noise source was filtered, using an adjus- 
table one-third octave filter (Genrad. 1925) to produce a noise spectrum 
modeled on average voice spectrum data (Beranek, 1988). The gain of 
each individual vocoder channel was adjusted to as constant a level across 
channels as possible. When compared to the equalization used for the cur- 
rent experiment, a marked improvement in uniformity across channels 
was noted. Gain adjustments of as many as 6 dB for CIDLin and 8 dB for 
GULin were made. The procedure outlined above takes into account both 
the average spectrum of speech and the variations due to filter skirt selec- 
tivity and band width. Subjectively, the procedure seemed to provide con- 
stant amplitude for patterns of moving formants, such as produced by dip- 
thongs spoken into the vocoder. No results are currently available to assess 
the effect of the altered equalization for the two linear vocoders. 
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