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ABSTRACT

In this report we describe the vowel identification ability of eight
patients who scored above 70% correct on a test of spondee
word identification. The stimuli were 12 synthetic vowels in “bVt”
format. The vowels differed in the frequency of F1, F2, and F3.
The mean identification accuracy was 60% correct. Front vowels
and dipthongs, /3 /, and fu/ were relatively well identified. The
vowels in “but,” “bought,” and “bout,” which were characterized
by high F1s and low F2s were not well identified. The results are
consistent with a model of recognition in which F1 is specified,
with relatively good accuracy, by a rate code and in which
extreme values of F2 are specified by a rate/place code.

In a recent report we described the word identification
ability of 50 patients who use the Symbion multichannel
cochlear implant (Dorman, Hannley, Dankowski, Smith,
& McCandless, 1989). In that study, the best patients
achieved scores of 90 to 100% correct on open set tests
involving spondee words and words in sentences, and
achieved scores of 50 to 60% correct on the NU 6 mono-
syllable test. This level of performance suggests that vowels
and consonants are well identified by some patients. In
this report we describe the vowel identification ability of
8 patients who achieved scores of 70% correct or greater
on the test of spondee word identification.

Implant design The Symbion implant consists of (1)
six monopolar electrodes implanted in the scala tympani
with remote reference, (2) a percutaneous pedestal to
which the electrode wires are attached, and (3) a portable
speech processing and electrode stimulation system (Ed-
dington, 1980, 1983). The most apical electrode 1s located
about 22 mm from the round window. The electrodes are
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spaced at 4 mm intervals. The most apical electrode (No.
1) is near the 1 kHz place in the cochlea, electrode No. 2
is near the 2 kHz place, electrode No. 3 is near the 4 kHz
place, and electrode No. 4 is near the 8 kHz place. These
four electrodes are activated in most patients. Each elec-
trode is driven by a signal derived from the input signal
after bandpass filtering. The center frequencies of the
filters for channels 1 to 4 (most apical to most basal
electrodes) are 0.5, 1, 2, and 4 kHz. The filters roll off at
6 dB/octave.

Coding of Formant Frequency Information about the
formant frequencies of a vowel may be available in several
forms. Consider, first, the information potentially avail-
able from neural elements discharging in synchrony with
the time waveform, i.e., a “rate” code. Psychophysical
studies suggest that, for some subjects, “rate pitch” in-
creases with pulse rate to approximately 1000 pulses per
sec (pps). For other subjects, rate pitch may saturate as
low as 175 pps (Hochmair-Desoyer, Hochmair, Burian, &
Stiglbrunner, 1983; Townshend, Cotter, Van Comper-
nolle, & White, 1987). Difference limens for rate pitch
can be very small (10%) for pulse rates up to 300 pps but
are much larger (15-40%) for pulse rates near 1000 pps.

The very good vowel identification scores achieved by
a few patients who use a single channel prosthesis, e.g., C.
F. who scored 78% correct for a set of eight vowels
(Hochmair-Desoyer, Hochmair, & Stiglbrunner, 1985),
suggests that discharge rate can be used to encode formant
frequencies. The level of vowel recognition obtained by
C. F. suggests that the time waveform can provide infor-
mation about F1 frequency and, possibly, some informa-
tion about F2 frequency. It is difficult to estimate the
resolution of F1 and F2 by C. F. because we do not know
the contribution of pitch, signal amplitude and signal
duration to recognition of the naturally produced vowels
with which C. F. was tested.

Formant frequencies may also be encoded along a scale
of relative frequency derived from the interaction of in-
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and information from place of cochlear stimulation. Ed-
dington (1980) assessed the relative pitch of signals pre-
sented to a series of monopolar electrodes arrayed from
basal to apical locations in the scala tympani. For signals
presented to a given electrode, relative pitch increased in
nonlinear fashion with stimulus frequency. For a given
repetition rate, pitch increased in a nonlinear fashion as
more basal electrodes were stimulated. In principle, then,
if speech signals are bandpass filtered, as in the Symbion
device, and the energy in the bands is directed to an array
of intracochlear electrodes, the rank ordering of the fre-
quency bands can be preserved. The resolution of such a
system is limited by the number of electrodes that produce
discriminably different percepts.

If relative frequency is used to encode formant fre-
quency, then it would be useful to have an absolute anchor
or reference for one end of the frequency scale. In the case
of the Symbion processor, low frequency information
available from the time waveform presented to the two
most apical electrodes could serve as this anchor.

Cues to Vowel Identity Naturally produced vowels
normally differ in pitch, overall sound pressure level,
duration, and in the location of formants one, two, and
three. Of these acoustic attributes, only the formant fre-
quencies allow a unique categorization of vowel identity
for a given speaker (Peterson & Barney, 1952; Peterson &
Lehiste, 1960). Thus, pitch, SPL, and duration are “sec-
ondary” cues to vowel identity and formant frequency
location is the “principal” cue. In the present experiment,
we synthesized vowels in bVt format so that pitch and
vowel length were constant across the set, and so that the
overall SPL varied less than 1.5 dB across the set. Our aim
in creating vowels in this manner was to ensure that the
listeners were basing vowel identification on the principal
cue to vowel identity.

METHOD

Subjects

The selection criteria for obtaining the Symbion device stipu-
lates that all patients be at least 18 years of age with profound,
bilateral, sensory hearing loss. They must be post-lingually deaf-
ened and cannot obtain significant speech benefit from conven-
tional hearing aids. The patients must be in good health and
must be psychologically stable.

The eight patients who participated in this research met the
criteria described above. They were selected for participation in
this research on the basis of their speech recognition scores
(greater than 70% correct spondee recognition) and on the basis
of availability for testing. The patients ranged in age from 21 to
58 years with a mean age of 37 years. The length of profound
deafness ranged from | year to 28 years with a mean of 6.6 years.
For six of the patients, deafness followed a progressive hearing
loss of unknown origin. For one patient, deafness followed
trauma to the temporal bone. For another patient, deafness
followed administration of ototoxic drugs.

Stimuli

The words “beet, bit, bait, bet, bat, bought, but, boot, Bert,
bout, bite, boat” were synthesized on a PDP11/23 minicomputer
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using the KLATT algorithm. The synthesizer was configured in
parallel mode with cascade adjustment. Each stimulus was syn-
thesized with five formants. Each stimulus was composed of a 5
msec /b/-burst, a 5 msec silent interval, 30 msec /b/-transitions,
90 msec vocalic nucleus, 50 msec /t/-transitions, 80 msec of
silence, and a final /t/-burst of 50 msec. The center frequencies
of the first three formants are shown in Table 1 and in Figure 1.
F1, F2, and F3 were varied in frequency for some of the vowels
in order to improve their naturalness and intelligibility. The FO
contour was the same for all signals. The peak SPL, measured at
the level of the subject’s input microphone, varied less than 1.5
dB across the 12 signals. The amplitude envelopes of the signals
varied slightly.

Procedure

The test consisted of a randomized sequence of 8 tokens of
each stimulus. No feedback of correct responses was given. The
familiarization sequence consisted of three repetitions of the 12
vowels. For this sequence, stimulus identity was indicated on the
answer sheet. The interstimulus interval was 3.5 sec.

The test was conducted in a sound attenuating booth. The
subjects sat approximately 1.5 m from a loudspeaker with their
implanted ear oriented toward the loudspeaker. The signals were
routed from a tape deck through an amplifier to the loudspeaker.
Signal presentation level was 75 db SPL (C weighted).

RESULTS

The averaged identification scores for the 12 stimuli are
shown in Figure 2. The group mean score was 60% correct.
The range of scores was 49 to 79% correct. Normal hearing
listeners tested with the same stimuli achieved a mean
score of 99% correct (Dorman, Hannley, McCandless, &
Smith, 1988).

The vowels /i 1 ¢ &/ and the diphthongs /e ai/ were
relatively well identified (mean score = 70% correct).
These signals are characterized by F2s above 1500 Hz.

The vowel /3 / was well identified (82% correct). In
Figures 1 and 2 we have placed /3 / in the front vowel
series because the error matrix suggests that /3 / was
confused with front vowels. We can account for these
confusions by assuming that F2 at approximately 1300
Hz and F3 at 1540 Hz combine to produce a signal in the
domain of the F2s of front vowels.

Table 1. Center frequencies of F1, F2, and F3 for “bVt" stimuli.

Stimulus F1 F2 F3
beet 313-200 2048 2695
bit 390-460 1756-1556 2460-2536
bet 546 1610 2539
bat 703 1562 2500
bought 625-650 859-910 2700-2730
but 625 1220 2539
boot 350 1054 2304
Bert 470-420 1270-1337 1540
boat 530-440 1088-900 2300
bout 684-420 1203-940 2538-2140
bite 660-400 1180-1880 2500-2524
bait 480-330 1720-2200 2520-2580
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Figure 2. Confusion matrix for 12 synthetic vowels in bVt format.

The vowel /u/ was also well identified (80% correct).
This vowel 1s characterized by a very low F1 (350 Hz) and
a low F2 (1054 Hz).

The vowels /AD/ and the diphong /o/ were not well
identified (mean score = 29% correct). These signals are
characterized by relatively low frequency F2s (858-1200
Hz) and relatively high frequency Fls (greater than 625
Hz starting frequency).

Visual inspection of the error matrix (Fig. 2) and the
formant frequencies of the vowels (Fig. 1) indicates that,
most generally, the error responses for a given vowel were
vowels with similar F1 and F2. In most instances, the
error responses were not widely distributed but, rather,
were the one or two vowels with the most similar formant
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Table 2. Percent “different” responses to stimulus pairs with a 400 Hz
“standard.”

Frequency Difference (Hz)

Subject 0 20 40 60 80 100 120
1 0 0 80 100 100 100 100
2 0 0 0 80 80 100 100
3 10 0 10 90 100 100 100
4 0 0 0 30 90 90 100

Mean 2.5 0 225 75 92.5 97.5 100

frequencies. Errors in which a vowel with a low F2 was
heard as a vowel with a high F2 (and visa versa) were
relatively uncommon.

DISCUSSION

The level of vowel recognition achieved by our listeners
indicates that information about both F1 and F2 was
available from the prostheses. We base this statement on
the overall percent correct and on data from 10 normal-
hearing listeners and one implant patient who were tested
with bVt stimuli for which only F1 was synthesized (Dor-
man et al, 1988). The normal listeners averaged 39%
correct for the Fl1-only stimuli. The patient, who achieved
79% correct for the bVt stimuli, achieved a score of 33%
correct for the Fl-only stimuli.

Encoding of F2 The relatively small number of cases
in which a vowel with a relatively high F2 was confused
for a vowel with a relatively low F2 indicates that infor-
mation about extreme values of F2 was available via the
prosthesis. This information may be specified by a com-
posite rate/place code since electrode 2 would be maxi-
mally activated by low F2s and electrode 3 would be
maximally activated by high F2s. The distinctiveness of
relatively low F2s may be further enhanced by rate coding
of frequencies near 1 kHz.



Encoding of F1 The relatively good identification of
front vowels and the dipthongs /e ai/ suggests that F1
frequency was well resolved. This inference follows from
the observation (1) that these signals are classified, in
articulatory terms, as front vowels which differ in height
and (2) that F1 is the principal cue to vowel height. To
obtain converging evidence on our inference of good
resolution of F1, we determined, for four of our patients,
the difference limen for frequency of an isolated F1 reso-
nance. The standard was a 400 Hz “F1” and the compar-
ison stimuli were “F1s” of 420, 440, 460, 480, and 500
Hz. Each stimulus pair was presented 10 times. The order
of the pairs was randomized. The results are shown in
Table 2. A criterian of 75% correct was reached when the
standard and comparison stimuli differed by 60 Hz. This
degree of resolution is sufficient to specify the location of
the first formant of front vowels.

The frequency of F1 is most likely specified by a rate
code derived from the temporal waveform presented to
the two most apical electrodes. It is unlikely that the
resolution of F1 implied by our results could be achieved
by a place code using monopolar electrodes.

When Recognition is Poor The poor identification of
vowels with a low F2 and a high F1 may be due to several
factors. Most generally, we would expect that resolution
of F1 frequency, if based on a rate code, would become
poorer as F1 frequency increased over the range 200 to
700 Hz. The three signals which were identified with the
least accuracy had similar, relatively high frequency Fl1s—
625 Hz for “but,” from 625 to 650 Hz for “bought,” and
from 684 to 420 Hz for “bout.” Poor resolution of similar,
high frequency F1s combined with poor resolution of low
frequency F2 would lead to poor recognition of “but,”
“bought,” and “bout.”

The Information Available from Place of Stimula-
tion An analysis of error responses to vowels with F2s
near 1 kHz bears on the issue of how information about
place of cochlear stimulation is used to encode formant
frequency. Recall that electrode 2 is near a 2 kHz place of
stimulation but is driven by a complex waveform com-
posed principally of frequencies around 1 kHz. If the
frequency of F2 is given by the 2 kHz place of stimulation,
then the vowels in “bought,” “but,” and “bout” should be
heard as the vowels in, for example, “bet” or “bait.” We
base this statement on listening to signals produced by a
speech synthesizer configured to produce the vowels in
“bought,” “but,” and “bout” with an appropriate F1 fre-
quency but a fixed F2 frequency of 2 kHz. Inspection of
Figure 2 indicates that “but” was heard as “bet” on 16%
of the trials, “bought” was heard as “bet” on 7% of the
trials, and “bout” was heard as “bait” on 1% of the trials.
The most common error responses to “but,” “bought,”
and “bout” were words with vowel F2s in the domain of
1 kHz, i.e., “bat” for “but,” “but” for “bought,” and “boat”
for “bout.” Thus, the absolute place of cochlear stimula-
tion does not appear to play a major role in vowel identi-
fication by our patients.
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Implant Design

Finally, our data are relevant to the issue of cochlear
implant design. The data allow a comparison of vowel
identification by patients fitted with two very different
prostheses: The Symbion prosthesis which uses analog,
simultaneous excitation of four monopolar electrodes, and
the Nucleus prosthesis (Tong, Clark, Seligman, & Patrick,
1980) which uses pulsatile, nonsimultaneous excitation of
22 bipolar electrodes. Blamey, Dowell, Brown, and Clark
(1987) report 64% accuracy for 7 patients fitted with the
version of the Nucleus prosthesis which extracts FO0, F1,
and F2. The 8 patients in our study averaged 60% correct.
Interpretation of the similar mean scores in the two studies
1s hindered by differences in the nature of the stimuli
(natural versus synthetic signals) and in subject selection
procedures. Tyler, Tye-Murray, and Moore (in press) have
overcome these problems by testing, with the same four
synthetic vowels, a sample of “better” patients fitted with
the Symbion and Nucleus prostheses. The mean score for
10 patients fitted with the Nucleus device was 94% correct.
The mean score for 9 patients fitted with the Symbion
device was 85% correct. In both groups, two patients
achieved 100% accuracy. The data from our study, from
Blamey et al. and from Tyler et al indicate that similar
levels of vowel recognition can be achieved via prostheses
with extreme differences in speech encoding strategy and
in electrode design.
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