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The main body of today's knowledge on fricative rec-
ognition is found in the pioneering studies of the acoustic
analysis of fricatives conducted about 20-30 years ago
(e.g., Fant, 1960; Fletcher, 1953; Harris, 1958; Heinz &
Stevens, 1961; Hughes & Halle, 1956; Stevens, 1971;
Strevens, 1960). These studies indicated that there are
two kinds of acoustic cues that are most likely responsible
for voiceless fricative recognition. One is the essentially
steady-state spectral shape differences existing in the
voiceless frication noise burst: [s] typically has a spectral
peak at 4-8 kHz and [f] has one at 2-4 kHz, whereas [f]
and [0] have similar flat spectra. The other cue is the
dynamic spectral changes occurring during the voiced
formant transition between the fricative and adjacent
vowel, which particularly play a role in differentiating
between [f] and [0]. The perceptual cues for the voiced
fricatives are presumed to have a similar explanation,
except that there is an additional periodic vibration
source at the glottis during most if not all of the frication
portion of the syllable.

Other possible acoustic cues such as the duration and
amplitude differences have been shown to have minimal
perceptual significance. Jongman (1989) reported that
shortening the frication noise to a duration of 70 ms does
not significantly decrease fricative recognition perfor-
mance compared to conditions where the full-duration
cue is presented. The overall amplitude of the frication
noise relative to the vowel also has been reported to be of
some importance in distinguishing between different
voiceless fricatives (Guerlekian, 1981; McCasland, 1979a,
1979b; and Stevens, 1985). But a recent study (Behrens &
Blumstein, 1988) showed that the amplitude effect is
small under more natural and controlled conditions
where the spectral properties of the friction noise and the
formant transitions are synthesized to be compatible.

Although specific investigations of fricative recognition
by hearing-impaired subjects are rather rare compared
with those of stop consonants, several studies considering
the general issue of consonant recognition have shown
that hearing-impaired subjects often have difficulty rec-
ognizing fricatives (Bilger & Wang, 1976; Owens, 1978;
Owens, Benedict, & Schubert, 1972). The precise reasons
for this difficulty are not clear, but several factors such as
reduced audibility, poor frequency selectivity and im-
paired temporal resolution have been suggested (Van
Tasell, 1981). In our view, the factors affecting hearing-
impaired subjects' speech recognition can be divided into
two basic categories: audibility and suprathreshold dis-
criminability. Audibility refers to whether a specific
speech cue is presented at a suprathreshold level to a
hearing-impaired subject. Given that hearing-impaired
listeners, by definition, have elevated thresholds, this
would obviously be a major factor. However, it is also
known that hearing-impaired subjects are not always
capable of achieving normal recognition performance in
cases where the speech cues are presented at audible
levels (e.g., Turner & Robb, 1987). Poor frequency selec-
tivity, impaired temporal resolution and abnormal loud-
ness are possible factors that may cause a loss of supra-
threshold discriminability.

These two factors-a lack of audibility and a loss of
discriminability-have often been confused in previous
experiments, especially when hearing-impaired subjects
are involved. In order to avoid this potential confusion,
the fricative stimuli will be presented to both normal-
hearing and hearing-impaired subjects at an equivalent
degree of audibility in the current investigation. In this
case, fricative recognition can be compared on a common
basis, in which the factor of loss of discriminability of a
cue can be investigated separately from its lack of audi-
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bility. The purpose of this study is to answer the follow-
ing questions:

1. What acoustic cues are sufficient for correct fricative
recognition in normal-hearing subjects?

2. Are these cues audible (or presented at intensity
levels above a subject's sensitivity thresholds) to hearing-
impaired subjects under normal circumstances? If not,
does the lack of audibility explain their errors in fricative
recognition?

3. Given an equivalent degree of audibility of these
cues to both normal-hearing and hearing-impaired sub-
jects, do they achieve equivalent recognition perfor-
mance, and if not, what conclusions regarding the abili-
ties of hearing-impaired subjects can we draw from this
comparison?

This paper consists of two main experiments. Experi-
ment 1 investigates the sufficient cues for fricative recog-
nition by normal-hearing subjects, in which both natural
and synthetic speech stimuli are used. Experiment 2, on
the other hand, attempts to answer questions 2 and 3 by
comparing fricative recognition between normal-hearing
and hearing-impaired subjects.

EXPERIMENT 1

There were two reasons for using both natural and
synthetic stimuli in this experiment. We wanted to make
sure that the results obtained from synthetic stimuli
would be comparable to those with natural speech. On
the other hand, because the interpretation of closed-set
recognition results with natural speech may be compli-
cated by variations that would normally be perceptually
insignificant (e.g., amplitude and duration differences) it
is often more convenient and straightforward to use the
much more easily controlled synthetic speech.

METHOD

Subjects

Four graduate students, 3 female and 1 male, aged
22-25, served as the normal-hearing subjects. Their aver-
age pure-tone thresholds, determined by a four-alterna-
tive-forced-choice (4AFC) procedure (using a 2-dB step
size and a TDH-39 earphone) tracking the 71%-correct

level of detection (Levitt, 1971), are shown by the solid
line with cross symbols in Figures 2 and 4.

Stimuli

Four fricative-vowel syllables-see, fee, thee, and she
([s, f, 0, f] followed by the vowel [i:]) were chosen as the
speech stimulus set, because they are simple and com-
monly used fricative and vowel combinations in conver-
sational English. Three stimulus conditions were used in
this experiment.

Condition 1. The natural stimulus set, produced by a
37-year-old, male, native English speaker, was digitized
at a sampling frequency of 10 kHz. To avoid inclusion of
undesired cues that are difficult to control during speak-
ing, such as different durations or intensities, we per-
formed digital duration and intensity normalization for
these four natural speech tokens. For duration normaliza-
tion, the Voicing-Onset-Time (VOT) for each token was
identified based upon visual inspection of the waveform,
which then served as a common mark for duration nor-
malization. Second, each fricative-vowel syllable was
limited to the 180 ms preceding the VOT (i.e., frication
portion) and the 220 ms following the VOT (voicing
portion); the remainder of the CV stimulus outside this
400-ms overall duration was eliminated. In addition, each
stimulus was given 10-ms rise- and fall-times to avoid
onset and offset clicks. For intensity normalization, we
measured the maximum amplitude for all four CV stimuli;
the amplitude of each stimulus was normalized to have
this same maximum amplitude. Because the vowel has a
much greater intensity than the fricatives, intensity nor-
malization performed in this way can also be considered
as vowel intensity normalization.

Condition 2. The same four fricative-vowel syllables
were synthesized on an LSI-11/23 computer according to
the parallel resonance procedure developed by Klatt
(1980). The spectral characteristics of the frication portion
of the fricatives were determined by the frequency,
bandwidth, and amplitude settings of their formants.
Table 1 gives the parameters chosen in synthesizing the
four fricatives.

The frication portion for all four speech tokens was 200
ms in duration. The voicing started at 200 ms (at the offset
of frication) and immediately following voicing onset
there was a 40-ms formant transition period followed by a
160-ms vowel [i:]. Thus, the total duration for each of

TABLE 1. Parameter values for the synthesis of fricative consonants. The unit for the formant
frequency (F) and its bandwidth (B) is Hz, the unit for the amplitude (A) is relative dB; Al and
A2 for the frication portion of all tokens are equal to zero; F4 = 3300, F5 = 3700, F6 = 4900 Hz.

Fricative Fl F2 F3 BI B2 B3 A3 A4 A5 A6 AB

[s] 320 1390 2530 200 80 200 0 0 0 66 0
[f] 340 1100 2080 200 120 150 0 0 0 0 50
[0] 320 1290 2540 200 90 200 0 0 0 35 45
[] 300 1840 2750 200 100 300 57 48 48 50 0
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those four fricative-vowel syllables was exactly 400 ms.
Additionally, the fundamental frequency in the synthe-
sized vowel decreased from 120 Hz to 90 Hz between the
onset of voicing (at 200 ms) and the end of the stimulus (at
400 ms) to more closely simulate natural speech.

Condition 3. This set of stimuli was used to investigate
the independent contribution from the frication cue to
correct fricative recognition. By truncating the synthetic
fricative-vowel tokens (in Condition 2) after 200 ms du-
ration, only the initial or frication portion (duration = 200
ms) of the CV syllables was preserved. That is, all four
stimuli in this condition contained only the steady-state
frication portion and did not include any voicing or
transition information. The truncated frication portion
was also given a 10- ms fall time to avoid clicks. However,
the nominal presentation level of these stimuli was de-
fined as the rms level of the absent vowel portion, in
order to facilitate comparison between experiments.

Digitized forms of both the natural and synthetic tokens
were stored on an LSI-11/23 computer disk and presented
to the subject's headphone through a low-distortion 12-bit
digital-to-analog converter (Data Translation 3366) fol-
lowed by a low-pass filter. The sampling rate was 10 kHz
and the filter (Kemo-type VBF8) had a cutoff frequency at
5 kHz. The headphone (Telephonics TDH-39 mounted in
an MX41/AR cushion) was shown to have a nearly flat
frequency response up to 5 kHz, when measured in an
NBS 9-A coupler. All sound levels in this study, whether
for natural speech stimuli, pure-tone test stimuli, or
synthetic speech stimuli, were measured in this NBS 9-A
coupler.

Procedure

Subjects were seated individually in a sound-proof
booth, in front of a response box with four buttons labeled
as see, fee, thee and she. The subjects were instructed to
press the button corresponding to the speech token pre-
sented and to guess if they were uncertain of the correct
response. A 200-ms warning light preceded the onset of
each stimulus, and a 600-ms delay followed each re-
sponse. The computer was programmed to wait until the
subject responded before initiating the next trial. The
600-ms period, together with the subject's response de-
lay, served as the interstimulus interval. A single experi-
mental block consisted of the four fricative-vowel speech
tokens, each presented 45 times in randomized order, for
a total of 180 trials. Each subject practiced for 2-3 hours
with the test stimuli presented at a comfortable listening
level before the actual data collection. The subjects were
informed of the overall percent-correct score after each
experimental block. Other than that, no feedback was
given.

The speech recognition task was conducted across a
wide range of presentation levels, from as low as 20 dB
SPL for normal-hearing subjects to as high as 120 dB SPL
for hearing-impaired subjects. This nominal presentation
level was expressed as the rms level of the vowel portion
of either the synthetic or the natural CV syllable (specif-

ically, the vowel isolated from see was used as the
reference for natural speech).

RESULTS

Analysis of Audibility Spectrum

Many investigations have indicated that listeners can
sum energy across a critical bandwidth, or the bandwidth
of an auditory filter, for the detection of narrow- and
broad-band signals (Gissler, 1954; Green, 1958; Spiegel,
1979). An "audibility spectrum" for a broadband signal
such as speech can be then defined in this study as the
output of these auditory filters that sum, for each point on
the frequency domain, the stimulus energy within a
critical bandwidth centered at its frequency. The specific
determination of an "audibility spectrum" for each
speech stimulus in this study was similar to the procedure
described in Turner and Robb (1987) in their study of
stop consonants. The auditory filters used to calculate the
audibility spectrum had an equivalent rectangular band-
width equal to .16 times their center frequency. This
meant that our audibility spectrum was similar to, but
more detailed in shape than, a one-third octave band
spectral representation. The validity of the audibility
spectrum concept for predicting the audibility of our
stimuli was further verified by calculating the audibility
spectrum of single pure tones and comparing them with a
subject's sensitivity threshold curve. In this case, the
audibility spectrum of a pure tone showed a peak that was
located at a level essentially equal to the subject's pure
tone threshold at that frequency. Thus, our audibility
spectrum serves as a proper comparison to an individual
subject's pure tone thresholds, for the purpose of deter-
mining the audibility of spectral regions of our stimuli.

The audibility spectrum for the frication portions of the
four natural tokens was calculated from the 50-101.2 ms
voiceless interval of the normalized CV stimuli, whereas
that for the transition portions was calculated from the
170-221.2 ms interval (the VOT is at 180 ms in each
stimulus). It is especially informative to consider the
differences in intensity between the various portions of
the syllables. In order to express the average difference in
intensity between frication, transition, and vowel for the
four fricatives from this speaker, mean frication and
transition audibility spectra were created by averaging
the four fricatives' audibility spectra together. Figure 1
shows the average difference in intensity between the
mean spectra of frication, transition, and vowel at a
nominal presentation level of 70 dB SPL. It can be noted
that the frication intensity is about 20-30 dB less than the
vowel [i:] while the transition is about 5-10 dB less. It
should be noted the vowel [i:] audibility spectrum was
calculated from 280-331.2-ms interval of the normalized
CV stimuli.
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FIGURE 1. Comparison of the mean audibility spectra between
the frication portion (F), transition portion (T) and vowel portion
([i:]) of the natural speech stimuli.

Recognition Results-Condition 1

Figure 2 shows average percent-correct recognition by
the 4 normal-hearing subjects. Their mean pure-tone
sensitivity thresholds are plotted along with the mean
frication (upper panel) and transition (lower panel) audi-
bility spectra at several nominal presentation levels.
Substantial recognition of these natural fricative tokens
occurred at presentation levels (20 and 30 dB SPL) where
the frication portion of the stimuli was inaudible, while at
least part of the transition portion was at suprathreshold
levels. We consider this occurrence, related to the inten-
sity differences between the various portions of the frica-
tive syllables, to be an important finding and will further
explore it throughout the remainder of the paper.

Results, as shown in Figure 2, were condensed into a
more manageable form: a performance-audibility (PA)
function that illustrates the relationship between the
recognition performance at any given presentation level
and a single-number measure of audibility for the CV
tokens at that level (Turner & Robb, 1987). The single-
number measure of audibility was defined as the percent-
age of logarithmically spaced points on the audibility
spectrum that were above the subject's thresholds within
a defined frequency range at a given presentation level.

The choice of the defined frequency range over which
the percentage of audible spectrum was calculated was
based upon pilot work performed in our laboratory and also
upon acoustic analyses available in the literature (e.g.,
Minifie, Hixon, & Williams, 1973). These results indicated
that the critical frequency region for the frication portion
primarily consists of high-frequency components, while the
critical region for the transition portion is located in a lower
frequency range (i.e., where the first three formants of
vowels are typically located.) One criterion for selecting a
frequency range was that there would be no point on a
normal-hearing subject's PA function representing a large
percentage of audibility corresponding to a near-chance
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FIGURE 2. Upper panel: the meanfrication audibility spectra of
the natural stimuli at several presentation levels plotted with the
mean sensitivity thresholds (* *) for the 4 normal-hearing
subjects. Percent-correct recognition and presentation level (in
dB SPL) for each condition are shown to the right of the curve.
Lower panel: same demonstration for the mean transition spec-
tra of the natural stimuli.

recognition score. The critical frequency ranges were cho-
sen as 1500-5000 Hz for the frication and 250-3000 Hz for
the transition. These frequency ranges were used consis-
tently throughout this study.

Figure 3 displays the PA functions calculated using
these frequency ranges from the normal-hearing subject's
data. As shown in Figure 3, substantial recognition oc-
curred for cases (20 and 30 dB SPL) in which 0% audi-
bility of the frication cue (filled round symbols), and
20-50% of the transition cue (open triangular symbols),
were obtained by the subjects.

Recognition Results-Condition 2

The recognition performance by the normal-hearing
subjects for the synthetic stimuli employed in Condition
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FIGURE 3. PA functions, illustrating percent-correct recognition
as a function of the percent audibility of the frication and
transition portions for the 4 normal-hearing subjects. The rela-
tionship between the percentage audibility and its presentation
level is indicated by the dashed line.

2 is plotted in Figure 4. It can be seen in Figure 4 that
the 39%-correct recognition score obtained using the
synthetic stimuli was slightly above chance perfor-
mance (25% correct) when part of the audibility spectrum
for transitions was just above the subjects' thresholds
(at 20 dB SPL), and considerable recognition (64%)
occurred as more transition cue was made audible. All
of the frication spectra remained inaudible at 30 dB
SPL.

The recognition scores were similar to, though slightly
lower than, those found for the natural speech at the
equivalent nominal presentation levels. The reason for
this may be related to the removal of the addition-
al amplitude and duration cues in the synthetic stimulus
set.

Recognition Results-Condition 3

The experiment using the stimuli in Condition 3 (only
the frication cue presented) was conducted to test
whether the frication cue alone can serve as a sufficient
cue for correct fricative recognition. The percent-correct
recognition scores along with the audibility spectra are
displayed in Figure 5. Recognition scores in Figure 5
clearly indicate that the frication portion alone, when
audible, served as a sufficient cue for fricative perception.
Specifically, subjects obtained only chance performance
at 30 dB SPL when no portion of the frication was
audible, but 62% correct was obtained when only a very
small high-frequency portion was audible. In addition, it
is also obvious from Figure 5 that the subjects could
achieve almost perfect recognition (92%) when only the
frequency components above 1500 Hz of the mean frica-
tion audibility spectrum were audible (at 50 dB SPL
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FIGURE 4. Same representation as in Figure 2 for synthetic
speech in which both frication and transition cues were pre-
sented.

nominal presentation level). This result provides further
evidence that the frequency components below 1500 Hz
in the frication portion do not contribute much to the
recognition (in this closed-set task) of the truncated voice-
less fricatives.

In order to display the contribution of the transition
cues, the performance-intensity (PI) functions obtained
from the truncated fricatives, along with those from the
nontruncated tokens, are shown in Figure 6. Subjects
achieved only chance-level recognition performance
when truncated frication stimuli were presented at the
nominal level of 30 dB SPL (28% correct), whereas they
obtained 64% correct recognition when the nontruncated
fricatives were presented at the same level (the second
leftmost filled circle). Since the truncated stimuli con-
tained only the voiceless frication cue, whereas the
nontruncated stimuli contained both frication as well
as voiced transition cues, the relative importance of
the transition cue to fricative recognition becomes ap-
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- 700d The almost perfect recognition performance at higher

- presentation levels using the truncated stimulus set in
Condition 3 indicated that the frication cue alone can
serve as a sufficient cue for correct recognition of voice-

- 30 less fricatives. By comparing the results between condi-
tions when both cues were presented and when only the
frication cue was presented, the possible contribution of

Sam e ...the transition cue, especially at low presentation levels,
.25 .5 1 2 3 4 5 was demonstrated.

FRoUENt Y (tWH) It seemed natural to conduct another similar experi-
: 5. Same representation as in Figure 2 for the truncated ment to further investigate whether the transition cue, by
ic speech in which only the frication cue was presented. itself, could serve as a sufficient cue for fricative recogni-

tion. We performed several pilot experiments, but failed
· I . ... I . I, -! I
to obtain any satisfactory results. I he apparent reason or
the failure was that the tokens, either natural or synthetic
stimuli, lost their "fricative" quality and became "stop-
like" syllables when the frication portion was removed.
For example, when truncated prior to the onset of voic-
ing, the alveolar fricative transition [s] sounded like its
voiced stop counterpart [d]; the labiodental [f] sounded
like the labial stop [b]; the linguadental [0] sounded
something like the voiced fricative counterpart [6] or the
voiced stop [d]; the palatal [I resembled something
between a palatal-velar stop [g] and glottal fricative [h].
In other words, a fricative-vowel token, when presented
with only the transition cue, sounded more like the stop
consonant having the closest place-of-articulation to that
fricative. Due to this perceptual ambiguity, it was difficult
for us to decide upon an appropriate recognition response
criterion; that is, should we tell the subjects to listen for a
set of fricative-vowel syllables without frication portions,
or should we just tell them to recognize four stop conso-
__ _ r L_ _ .... . a I Ho-l I I ., 1 ' ,

i0 20 30 40 50 60 70 80 nanrsr ne nrst approacn allea Decause ot the missing
fricative quality; that is, the task became problematic for

NOMINAL PRESENTATION LEVEL (dB SPL) subjects who were asked to choose a fricative from a set of
6. PI functions using the truncated fricative stimuli are stop-like stimuli. The second approach was also not
in contrast to those of the nontruncated fricative-vowel successful since there are only three places of articulation
by the same normal-hearing subjects. in normal stop consonants, and it was too confusing for

subjects to distinguish between four places of stop-like
articulation. Because neither approach was considered a

especially when stimuli are presented at low good speech recognition task, our conclusion regarding
ty levels (20, 30, and 40 dB SPL in the current the perceptual role of the transition cue must be limited
ons). to the conservative statement that the addition of the

transition resulted in an improvement in recognition as
compared to frication-alone stimuli, especially at low

D I S C U S S I O N presentation levels.
In summary, the recognition results from both natural

results from the experiment using natural speech and synthetic stimuli by normal-hearing subjects suggest
ted that the transition cue was used by normal- that the frication cue alone may be a sufficient cue for
subjects for recognizing the voiceless fricatives at distinguishing the place of articulation of fricatives,

esentation levels where the frication cue was not whereas the transition cue, though it may not be abso-
audible. At higher presentation levels, it is pos- lutely necessary, plays an assistive role, especially at

.at both frication and transition cues contribute to lower presentation levels.

L-

1



446 Journal of Speech and Hearing Research

EXPERIMENT 2 AL and HB at 110 dB SPL). All the other procedures were
identical to those described in Experiment 1.

METHOD
RESULTS

Recognition Results-Condition 2

Three hearing-impaired adults served as subjects in
this experiment. Each of the hearing-impaired subjects
was diagnosed as having a cochlear hearing loss, based
upon the absence of an air-bone gap and results of
stapedial reflex-decay and tone-decay testing. Hearing-
impaired subject AL, age 65, had a flat, severe hearing
loss and had worn binaural hearing-aids for more than 5
years; HB, age 62, had a sloping bilateral severe hearing
loss and had worn a hearing aid in his better ear for 10
years; KQ, age 45, had a binaural flat, moderate hearing
loss and had never worn a hearing-aid. The test ear for the
hearing-impaired subjects was chosen as the one with the
most sensitive thresholds. Their pure-tone thresholds,
displayed in Figure 7, were also determined by the same
method as for the normal-hearing subjects.

In order to compare recognition performance between
normal-hearing and hearing-impaired subjects for equiv-
alent degrees of audibility, results obtained in both
groups were transformed to PA functions based upon the
mean spectra of the four tokens. The PA functions for the
3 hearing-impaired subjects are shown in Figure 8. The
frication panel displays the percent-correct recognition
performance for normal-hearing and hearing-impaired
subjects as a function of the audibility of the frication
portion, whereas the transition panel displays recognition
as a function of the audibility of the transition portion.

Stimuli

Both types of synthetic stimuli as described in Experi-
ment 1 were used in this experiment, but generally
presented at higher intensity levels than for normal-
hearing subjects. The presentation range for each hear-
ing-impaired subject was chosen from the lowest level at
which the subjects achieved a close-to-chance recogni-
tion score (25%) to the level at which the subject either
achieved 100% audibility (e.g., subject KQ at 100 dB SPL)
or the subject reported loudness discomfort (e.g., subjects
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It can be seen in the transition panel of Figure 8 that
the 3 hearing-impaired subjects were not able to use
audible transition cues as efficiently as the normal-hear-
ing subjects did. Compared to the normal-hearing sub-
jects' results (their recognition performance range is plot-
ted as the shaded area), the recognition scores for the
hearing-impaired subjects were well below the normal
range for the equivalent audibilities. For example, AL,
HB, and KQ only achieved 26%, 20%, and 29% (close to
chance level) correct recognition when their percentages
of the transition audibility were 37%, 90%, and 66% (the
leftmost filled square, circle, and triangle points in the
transition panel) respectively. However, the finding that
hearing-impaired subjects couldn't utilize the transition
cue as efficiently as the normal subjects does not imply
that they are totally lacking in this ability. One of the
subjects, AL, was able to use transition cue to increase his
recognition score from 26% to 59% as the transition
audibility increased from 37% to 97%, whereas the frica-
tion was totally inaudible (see the first two leftmost filled
square points in both panels of Figure 8).

Since hearing-impaired subjects were poor users of the
transition cue, their recognition of the fricative-vowel
syllables in this experiment appeared to come primarily
from the contribution of the frication cue. If this were the
case, then equivalent frication audibility would result in
equivalent recognition performance. However, testing
this hypothesis using the data in the frication panel of
Figure 8 is impossible because the recognition results,
though displayed as a function of the audibility of the
frication cue, included the contribution of the transition
cue, which was more efficiently used by normal-hearing
subjects. One additional factor was that at the highest
presentation level, hearing-impaired subject AL reached
his loudness discomfort level, while his audibility for the
frication portion was still very low (about 30%, the right-
most filled square in the frication panel).

Recognition Results-Condition 3

The hypothesis that fricative recognition by hearing-
impaired subjects is due primarily to the contribution of
the frication cue was directly tested in this experiment.
The nominal presentation levels used for hearing-im-
paired subjects were 100, 110, 120 dB SPL for AL; 90,
100, 110 dB SPL for HB; and 70, 80, 90, 100 dB SPL for
KQ. It is important to remember that the 120 dB SPL
nominal presentation level for AL in this experiment
meant that the actual frication portions of CV tokens were
presented at approximately 90 dB SPL, because all nom-
inal presentation levels were referenced to the absent
vowel intensity. These results are converted to PA func-
tions (in terms of the mean frication audibility spectra)
and displayed in Figure 9, in which the normal-hearing
subjects' recognition performance range under the same
condition was included for comparison. Figure 9 shows
that hearing-impaired subjects achieved essentially nor-
mal recognition performance when given equivalent de-
grees of audibility of the frication cue. It can also be seen

FIGuRE 9. PA functions using the truncated fricative stimuli
obtained by both normal-hearing and hearing-impaired subjects.

in Figure 9 that hearing-impaired subject KQ's recogni-
tion score was improved by 10%-20% at high presenta-
tion level when compared with the experiment in which
both frication and transition cues were presented (Figure
8). We do not know the reason for this.

The result that under these controlled conditions the
hearing-impaired subjects performed as well as normal-
hearing subjects, is also considered an important finding
of the current study. Since hearing-impaired subjects
essentially achieved perfect recognition at a high per-
centage of audibility, this conclusion is unchanged even
if the hearing-impaired subjects had broader than normal
summating filter bandwidths (Higgins & Turner, 1988),
which would result in greater audibility than calculated
here for the frication portions of the consonants. The
importance of this finding resides in the fact that hearing-
impaired subjects can still utilize their residual auditory
ability to discriminate the gross spectral difference be-
tween fricatives. This seems reasonable for the hearing-
impaired subjects, if we speculate that only minimal
frequency selectivity is required for the discrimination of
the gross spectral shapes of the steady-state frication
portion of fricatives.

DISCUSSION

Results of both experiments, with normal and hearing-
impaired subjects, suggest that the steady-state spectral
cues in the frication portion may be sufficient for fricative
recognition by both groups of subjects. In contrast, the
dynamic spectral cues present in the formant transition,
although not absolutely necessary, can assist normal-
hearing subjects to distinguish place information, espe-
cially at low presentation levels. Hearing-impaired sub-
jects appear to utilize the transition cue in some cases;
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however, they do not seem to use it as efficiently as
normal-hearing subjects.

These findings imply that a primary factor in hearing-
impaired subjects' difficulty in distinguishing fricatives is
not only the elevation of their hearing thresholds and the
low intensities of the frication cues (relative to vowel),
but also their poorer-than-normal discrimination abilities
for the dynamic spectral cues occurring in the formant
transition between the fricative and the subsequent
vowel. Consider a typical case (Figure 10) of moderate to
severe hearing impairment (Subject HB), where the ele-
vation of thresholds has reduced the available dynamic
range (dark area) to 30 dB at high frequencies. When the
vowel portion (V) has been amplified to reach the loud-
ness discomfort level, the frication portions (F) would
still be inaudible to the hearing-impaired subjects, be-
cause they are typically about 30 dB lower than the vowel
in intensity. On the other hand, although the transition
portions (T), which are about 5-10 dB less intense than
the vowel, would be audible to the hearing-impaired
subject, he is unable to make full use of them.

To conclude, the difficulties that hearing-impaired sub-
jects have in recognizing voiceless fricative consonants
may be due to the fact that the frication cue, which they
can utilize as well as normal subjects, is often inaudible to
them, while at the same time they cannot make efficient
use of the transition cue, which is usually audible. In
other words, both the lack of audibility and the loss of
discriminability appear to be primary factors responsible
for hearing-impaired subjects' difficulties in fricative rec-
ognition. However, the lack of audibility may be an easier
issue to solve in the sense that the frication cue might be
well-perceived by hearing-impaired listeners if it can be
made audible by appropriate amplification, as opposed to
the transition cues, which cannot be compensated for by
similar amplification.

If the present explanations for the hearing-impaired
subjects' difficulty in perceiving voiceless fricatives are
correct, we would expect that any effort to increase the
audibility of the frication portion will result in the im-

FIGURE 10. Schematic illustration of the difficulties that hearing-
impaired subjects have in fricative recognition (see text).

provement of fricative intelligibility. Although more in-
vestigations are needed to further validate this conclu-
sion, hearing-aid designers may have to consider the lack
of audibility for weak intensity consonants. In other words,
a short-term rms level for consonants may have value when
considering hearing-aid amplification characteristics.
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