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Abstract

Two experiments investigated whether and how clear 
speech production enhances intelligibility of English 
fricatives for normal-hearing listeners and listeners with 
simulated hearing impairment. Babble thresholds were 
measured for minimal pair distinctions. Clear speech 
benefited both groups overall; however, for impaired 
listeners, the clear speech effect held only for sibilant 
pairs. Correlation analyses comparing acoustic and 
perceptual data indicated that a shift of 
energy concentration toward higher frequency regions 
and greater source strength contributed to the clear 
speech effect for normal-hearing listeners, while listeners 
with simulated loss seemed to benefit mostly from cues 
involving lower frequency regions. 

1. Introduction 

Fricative consonants, especially non-sibilants, present 
considerable identification difficulty for hearing-impaired 
listeners and for normal listeners under adverse 
conditions [e.g. 1, 2]. This study was designed to measure 
whether, and how, speakers may be able to alleviate this 
difficulty by deliberately producing fricatives more 
clearly. Clear speech elicited in laboratory settings has 
been shown to benefit a variety of listener populations 
under different adverse conditions (e.g. noise, 
reverberation) [e.g. 3, 4, 5], resulting in intelligibility 
advantages relative to “conversational” speech ranging 
from 7 to 38 percentage points. However, some results 
call into question the robustness of the “clear speech 
effect” and suggest that hyperarticulation strategies may 
interact in more complicated ways with specific types of 
signal degradation. Notably, Ferguson and Kewly-Port 
[6] found clear-speech intelligibility benefits for clearly 
produced vowels for young, normal-hearing listeners, but 
observed negative clear-speech benefits (i.e., better 
recognition of conversational tokens) in elderly hearing-
impaired listeners for the productions of one talker. This 
pattern was mostly due to front vowels, for which F2 
frequency was a primary cue for the elderly listeners. A 
hallmark of clear speech is a greater concentration of 
energy in higher frequencies, in terms of both overall 
spectral distributions and individual formant frequencies 
[e.g. 7]; in this case, since average F2 values for front 
vowels fell in a frequency region where listeners had 
sloping hearing loss (above 2000 Hz), clear vowels’ 
higher F2 resonances, on average, fell in regions of 
greater impairment than those of conversational vowels.  

It is unclear whether the patterns observed for this 
talker are unique to the talker or to clear front vowels or 
whether they relate in important ways to perception of 
clear speech by hearing-impaired or older listeners more 
generally. This study was designed to determine whether 

clear speech advantages occur for another class of sounds 
with a preponderance of high-frequency energy, 
fricatives, over a wide range of talkers and for both 
normal young listeners and listeners with simulated 
hearing loss.  

A secondary goal of the study was to determine 
which aspects of clear fricative production influence 
intelligibility. A few studies have attempted to identify 
talker-specific acoustic-phonetic parameters that may be 
responsible for the enhanced speech perception, relating 
intelligibility differences to acoustic differences in clear 
and conversational speech [6]. This information is critical 
for designing intelligibility enhancement techniques 
based on human clear speech. Correlation analysis of 
acoustic and intelligibility differences across talkers was 
performed to assess the contributions of specific acoustic 
modifications to intelligibility. 

2. Experiment 1 

2.1 Participants 

14 normal-hearing American English listeners (8F, 6M) 
aged 19 to 32 (M=24.56 yrs old) were recruited from the 
University of California, Berkeley community.  

2.2 Stimuli

Fricative contrast perception was assessed using a 
database of 8800 VCV ([a]-fricative-[a]) stimuli 
produced by 20 speakers (10 F, 10 M) as part of a 
previous acoustic study of clear fricatives [8]. Briefly, 
conversational and clear tokens were elicited using an 
interactive program that ostensibly attempted to 
recognize fricatives produced by speakers. The program 
made frequent, systematic errors involving voicing and 
place alternations, after which a speaker repeated a sound 
more clearly, as if trying to disambiguate the production 
for a listener. Stimuli were presented in a background of 
12-talker (6M, 6F) babble. Target VCV were centered 
temporally in randomly selected babble segments 
exceeding the target duration by 600 ms. There were 5-
ms and 100-ms linear on-off ramps for the target stimulus 
and the noise, respectively. 

2.3 Procedure and data analysis 

A two-alternative forced-choice identification task was 
used to assess intelligibility. The 8 fricatives were 
divided into 8 minimal pairs, depending on place of 
articulation and voicing: /f/-/ /, /v/-/ /, /s/-/ /, /z/-/ /, /f/-
/v/, / /-/ /, /s/-/z/, and / /-/ /. Each pair was tested 
separately in clear and conversational styles. The goal of 
each of the 12 resulting subtests was to determine the 

INTERSPEECH 2007

August 27-31, Antwerp, Belgium406

10
.2

14
37

/I
nt

er
sp

ee
ch

.2
00

7-
19

9



signal-to-noise ratio (SNR) threshold at which a
distinction could be made with 75% accuracy. On each
trial, target VCV and babble waveforms were scaled
based on the selected SNR and a constant target stimulus 
level, combined additively, and presented binaurally to
subjects, who identified the fricative from a minimal pair
using a mouse to click one of 2 letter combinations on a
computer screen. Test order was randomized across 
subjects in a single 1-hour session. Before each test, 
listeners were oriented to the spelling of response
alternatives using a 10-trial initiation test at a high SNR 
(+10dB) with feedback. Within tests, two randomly
interleaved 40-trial adaptive tracks were initiated at +3dB
and -3dB. SNR values for each track were selected using
a Bayesian adaptive algorithm [9]. The final threshold
estimate was taken as the average of the two tracks’ SNR
values on the final trial.

Clear speech intelligibility effect was tested using a
repeated measures analysis of variance (ANOVA) with 
two within-subject factors (Style; 2 levels, Pair; 8 levels)
and threshold (dB SNR) as a dependent variable. In order
to assess the effect of pair type more thoroughly, another
repeated measures ANOVA was calculated with three 
within-subject factors. One of the factors was Style. The
second factor was labeled depending on whether the pair 
consisted of sibilant fricatives or non-sibilant fricatives
(e.g. /s/-/ / and /f/-/ /, respectively). The third factor was
labeled depending on whether the pair involved place or 
voicing distinction. Pairwise comparisons for significant 
within-subject factors were done using Bonferroni
corrected 95% confidence intervals.

To determine which acoustic modifications were
related to intelligibility, correlation analyses were carried
out across the 20 speakers included in the experiment,
relating differences in their production strategies to
differences in their clear-speech benefit. First, for each
speaker, a single clear-minus-conversational difference 
value, averaged over all fricatives and productions, was 
calculated for each of the 14 acoustic measures reported
in [8] at fricative midpoint: spectral peak location, the
first four spectral moments, F2 onset transitions, spectral
slopes below and above typical peak locations, pitch of
adjacent vowels, overall RMS amplitude, relative
amplitude (frication amplitude relative to the vowel in
specific frequency bands), harmonic-to-noise ratio, 
energy below 500 Hz, and fricative duration. Next, a 
similar overall clear-minus-conversational intelligibility
difference was estimated for each speaker. First, we
verified that over the 32 total adaptive tracks each listener
in Experiment 1 heard, tokens from different speakers 
occurred, on average, with equal frequency and at equal
signal-to-noise ratios. Then, as a first approximation of 
the clear speech intelligibility advantage, we simply took
the clear-minus-conversational difference in accuracy (%
correct), averaged across listeners, sub-tests, and SNR
values, for each speaker. Acoustic measurements are
detailed in [8].

2.4 Results and discussion

On average, clear speech resulted in lower thresholds,
indicating that clearly produced fricatives were more 
intelligible than conversationally produced fricatives, as
shown in Figure 1. The main effect of Style was
significant (p<.0001). The Pair effect was also significant 
(p<.0001); across speaking styles, thresholds were lowest 
for the voiceless sibilant place of articulation contrast /s/-
/ /, followed by /s/-/z/ and / /-/ /. Non-sibilant place of 

articulation pairs /f/-/ / and /v/-/ / were the most difficult.
The Style × Pair interaction was marginally significant
(p=.051), probably due to pairs /v/-/ / and /f/-/v/. Post-
hoc comparisons revealed that the “clear speech effect”
did not reach significance for these two pairs; all other
pairs showed significant clear speech advantages. The
Style × Sibilance × Distinction type ANOVA revealed a
main effect of Sibilance (p<.001) with lower thresholds 
for sibilants than for non-sibilants. The main effect of
Distinction was also significant (p<.001), with lower 
thresholds for voicing distinctions relative to place of 
articulation distinctions. A Style × Sibilance interaction
(p<.01) showed that, while both sibilants and non-
sibilants were more intelligible in clear speech, the effect
was larger for sibilant pairs. The Style × Distinction
interaction was not significant [F<1]; clear speech
resulted in similar benefits for place and voicing
distinctions.

Figure 1: Speech-to-noise (SNR) thresholds (dB) as a 
function of style and fricative pair in Experiment I

Overall, spectral measures appeared to be the
important predictors for improved intelligibility.
Significant positive correlations (p<0.05) were obtained
between intelligibility advantages and acoustic
modifications in DFT and LPC peak location and spectral
moment 1 (M1), whereas significant negative correlations
were found for M3. These results suggest that a shift of
spectral energy to higher frequency regions in clear
fricatives is most closely related to the overall
intelligibility enhancement.

3. Experiment 2 

Experiment 1 results showed that normal hearing
listeners benefit from modifications in clear speech
fricative productions specifically involving a shift in
acoustic energy concentrations toward higher frequency
regions. Since this type of modification may be 
problematic for hearing-impaired listeners, we attempted
to replicate the results of the experiment with simulated
hearing impairment.

3.1 Simulation

Sloping, recruiting hearing loss was simulated in a 
manner similar to that described by Moore and Glasberg
[11], with some modifications due to a higher sampling
rate (44.1 kHz) and the fact that all processing was done 
on-line during the experiment. Following the 
combination of signal and noise components, stimuli 
were separated into 24 ERB-spaced bands, from 100 Hz 
to 22.05 kHz, using 4th order gammatone filters [12]. For 
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each band, a smoothed envelope (E) was derived by low-
pass filtering the full-wave rectified waveform at 100 Hz 
(4th order Butterworth filter, implemented in both forward
and reverse directions to minimize phase distortions). The 
temporal fine structure for the band was then extracted by
dividing the original waveform by this envelope. Loss
simulation was accomplished by raising the envelope to a 
power related to the slope of the loudness growth 
function:

(1)  Ep = EN

where N is frequency-dependent. Following [11], N was 
a constant 1.5 at bands up to 900 Hz, increased linearly to
3.0 at 4500 Hz, and remained at this value for all higher
bands. Finally, the modified stimulus was obtained by
multiplying Ep by the fine structure and summing the
resulting band-limited waveforms.

3.2 Participants and procedure

14 normal-hearing American English listeners (9F, 5M) 
aged 19 to 33 (M=26.27 yrs old) were recruited from the 
University of California, Berkeley community. Test
stimuli were identical to those of Experiment 1 except
that (1) speech/ babble stimuli were processed as 
described above, and that (2) only the four place-of-
articulation pairs /f/-/ /, /v/-/ /, /s/-/ /, and /z/-/ / were
tested. The procedure, task, presentation method, and
adaptive procedure were identical to those of Experiment
1, except that since only four pairs were tested there was
no break after the 8th sub-test. As in Experiment 1, a 
repeated measure ANOVA with two within-subject
factors (Style; 2 levels, Pair; 4 levels) and thresholds (dB 
SNR) as a dependent variable was performed.

3.5 Results and discussion

As illustrated in Figure 2, for all place pairs except /f/-/ /,
clear speech showed lower SNR thresholds relative to
conversational speech. There was an effect of Style
(p<.01) with 2.52 dB lower thresholds for clear speech.
There was also a Pair effect (p<.001), mostly derived
from lower thresholds for sibilant pairs relative to non-
sibilant pairs. The Style × Pair interaction (p<.01) and
pairwise comparisons revealed significant differences in
threshold as a function of style for /s/-/ / and /z/-/ / pairs,
but not for non-sibilant pairs. In fact, for /f/-/ /, clear
speech resulted in higher (n.s.) thresholds compared to
conversational speech. These results differed from
Experiment 1 results in that (1) thresholds were on
average much higher in simulated loss conditions, (2)
there was an anti-clear speech effect for /f/-/ /, while in
Experiment 1 thresholds significantly decreased in clear
speech for this pair, and (3) /z/-/ / pair showed the
biggest clear speech effect, followed by /s/-/ /, /v/-/ /,and
/f/-/ /, while in Experiment 1 the order was /z/-/ /, /f/-/ /,
/s/-/ / and /v/-/ /. On the other hand, the relative overall
difficulty of fricative pairs was similar to Exp. 1; across
speaking style, the pair /s/-/ / resulted in the lowest
thresholds, followed by /z/-/ /, /v/-/ /, and /f/-/ /.

Figure 2: Speech-to-noise (SNR) thresholds (dB) as a 
function of style and fricative pair in Experiment II

To determine how the loss simulation influenced the
perception of fricatives in interaction with speaking style
and contrastive pair, a three-way mixed model repeated
measures ANOVA was performed with 2 within-subject 
factors (Style, Pair) and listener group as a between-
subject factor (2 levels; Exp. 1 and Exp. 2). Since the 4
voicing distinction pairs were not included in the 
Experiment 2, only place-of-articulation distinction pairs
from the Experiment 1 were considered. This analysis
showed a main effect of Group (p<.001) with 
considerably (4.47 dB) higher thresholds for listeners
with simulated hearing. A main effect of Style (p<.001)
indicated, again, an overall clear speech advantage across
listener groups. There was no Style × Group interaction,
suggesting that, on average, both listeners with normal 
hearing and with simulated impairment significantly
benefited similarly from clear speech. The main effect of 
Pair was significant (p<.001) but not the Pair × Group
interaction, reflecting the common difficulty hierarchy
mentioned above. Again, pairwise comparisons indicated
that all 4 pairs were significantly different from each
other, and that the effect was most notably derived from 
differences between sibilant and non-sibilant pairs. A 
Style × Pair interaction (p<.01) indicated that, across
listener groups, thresholds significantly decreased in clear
speech for all fricative pairs except for /f/-/ /. The Style × 
Pair × Group interaction was significant (p<.05); post-hoc
tests suggested that the interaction was related to an
increase of the magnitude of the clear effect for sibilants, 
and a decrease for non-sibilants, in the simulated
impairment condition. This finding is illustrated in Figure
3, which shows the clear speech effect as a function of 
pair and listening condition.

Figure 3: Clear speech intelligibility advantage
(clear-minus-conversational thresholds) in dB SNR by 

listeners with normal hearing and listeners with
simulated hearing impairment as a function of fricative

pair
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Overall, acoustic-to-intelligibility correlations were 
much less consistent than for Experiment I; in particular, 
conspicuously absent were the positive correlations with 
several spectral measures indicating shifts to higher 
frequency regions that were seen for place contrasts in 
Exp. I. Since the perception of sibilant and non-sibilant 
pairs seemed to be affected differentially by the 
impairment, a final set of correlation analyses compared 
intelligibility differences across speakers with acoustic 
differences separately for each class of sounds. While this 
comparison was considerably less well powered than the 
others described above, the results were potentially 
interesting. For sibilant pairs, marginal positive 
correlations (p<0.1) were seen between intelligibility 
advantages and M3 and M4, and negative correlations for 
DFT and LPC peaks, and M2. For non-sibilant pairs, 
correlations were weaker and less straightforward, with 
only one significant positive correlate for f0 following the 
fricative and marginal correlate for M1, and negative 
correlates for F2, RMS amplitude and LPC peak. Thus, 
results tended in all cases in the opposite direction of 
Experiment 1; the more clear speech modifications 
involved higher-frequency acoustic information, the less
effective they were for (simulated) hearing impaired 
listeners. 

In sum, overall perception results and correlation 
analyses for this subject group suggest that, since 
voiceless non-sibilants are characterized by the highest 
peak values and F2 with diffuse spread of energy below 
10 kHz, important spectral cues are less audible/available 
to listeners with sloping hearing loss the higher they are 
transposed. Sibilants, on the other hand, have both higher 
inherent consonant-to-vowel ratios (CVRs) and more 
potential cues (esp. palato-alveolar peak frequencies) 
involving energy in lower regions. These cues were 
generally better-preserved in stimuli with simulated 
sloping, recruiting losses, perhaps especially when clear 
speech involved more energy at lower frequencies. 

4. Conclusion 

This study showed that clear speech enhances the overall 
intelligibility of fricatives for both listeners with normal 
hearing and listeners with simulated hearing impairment. 
However, the effect was fricative- and population-
dependent; notably, compared to normal-hearing listeners, 
impaired listeners showed reduced clear speech effects 
for non-sibilant place of articulation distinctions. 
Likewise, apparent acoustic correlates of the clear speech 
benefit differed across populations. For normal-hearing 
listeners, intelligibility benefits seemed to correlate with 
moves toward higher frequency regions for important 
cues; these patterns were generally not seen for impaired 
listeners, and were even reversed for some sounds. These 
results are straightforwardly explained based on 
audibility of cues at different levels and frequencies. 
Though we leave to future study a more thorough 
investigation of potential higher-order acoustic correlates 
of the clear speech effect in fricatives, using the results of 
the adaptive design described here to inform blocked-
design experiments that are better controlled (and 
powered) for the distribution of fricatives, styles, and 
SNR values across speakers and tokens, knowledge of the 
perceptual benefits associated with clear speech strategies 
using acoustic correlates analysis can inform processing 

techniques used in plasticity-based auditory training tasks, 
prosthetic hearing devices, or for speech intelligibility 
enhancement. Specifically, our results suggest that, for 
normal-hearing listeners, intelligibility benefits can be 
readily achieved by transposing important cues to higher 
frequency regions. For hearing-impaired listeners, 
however, effective alterations may be generally in the 
opposite direction and are probably more fricative-
dependent. It should be noted that these results, based on 
simulated elevated thresholds and loudness recruitment, 
may not hold for actual hearing impaired listeners or even 
for other simulated aspects of impairment, such as 
temporal resolution and spectral sensitivity. 
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