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ABSTRACT

This study presents a comparative analysis of acoustic and
perceptual cues to place of articulation in English fricatives.
Acoustic parameters investigated include spectral peak location,
spectral moments, locus equations, F2 onset, overall noise
amplitude, relative amplitude, and fricative noise duration.
Perception data were collected for isolated fricatives and fricative-
vowel syllables. The present study investigates which acoustic
parameters can account for the perceptual data. Relating the
acoustic and perception data by means of regression analysis
suggests that spectral peak location, noise amplitude, and relative
amplitude are the primary cues to perception of place of
articulation in English fricatives.

1. INTRODUCTION

Much research has been devoted to the question of whether
distinct spectral patterns that correspond to phonetic dimensions,
such as place and manner of articulation, can be derived from the
acoustic waveform. Such research has predominantly focused on
the search for properties distinguishing place of articulation in
(English) stop consonants. In contrast, fricatives have been
studied in much less detail. Moreover, it is uncertain whether the
classification metrics proposed for stop consonants can be
successfully applied to fricatives. The current study extends the
research on stop consonants to fricative consonants by providing
a detailed look in terms of both production and perception. A
brief summary of the acoustic and perceptual data will be
provided. These data are then related to determine which acoustic
cues are most important to fricative perception.

2. EXPERIMENT 1: ACOUSTIC ANALYSIS

2.1 Methods and Procedure

Twenty (10 females and 10 males) native speakers of American
English recorded the eight English fricatives /f, v, �,  �, s, z, �,  �/

in CVC syllables in the carrier phrase "Say ____ again". The
fricatives were in initial position, followed by each of six vowels /i,
e,�ae , �, ο,  u/. The final consonant was always /p/. Each CVC
token was repeated three times, yielding a total of 144 tokens per
subject (8 fricatives x 6 vowels x 3 repetitions).

All recordings were sampled at 22 kHz (16 bit quantization, 11
kHz low-pass filter) on a Sun SPARCstation 5. All measurements
were made using Entropics Systems' Waves+/ESPS software.
Fricative segmentation involved the simultaneous consultation of
waveform and wide-band spectrogram.

Spectral peak location of the fricatives was examined using a 40
ms full Hamming window placed in the middle of the frication
noise. Spectral peak is defined here as the highest-amplitude peak
of the FFT spectrum.

Spectral moments were computed following the procedures
described in [1] with a few modifications. FFTs were calculated
using a 40 ms full Hamming window at four different locations in
the fricative: onset, middle, and end, as well as centered over
fricative offset. Each FFT was treated as a random probability
distribution from which the first four moments were calculated.

Locus equations were derived using the procedure described in [2]
for fricatives. F2 was measured at vowel onset (F2 onset) and
midway in the vowel. Specifically, F2 was estimated by means of
FFT spectra, with a 23.3 ms full Hamming window.

Normalized RMS amplitude in dB was measured for the entire
noise portion of each fricative token. In order to normalize for
intensity differences among speakers, a difference of fricative
amplitude minus vowel amplitude was calculated, where vowel
amplitude was defined as RMS amplitude (in dB) averaged over
three consecutive pitch periods at the point of maximum vowel
amplitude.

Relative amplitude in dB was measured as described in [3]. Briefly,
for the vowel, a DFT was derived at vowel onset, using a 23.3 ms
Hamming window. The amplitude (in dB) of the component at F3
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for /s, z, �, �/ and at F5 for /f, v, �,  �/ was measured. For the
fricative, a DFT was then derived at the center of the fricative,
using a 23.3 ms Hamming window. The amplitude (in dB) of the
component in the same frequency region as that selected for the
vowel was measured. Relative amplitude was then expressed as
the difference between fricative amplitude and vowel amplitude.

Normalized duration in ms was the ratio of fricative duration over
total word duration. This duration ratio was chosen over absolute
noise duration in order to control for variations in speaking rate.

2.2 Results

Only those acoustic parameters that could distinguish all four
places of articulation are presented here. For a more complete and
detailed discussion, see Jongman et al. (in press) [4].

Spectral peak location

A four-way ANOVA (Place x Voicing x Vowel x Gender) revealed
a main effect for Place of articulation [F(3, 2876) = 1083.72, p
< .0001; η2 = .512]. Averaged across speakers, voicing, and vowel
context, spectral peak location decreases in frequency as place of
articulation moves further back in the oral cavity. Bonferroni
post-hoc tests indicated that all four places of articulation were
significantly different from each other in terms of spectral peak
location.

Spectral moments

In order to assess the importance of acoustic information at
different positions in the speech signal, 4-way ANOVAs (Place x
Voicing x Vowel x Gender) and subsequent Bonferroni post-hoc
tests were conducted for each moment at each window location.
Spectral moments distinguished at least three places of
articulation at all window locations, and four places in the
majority of cases. All but two confusions involved a lack of
differentiation between /f, v/ and /�,  �/.

Normalized RMS amplitude

Using normalized amplitude as the dependent variable, a four-way
ANOVA (Place x Voicing x Vowel x Gender) revealed a main
effect for Place [F(3, 2876) = 1489.51, p < .0001; η2 = .591].
Bonferroni post-hoc tests indicated that all four places of
articulation were significantly different from each other in terms
of normalized amplitude.

Relative amplitude

A four-way ANOVA (Place x Voicing x Vowel x Gender) revealed
a main effect for Place [F(3, 2876) = 458.27, p < .0001; η2 = .308].
Bonferroni post-hoc tests indicated that all four places of
articulation were significantly different.



3. EXPERIMENT 2: PERCEPTION OF
FRICATIVE NOISE

3.1 Methods and Procedure

Twenty native speakers of English without known speech or
hearing impairments served as listeners.

Speech materials from ten (five females and five males) of the 20
speakers from Experiment 1 were included. Of the 6 vowel
contexts, only the vowels /i, �, u/ were used. Finally, only the
first two repetitions of these tokens were included, yielding a
total of 480 stimuli (8 fricatives x 3 vowels x 2 repetitions x 10
speakers). These CVC tokens were then edited to include only the
frication noise portion, using the segmentation criteria described in
Jongman et al. (in press) [4].

Listeners were tested in groups of two to four. Stimuli were
presented to listeners in random order at 3-s intervals. Listeners
responded by circling one of 9 alternatives f, v, th (/�/), dh (/�/),
s, z, sh (/�/), zh (/�/), or other printed on answering sheets.

3.2 Results

Table 1 presents the mean identification scores for each fricative.

Response
/f/ /v/ /�/ /�/ /s/ /z/ /�/ /�/

/f/ 70 1 22 4 1 0 0 0
/v/ 8 72 5 13 0 1 0 0
/�/ 21 1 62 11 4 0 0 0
/�/ 4 49 12 30 0 2 0 1
/s/ 0 0 1 0 90 3 2 0
/z/ 0 1 0 1 7 87 0 2
/�/ 0 0 1 0 0 0 95 1
/�/ 0 0 0 1 0 1 4 92

Table 1: Mean identification scores (%) for each fricative, given
the fricative noise portion, averaged across 20 listeners. Bold
numbers indicate correct response rates.

Averaged across all fricatives, accuracy was 74.9%. A three-way
ANOVA (Fricative x Vowel x Gender) revealed a main effect for
Fricative [F(7, 47) = 68.08, p <.0001]. Bonferroni post-hoc tests
indicated that perception of all non-sibilants was significantly
poorer than that of sibilants. All sibilants were equally well
perceived, but within the group of non-sibilants, perception of /�/
was significantly less accurate. There were no other main effects
or interactions.

4. EXPERIMENT 3: PERCEPTION OF
FRICATIVE-INITIAL SYLLABLES

4.1 Methods and Procedure

Twenty new listeners were recruited. Stimuli were those used in
Experiment 2, except that the entire fricative-vowel -/p/ syllables
were presented for identification of the initial fricative. Procedures
were identical to those of Experiment 2.

4. 2 Results

Table 2 presents the mean identification scores for each fricative.

Response
/f/ /v/ /�/ /�/ /s/ /z/ /�/ /�/

/f/ 88 1 10 0 0 0 0 0
/v/ 1 90 1 9 0 0 0 0
/�/ 8 0 87 3 1 0 0 0
/�/ 0 17 8 74 0 1 0 0
/s/ 0 0 2 1 94 3 0 0
/z/ 0 0 1 2 0 96 0 0
/�/ 0 0 1 0 0 0 99 0
/�/ 0 0 0 0 0 7 7 99

Table 2: Mean identification scores (%) for each fricative, given
the entire fricative-initial syllable, averaged across 20 listeners.
Bold numbers indicate correct response rates.

Averaged across all fricatives, accuracy was 90.9%. A three-way
ANOVA (Fricative x Vowel x Gender) revealed main effects for
Fricative [F(7, 47) = 11.73, p <.0001] and Vowel [F(2, 47) = 6.03,
p <.004]. Bonferroni post-hoc tests indicated that perception of
/�/ was significantly poorer than of any other fricative. In
addition, /f, v, �, s, z/ were all equally well perceived while
perception of /�, �/ was significantly better than that of /f, v, �/.
Post-hoc tests for the Vowel effects indicated that fricative
perception was most accurate in the context of /u/ (94.1%),
followed by /�/ (91.7%), followed in turn by /i/ (86.9%).

4.3 Discussion

A comparison of Experiments 2 and 3 reveals that fricative
perception is better on the basis of fricative-vowel syllables than
fricative noise alone. A two-way ANOVA (Fricative x
Experiment) on the combined data from Experiments 2 and 3
revealed a main effect for Fricative [F(7, 15) = 64.47, p <.0001]
and Experiment [F(1, 47) = 148.49, p <.0001]. A significant
Fricative x Experiment interaction [F(7, 15) = 13.31, p <.0001]



and subsequent post-hoc tests indicated that perception of all
fricatives but /s/ was significantly better on the basis of the
fricative-vowel syllable. Also, given vocalic information
improvement is much greater for the non-sibilant fricatives as
compared to the sibilant fricatives.

5. RELATING PERCEPTION TO ACOUSTIC
PARAMETERS

The acoustic data summarized in Experiment 1 and in [4] were
compared to the perceptual data from Experiments 2 and 3.
Regression analyses were performed to determine the extent to
which the acoustic parameters could account for the perception
results. Two separate analyses were conducted – one analysis
compared the acoustic data (Exp. 1) to the perceptual data based
on fricative noise alone (Exp. 2); the other analysis compared the
acoustic data (Exp. 1) to the perceptual data of the fricative-initial
syllable (Exp. 3).

The following acoustic properties were entered into the
regressions: spectral peak location; F2 frequency at vowel onset;
normalized RMS amplitude, relative amplitude; normalized noise
duration; and spectral moments (mean, variance, skewness, and
kurtosis) calculated at four different locations in the fricative. In
order to account for the results from Experiment 3 in which
listeners heard fricative-initial syllables, all acoustic properties
were entered into a stepwise linear analysis. Since Experiment 2
involved the frication noise only, those acoustic properties
relating to other portions of the original fricative-vowel syllables
were excluded from the analysis. Therefore, only spectral peak
location, normalized RMS amplitude, normalized noise duration,
and spectral moments computed at the onset, middle, and end of
the fricative were entered into the analysis.

In order to focus on the extent to which acoustic properties could
account for correctly perceived fricatives, only those tokens with
identification accuracies of 80% or more were included. For
Experiment 2 involving only the fricative noise, 99 of the original
240 tokens were excluded from the regression analysis. Exclusion
rates were 18 for /f/, 15 for /v/, 27 for /�/, 30 for /�/, 2 for /s/, 4
for /z/, 1 for /�/, and 2 for /�/. For Experiment 3 involving
fricative-vowel syllables, 36 of the original 240 tokens were
excluded from the regression analysis.

5.1 Regression Analysis: Fricative Noise

Stepwise linear regression revealed the following acoustic
properties as significant predictors of fricative perception:
normalized RMS amplitude, normalized duration, spectral peak
location, skewness at fricative midpoint, kurtosis at fricative

onset, and kurtosis at fricative offset. These parameters together
accounted for 32% of the perception data (adjusted r2 = .32).
Stepwise linear regression results for each fricative individually
revealed significant predictors for only /z/ and /�/. Normalized
RMS amplitude and skewness at fricative onset accounted
significantly for perception of /z/ (adjusted r2 = .65), while
perception of /�/ was well accounted for by the spectral mean at
fricative onset and kurtosis at fricative midpoint (adjusted r2

= .62).

5.2 Regression Analysis: Fricative-initial
Syllables

Stepwise linear regression revealed the following acoustic
properties as significant predictors of fricative perception:
spectral variance at fricative midpoint, spectral peak location,
kurtosis at the window spanning the last 20 ms of frication and
the first 20 ms of the vowel, normalized RMS amplitude,
normalized duration, spectral mean at fricative midpoint, and
relative amplitude. These parameters together accounted for 33%
of the perception data (adjusted r2 = .33). Normalized RMS
amplitude was a significant predictor for /�/ and /z/, accounting
for 13 and 29% of the variance, respectively. Spectral moments
were moderately successful: spectral mean across fricative offset
and vowel onset accounted for 33% of the variance of the
perception of /f/, while kurtosis at fricative midpoint accounted
for 15% of the variance of the perception of /�/. Finally, spectral
peak location accounted for 17% of the variance of perception of
/s/.

6. CONCLUSIONS

Results from acoustic analyses indicate that spectral peak location,
spectral moments, normalized RMS amplitude, and relative
amplitude all distinguish English fricatives in terms of place of
articulation. Results from perception experiments suggest that the
fricative-to-vowel transitions carry important cues to place of
articulation for the non-sibilant but not the sibilant fricatives.
Finally, results from regression analysis in which the perception
data were regressed on the acoustic parameters again point to
spectral peak location, normalized rms amplitude, and relative
amplitude as important cues to perception of place of articulation.
Future research will explore these suggestions in more detail by
conducting perception experiments in which these acoustic
parameters will be directly manipulated.
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