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ABSTRACT stein, 1988). Harris (1958) noted that the

Une analyse spectrale détailléee d’un cor-
pus important de fricatives pour deux su-
jets a été réalisée dans le but de déterminer
plus précisément les différences acoustiques
entre les fricatives frontales, et ainsi compren-
dre mieux les mécanismes de production im-
pliqués. Des différences apparaissent entre les
moyennes ensemblistes des spectres des frica-
tives centrales, ces différences variant en fonc-
tion du contexte voyelle. Ces différences sont
réduites, et les spectres sont plus plats, dans
le contexte [a-a]. Les résultats des modéles
mécaniques indiquent que cet effet pourrait
étre dii a l'effet de la forme des lévres sur une
treés petite cavité frontale.

A detailed spectral analysis of an extensive
fricative corpus for two subjects was per-
formed to attempt to specify further the
acoustic differences between the front frica-
tives, and thereby illuminate the produc-
tion mechanisms involved. Differences were
found between the ensemble-averaged spectra
mid-fricatives; these vary with vowel context.
Differences are least apparent, and spectra
are most flat, in the [a-a] context; mechani-
cal model results indicate this may be due to
effect of lip shape on a very short front cavity.

1. INTRODUCTION

There have been several studies of the front
fricatives of English, [f, v, 8, 3|, seeking dif-
ferentiating acoustic characteristics. Nearly
every parameter investigated differentiates
these as a group from the group consisting of
[s, 2, J, 3): the front fricatives are more confus-
able (Miller and Nicely, 1955), shorter in du-
ration, lower in amplitude, and have a more
variable spectral shape (Behrens and Blum-
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frication portions extracted from [f, 6] could
not be used to discriminate them from each
other, unlike [s, f], but the transitions to and
from adjacent vowels could be used.

Wilde (1995) compared amplitudes at the
edge and in the center of the fricatives [f, 6,
s, []. She found a significant difference be-
tween [f, 6] and [s, [} — essentially the latter
are of higher amplitude — and also found that
the amplitude in the region 1-4 kHz is higher
at the edges than mid-fricative. She did not
find significant differences between [f] and [6].
Jongman and Sereno (1995) used spectral mo-
ments and locus equations to search for dif-
ferences between [f, v, 6, 3]. They found that
[f,v] spectra had smaller kurtosis, indicating
greater spectral dispersion over the range of
0-11 kHz, and [6, 3] had smaller skewness, in-
dicating greater high-frequency noise. How-
ever, these differences were small; prediction
of the fricative based on these measures was
poor.

In this paper detailed spectral analysis of
an extensive fricative corpus for two subjects
was used to attempt to specify further the
acoustic differences between the front frica-
tives, and thereby illuminate the production
mechanisms involved.

2. METHOD

The speech corpuses consisted of the fricatives
[f, v, 6, 3] in two environments: (1) preceded
by the vowel [a] and sustained for 3 s, and
(2) inserted into the nonsense words [pVF V]
and repeated 10 times on a single breath,
for Vi, V; chosen from [a,ju]. Two sub-
Jects were recorded: a man speaker of French
(PB; recorded twice, three years apart) and
a woman speaker of American English (CHS;
recorded once). PB’s recordings were used in
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this study, even though he does not speak [8,
3] natively, in part because of the more ex-
tensive acoustic, articulatory and airflow data
available for him.

The acoustic recordings in all cases were
made under the ‘High-Fidelity conditions’ re-
ported previously (Shadle and Scully, 1995).
Averaged power spectra from 0 to 17 kHz were
computed at beginning, middle and end of
the steady-state portion of the fricatives in
vowel context, using ensemble averaging (Sha-
dle et al., 1992a.b), and in the center of the
sustained fricatives, using time averaging. In
both cases eight Discrete Fourier Transforms,
each computed from a 20-ms Hanning win-
dowed portion of the speech signal, are av-
eraged to form the averaged power spectrum.
For ensemble averages, each window is located
at the same ‘event’ (mid-fricative, or begin-
ning of steady state) in eight successive to-
kens of the same [pVFV] item; for time aver-
ages, the windows are placed adjacent to each
other (i.e. with no overlap) in the center of

the fricative.

3. RESULTS AND DISCUSSION

Spectra of all six tokens of each sustained
fricative were graphed together in order to
check for variability. These graphs (omit-
ted here due to space constraints) reveal con-
sistent spectral shape cross-token for each
fricative-subject combination, particularly up
to 6 kHz; peaks and troughs are of nearly
identical frequency and amplitude. The over-
all levels are low, as expected. The spectra
are not flat; the unvoiced fricatives show a
difference of the order of 20 dB across the
frequency range shown, and the voiced frica-
tives show a bigger range, largely because of
the significant energy appearing in the fun-
damental and the first few formants, which
are presumably primarily voice-excited. Dif-
ferences are apparent in the spectral shapes
between [8] and [3], particularly for PB, but
the differences are certainly small compared
to those between [s] and [f}, for instance.

For the fricatives in vowel context it was
possible to make more comparisons; we looked
in particular at differences due to vowel con-
text, the general spectral shape of each frica-
tive and of each fricative in different vowel
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Figure 1. Ensemble-averaged spectra of be-

ginning (beg), middie (mid) and end (end) of
steady-state portion of [f] in [pufi]. Subject PB.

contexts, and the change of spectral shape
during the fricative.

Vowel context most noticeably affects the
frequencies of the peaks in the fricative spec-
tra, with the differences following those ob-
served between the vowels involved. A spec-
tral peak corresponding in frequency range
to the second formant, which we shall call
F2, is highest in frequency for the [i-i] con-
text, and lowest for the [u-u] context. The
higher peak in the [i-i] context is accompa-
nied by the lowest amplitude low-frequency
trough at approximately 1 kHz; one explana-
tion of this is that the trough corresponds to
a zero with a frequency related to source and
constriction location, which do not change;
the zero becomes more visible as the back-
cavity pole (F2) moves away from it. Such
vowel effects are most noticeable in the item
[pufi}, where F2 clearly increases from 1.5 to 2
kHz between the beginning and middle of the
fricative ‘steady’-state (see Figure 1). [pusi]
does not show such a big difference, presum-
ably because only rounding is changing in this
case: the tongue position is constrained in [6],
and is not in [f].

As documented in earlier studies (Shadle et
al. 1992a.b), there were slight differences in
the lower formant frequencies at the begin-
nings and ends of the fricatives for [pafa] vs.
[pafa]. These differences consisted of [paéa]
having higher frequency formants near the
transition regions, though not mid-fricative,
than did [pafa]. This is consistent with the
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Figure 2. Ensemble-averaged spectra of middle
portion of fricative for [pubu, pufu]. Subject PB.

tongue forming a necessary part of the con-
striction in that case and not in the [pafa]
case. This was shown to hold for both sub-
jects for the earlier recordings. It did not hold
for PB’s later recordings of [pafa-paa), but
did for the later [pava-pada]. In addition to
the time lag between the two recordings, the
later recordings analyzed here were recorded
with the EPG palate in place; perhaps these
factors affected his production of the frica-
tives. Since the difference in frequency, when
it exists, is small, it seems likely that it is both
not always produced and, when produced, not
always observed.

If differences in the transition regions are
not always present, are there some observable
differences in spectral shape mid-fricative?
Differences in spectral shape between [f] and
[0] were observed, although these were sub-
tle and varied considerably with vowel con-
text. In general, [0] has the lowest amplitude
at low frequencies, rising fairly steadily above
3 kHz (see Fig. 2). However, near the edges of
the steady-state region the low-frequency am-
plitude is often significantly higher; a time-
averaged spectrum across the entire steady-
state region would thus obscure the mid-
fricative spectral shape. [f] tends to have a
lumpier spectrum, with noticeably higher am-
plitude at low frequencies than [8], even mid-
fricative, and in some contexts a broad peak
in the region 6-12 kHz.

Both fricatives show the least amplitude
variation during the fricative steady-state,
and the least dynamic range across the fre-
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quency range, in the [a-a] context (see Fig. 3).
Spectra of [s] and [8] are contrasted for two
vowel contexts in Fig. 3. Although [s] exhibits
some vowel context effects such as differences
in peak frequencies and overall amplitude, it
does not show any such effect on overall dy-
namic range. A possible explanation of this
difference is that the noise generated and ra-
diated in [f] and [0] may be more influcenced
by small differences in lip shape because the
length of the front cavity, that part anterior
to the constriction, is so short. From mechan-
ical model data it is apparent that the posi-
tion of the jet relative to the wall can make a
significant difference in the amount of sound
radiated for a front cavity as short as 1 cm,
and that the difference is much smaller for a
cavity of length 4 or 6 cm (Shadle, 1985). It
thus seems possible that changes in lip shape
due to vowel context could affect the radi-
ated spectrum of the fricatives, with greater
jet-wall contact leading to higher amplitude
and greater dynamic range, and that similar
changes in lip shape would have less effect on
the spectrum for fricatives with a longer front
cavity.

Vowel context effects apart, the front frica-
tives show a smaller amplitude change dur-
ing the fricative steady-state (i.e. compar-
ing the beginning-middle-end spectra) than
do the fricatives [s,z,f,3], even though the air-
flow data indicate that constriction areas and
intraoral pressures are similar (Stromberg et
al., 1994). These observations are borne out
by comparison of the sustained fricative spec-
tra at different effort levels for both sets of
fricatives. It appears that the same variation
in flow velocity results in a smaller variation
in noise amplitude in the front fricatives. This
should be reflected in the flow exponents for
the two sets of fricatives. The exponents re-
ported in Badin et al. (1994, 1995) do not
bear this out — the p exponents for [f] are
higher than those for [s], and in the sustained
case (Badin et al., 1994) the p exponent for [f]
is higher than that for [f] as well — but those
exponents were computed based on the spec-
tra up to only 6 kHz, which may well explain
the difference.
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Figure 3. In each graph, ensemble-averaged spectra of beginning, middle and end of steady-state
portion of fricative for 2 vowel contexts and 2 fricatives, as shown. Subject is PB.

4. CONCLUSION

In summary, differences between [f,v] and 6,
3] are observable with detailed spectral analy-
sis; they are intricately interwoven with both
vowel context and timing of the analysis win-
dows relative to VFV transitions. The differ-
ences are least apparent, and the spectra are
most flat, in the [a-a] context, an effect which
is consistent with mechanical model results.
Variation of the spectral shape and ampli-
tude with flowrate appears inconsistent with
results for [f,s,] (Badin et al., 1994), but this
may be explained by the limited frequency
range used for the earlier study, and will be
investigated further.

[Work supported in part by a collabora-
tive EC SCIENCE award, CEC-SCI*0147C
(EDB), and by a European CEC-ESPRIT
project Speech MAPS.]
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