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ABSTRACT

Synthetic fricatives with two spectral peaks
scanning a wide range of frequencies were put into

three versions of the context <a_'E:>, also gene-
rated synthetically, and imitating a male speaker
(1), a child (2), and an aroused male speaker (3)

with elevated F0 and F1. The stimuli were presen-
ted in two orders, with increasing or decreasing
frequencies of the spectral peaks, to 16 speakers
of Swedish who identified the fricatives as <f>,
<s>, <g>, <s>, or <lj>. In a given context, the
obtained phonetic boundaries followed mainly the
spectral peak lowest in frequency, while the upper
peak contributed only marginally even if it was at

a distance less than the “critical distance" of
about 3 Bark. In context (2), as compared with
(1), the phonetic boundaries were shifted up, but

less (in Bark) than the vowel formants.

INTRODUCTION

It is well known that the characteristic fre-
quencies, i. e., the frequencies of the formants
and the fundamental in speech sounds with a given
phonetic quality vary with the overall dimensions
of the speaker’s vocal tract. If the characteris-

tic frequencies of vowels are converted into a
measure of tonotopical place, such as critical
band rate (Bark), differences in speaker size can

be seen to correspond to a tonotopic translation

of the auditory pattern of excitation <11>.
Identifications of synthetic two-formant vowels

revealed that a uniform tonotopic compression of
the auditory pattern of excitation with a ixed
point in the region of F3 also preserves phonetic

quality <12>. Natural vowels are transformed in

this way in shouting and in whispering <11>.
The present investigation is about the trans-

formations the spectra of voiceless fricatives can
be subjected to without affecting their phonetic
Quality. It is known that voiceless fricatives can

be synthesized satisfactorily with two resonances
and one antiresonance and that the cues to the

Phonetic identity of voiceless sibilants reside
mainly in the stationary part of their spectrum,
While the transitions are more important for non-
SIbilants <5, 7>. One-parameter sibilants can be

Synthesized using a resonance and an antiresonance
one octave lower in frequency <5>. Such sibilants

lack intrinsic cues to speaker size. In spectro-

gram reading, the Swedish voiceless sibilants can
be distinguished by the frequency of spectral

energy Onset while there is more variation, even

within the same speaker and context, in the detail
above that frequency <6>. A second characteristic
spectral peak can, however, often be discerned and
one question we address here is whether this se-
cond peak is used to normalize for speaker size.
We also investigate in how far a vocalic context
can serve this purpose.

METHODS

Subjects

The experiments were conducted with a group of
20 native and 6 non-native speakers of Swedish,
all employees or students at the Institute of
Linguistics at Stockholm University. None of them
reported auditory handicaps and all were familiar
with the phonetics of Swedish, possessing /f/,
/s/, /;/, and AF/. We report here the results of
16 native speakers with uniform behavior, mostly
speakers of the local variety with the distribu-
tional allophones <s> and <fi> for LIV, but inclu-
ding three speakers of southern varieties, who had
no <s> in their own speech.

Stimuli

The stimuli were synthetic VCV sequences.The
vocalic segments had been obtained by synthetic
imitation of a natural <a's:e:>, produced by a
male speaker of Swedish (Stockholm variety). A
three parameter voice source <3> signal in accor-
dance with that utterance was generated by the
procedure described in <12>. The vocalic as well
as the fricative segments were generated in serial
synthesis by use of a block diagram simulating
program (sampling at 16 kHz, 16 bit/sample). Eight
vowel formants were used. Their bandwidths obeyed

the standard relation 81 = 0.05 Fi + 50 Hz.
The fricatives were generated by feeding white

noise through a high-pass and a low-pass resonance
filter, both of second order and with Q=10. The
two resonance frequencies F1 and Fh were varied in
steps of a factor41/9 (approx.1.0 Bark).42 com-
binations of F1 and Fh were used to scan the audi-
tory space as shown in Figure 1. The fricatives
had a duration of 0.20 s and the intensity onset
and offset of the natural <s> was also imitated

A second version of the vowel context was
obtained by a uniform translation of all vowel
formant frequencies by + 2.5 Bark. The voice
source parameters were rescaled in such a way that
the mean F0, weighted according to amplitude, was
also translated by + 2.5 Bark. This transformation

Se 83.3.1 205

AN EXPERIMENT ON THE CUES TO THE IDENTIFICATION OF FRICATIVES

HARTMUT TRAUNMULLER DIANA KRULL

Institutionen for lingvistik
Stockholms Universitet

5—106 91 Stockholm

ABSTRACT

Synthetic fricatives with two spectral peaks
scanning a wide range of frequencies were put into
three versions of the context <a_'E:>, also gene-
rated synthetically, and imitating a male speaker
(1), a child (2), and an aroused male speaker (3)

with elevated F0 and F1. The stimuli were presen-
ted in two orders, with increasing or decreasing
frequencies of the spectral peaks, to 16 speakers

of Swedish who identified the fricatives as <f>,
<s>, <s>, <s>, or <fi>. In a given context, the

obtained phonetic boundaries followed mainly the
spectral peak lowest in frequency, while the upper

peak contributed only marginally even if it was at

a distance less than the "critical distance" of
about 3 Bark. In context (2), as compared with
(1), the phonetic boundaries were shifted up, but
less (in Bark) than the vowel formants.

INTRODUCTION

It is well known that the characteristic fre-
quencies, i. e., the frequencies of the formants
and the fundamental in speech sounds with a given
phonetic quality vary with the overall dimensions
of the speaker‘s vocal tract. If the characteris-
tic frequencies of vowels are converted into a
measure of tonotopical place, such as critical
band rate (Bark), differences in speaker size can
be seen to correspond to a tonotopic translation

of the auditory pattern of excitation <11>.
Identifications of synthetic two-formant vowels

revealed that a uniform tonotopic compression of
the auditory pattern of excitation with a ixed
point in the region of F3 also preserves phonetic

quality <12>. Natural vowels are transformed in

this way in shouting and in whispering <11>.
The present investigation is about the trans-

formations the spectra of voiceless fricatives can
be subjected to without affecting their phonetic
Quality. It is known that voiceless fricatives can

be Synthesized satisfactorily with two resonances
and one antiresonance and that the cues to the

Phonetic identity of voiceless sibilants re51de

mainly in the stationary part of their spectrum,

While the transitions are more important for non—
Sibilants <5, 7>. One-parameter sibilants can be

Synthesized using a resonance and an antiresonance
one octave lower in frequency <5>. Such sibilants

lack intrinsic cues to speaker size. In spectro-

gram reading, the Swedish voiceless sibilants can
be distinguished by the frequency of spectral

energy Onset while there is more variation, even

Se 83.3.1

within the same speaker and context, in the detail
above that frequency <6>. A second characteristic
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one question we address here is whether this se-
cond peak is used to normalize for speaker size.
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all employees or students at the Institute of
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no <s> in their own speech.

Stimuli

The stimuli were synthetic VCV sequences.The
vocalic segments had been obtained by synthetic
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A second version of the vowel context was
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produces the characteristic frequencies in vowels

of children four to five years of age from those

of the same vowels pronounced by men <11>.

A third version of the vowel context was ob-

tained by a uniform tonotopic compressmn of all

formant frequencies and the weighted mean F0. The

compression is described by Equation <1>:

z = 20 + 0.15 (15.5 - 20) <1>.

where Z0 is the critical band rate of a characte-

ristic peak in the original version, and Z is the

corresponding value in the compressed version.

This transformation produces the characteristic

frequencies of shouted vowels from those of the

original <11>. Between these modes of speech,

there are, however, additional differences which

have not been imitated in our stimuli which pro—

voked the impression of being produced by an

aroused speaker rather than by a shouting one.‘

For conversion of the vowel formant frequenCies

(f (in Hz) into critical band rate 2 (in Bark)

Equation <2> that agrees to within i 0.05 Bark

with the empirical values <13) in the range of 0.2

to 6.7 kHz (10> was used and for reconverSion

Equation <3>. The formants, which were stationary,

had the frequencies listed in Table 2 together

with the weighted mean F0.

2 = (26.81 f / (1960 + f)) - 0.53 <2>

f = 1960 (1 + 0.53) / (26.28 — z) <3>

Table 2: The characteristic frequencies of the

three Versions of the same vowels (in Hz).

Neutral male Neutral child Aroused male

(a) (2;) <3) (2;) <3) (2;)

F0 102 110 327 337 298 306

F1 751 442 1153 751 945 639

F2 1248 1799 1626 2617 1421 1932

F3 2501 2390 3702 3525 2558 2461

F4 3359 3413 5160 5258 3287 3332

F5 4311 4386 6977 7131 4052 4111

After D/A conversion the stimuli were recorded

on tape in two different orders. First, F] and En

started at their highest values, 24 and 25 log.

units. F1 subsequently decreased in steps of 2 u.

and Eh in steps of 1 u. until the distance between

the two peaks reached 7 u. In the following de-

scending series of stimuli F] and Fh started 1 u.
below the initial values, etc. In the second order

F] and r‘h started at their lowest values, 7 and 14

u., and ascended in reversal of the first order.

Each stimulus had a duration of .8 s and was

presented twice in succession with an interval of

1.5 s. In the following, any sequence of this kind

is considered as one “stimulus'. Each stimulus was

followed by a pause of 2.5 s for the subjects to

respond. A pause of 5 s was inserted before each
new series of stimuli. The stimuli were presented
in six blocks, beginning with the neutral male

version in the first (1) order, followed by child
(2), aroused male (1), neutral male (2), child
(1), and aroused male (2).

Procedure

The subjects were tested in a quiet, 50W

treated room and the stimuli were PV‘ESented to

them via Sennheiser HD414 headphones at a comfor.
table listening level. The subjects receiVedan.

swer sheets with a set of the five symbols "9, 5’

tj, rs, sj" for each stimulus. After explaining‘
the meaning of the symbols (<9> or <f>, <s>, (PM
<§>, <fi>) and presenting a few stimuli for aquain~
tance, the subjects were asked to mark for Each

stimulus the symbol of the fricative they had

heard. They were allowed to mark two different
symbols in cases of doubt. Single-symbol responSQS
were counted as two markings of the same symbol,

Two-dimensional histograms were obtained from

the distribution of assigned labels as a function
of the F1 and Fh values. The histograms were
locally normalized with respect to the total nun.
ber of responses to each stimulus and smoothed by
a spatial cosine filter. “Phonetic boundaries",
say between <5) and <c>, were obtained by conside-
ring only the <s> and <c> labels and computing the
50 ‘1 level curve.

RESULTS AND DISCUSSION

Effects _o_f_ presentation order

"9“-labels were infrequent and mainly attached
at the highest resonance frequencies and, occasio-
nally, at the very lowest. The boundaries between

the sibilants are shown in Figure 1. The effect of

contrast can clearly be seen at the <s> - <§>

“WW

boundary which is shifted by 0.9 Bark in F] be:
tween the two orders of presentation. Since con-

trast presupposes that at least one similar stinu- f

lus has been heard, there is no such effect at the

beginning of each series (shown with thin lines in

Figure 1). There, the responses are, instead,E

likely to be biased by expectation towards <s> 0r
<fi> responses because the previous series of sti-

muli begun with these sounds. Outside this region.
the <s> - <c> boundary is shifted just as much as

the <c> - <s> boundary. As for the boundary be-
tween <fi> and <s>, the responses are likely to be
biased towards <s>, because this allophone would

normally occur in an /afE:/ sequence as pronounced
by most of our subjects. This would explain the

deviant course of this boundary in the second

order of presentation.

Effects g intrinsic properties

The perceptual role of the two spectral Peaks
in our stimuli can be understood by studying the ’
slopes of the boundaries in Figure 1. The bounda-

ries whose slope is not affected by Order effects

are well approximated by straight lines. Two Of

them (<9) - <s> and <§>

-

(5)) have a course

almost perpendicular to the F1-axis, implying that
the higher resonance Fh is practically irrelevar)t
for these distinctions. Then, of course, the di-
stance between the spectral peaks is also irrele:

vant. Thus, intrinsic properties of these stint!h
were not used to normalize for speaker size_-

Phonetic boundaries might possibly be 9”“. Di
3 gross center of spectral gravity, like Perce‘ve
Sharpness" <l>. Since Fh does affect the sharp‘
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Figure 1: P'honetic boundaries between Swedish
Sibi ants. First (continuous) and second (dashed)
order of presentation. Pooled contexts.

(Bark)

M2: Phonetic boundaries between sibilants in
Contexts of a man‘s (cotinuous), a child's
(daShed). and an aroused man's (dash-dotted)
Vowels. Pooled orders of presentation.

ness of our stimuli - as affirmed by informal
listening - the results show that sharpness is not
an invariant quantity in sibilants with a given
phonetic quality.

.If the resonances are separated less than a
critical distance of 3.5 Bark observed by Chisto-
Vich et al.<2> the phonetic boundaries might be
expected to reflect an integrated spectral peak.
The main part of our <s> - <s> boundary runs
through an area where Zh - Z] < 3.5 Bark (see
Figure 1).The slope of this line indicates, how-
ever, that this phonetic decision is only based on
the pitch of the lower spectral peak or on the
spectral onset of auditory excitation. Similar
results have been obtained in non-phonetic pitch
matching tasks <4, 9> for frequencies below 1 kHz.

The boundaries between <s> and <s> are, how—
ever, not completely independent of Fh. This may
be due to the fact that <c> and <s> are the sibi-
lants for which our synthetic stimuli were closest
to the natural versions, as judged by comparison
with measured spectra of Swedish sibilants <9, 8>.
The other phonetic boundaries might have followed
a similar course if the stimuli had been closer
imitations of natural sibilants. The phonetic
boundaries can be described by Equation <4>:

Zl + ki Zhi = Ii <4>

where k1 is a factor expressing the perceptual
weight of Zhiv see Table 3, and Ii is a constant
characteristic of boundary L The factor k might
reflect the goodness of fit between the auditory
spectra of the synthetic stimuli and those of
natural sibilants, but it might, alternatively, be
a function of (Zh - 21). In that case the phonetic
boundaries in Figures 1 and 2 should deviate
slightly from linearity. Interestingly, k is most
negative for (Zh - 2]) a 35 Bark. This reminds of
the suggestion by Syrdal et al. <8> to regard this
distance as specific of phoneme boundaries among
sonorants. While our data do not immediately sup-
port this for sibilants - the observed boundaries
are not perpendicular to the (Zn - Z])—axis - they
do show a tendency in this direction.

Table 1: Perceptual weight k of Fh
in relation to that of F], cf. Equation <4>.

Phonetic
boundary <s>-<c> <;>—<§> <§>-<;> <§>-<5>

k ~0.05 —0.20 ~0.27 -0.1O

Effects fl context

Since intrinsic normalization for speaker size
is almost absent in our results, we would expect
such a normalization, which theoretically would be
appropriate, to be mediated by context. Figure 2
illustrates the effects of transforming the spec-
trum of the vowel context. we can see that the
boundaries between sibilants are affected by the
acoustic properties of the vowel context whose
phonetic quality was close to invariant.

The extent of the boundary shift between the
neutral male and the child version of the vowels
(between +0.7 and +1.3 Bark) is, however, smaller
than the translation of the vowel spectra (+2.5
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Bark), especially at the <s> - <5) boundary.

The boundaries in the aroused male version are

shifted from those in the neutral version about

halfway in the same direction as those in the

child version. The <§> - <5) boundary (at 11.6

Bark = 1.6 kHz) is shifted by roughly +0.3 Bark,

i. e., less than the vowel formants in the same

frequency region (+0.6 Bark). Since, further, the

upper vowel formants (above 15.5 Bark = 2.9 kHz)

in the aroused male version are not shifted up-

wards but slightly downwards, the shift of the <s>

- <c> boundary (at Z] = 19 Bark) can not have been

guided by the vowel formants in the same frequency

region. Apparently, the sibilant boundaries are

shifted about half as much as some weighted mean

of the vowel formants, F2 given the highest

weight. This w0uld hold approximately for both of

our context transformations, but the correlation

of the extent of boundary shift with F] remains an

open question.
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Bark), especially at the <§> - <5) boundary.

The boundaries in the aroused male version are

shifted from those in the neutral version about

halfway in the same direction as those in the

child version. The <§> - <5) boundary (at 11.6

Bark = 1.6 kHz) is shifted by roughly +0.3 Bark,

i. e., less than the vowel formants in the same

frequency region (+0.6 Bark). Since, further, the

upper vowel formants (above 15.5 Bark = 2.9 kHz)

in the aroused male version are not shifted up-

wards but slightly downwards, the shift of the <s>

- <c> boundary (at Z] = 19 Bark) can not have been

guided by the vowel formants in the same frequency

region. Apparently, the sibilant boundaries are

shifted about half as much as some weighted mean

of the vowel formants, F2 given the highest

weight. This would hold approximately for both of

our context transformations, but the correlation

of the extent of boundary shift with F] remains an

open question.
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