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Spectrographic data are presented which suggest that it may be possible to estimate the frequency of the

fundamental resonance of the cavity behind the mouth opening, the ““front cavity resonance,”

from

information in the speech signal. It is shown that place of articulation information in the steady states,
transitions, and bursts of F, (or sometimes F,) can be reinterpreted to be information from the front cavity
resonance. Furthermore, a number of synthesis results that have appeared anomalous when described in
terms of numbered formants seem to find a coherent explanation in terms of the front cavity resonance.
Implications for theories of speech perception include the possibility that an estimate of front cavity

resonance frequency may serve for continuous articulatory reference.

. Subject Classification: 70.20; 70.30.

INTRODUCTION

According to the acoustic theory of speech production,
the fundamental resonance of the cavity next to the mouth
opening, the “front cavity resonance,” may be associ-
ated with any of the first four formants (Fant, 1960, p.
72). But, as tongue constriction is relaxed, there is
less dependence of any formant on one subpart of the
vocal system, so little emphasis has been placed on
cavity affiliations when describing the speech signal, v
Instead, the descriptionof acoustic cues for place of
articulation remains largely in terms of numbered for-
mants, with particular emphasis on F,,

It is of interest, therefore, that the spectrographic
data presented below suggest that it may be possible to
estimate the front cavity resonance frequency from in-
formation in the speech signal, As a result, it appears
that a more articulatory description of the acoustic cues
can be provided, and that several anomalous results of
experiments on acoustic cues can be explained,

The spectrographic data come from analysis of two
types of speech, The first type is normal speech, and
the second type is speech produced with a fricated
source, or “fricative speech.” In fricative speech, pal-
atal frication is substituted for laryngeal voicing, and
the nasal port is kept closed. The position of the pala-
tal frication adjusts with the articulation until it feels
more nearly velar in backed environments, It should
be noted that the frication constriction is maintained
even for speech sounds that are not normally character-
ized by significant constriction of the vocal tract (e.g.,
central vowels), Two interesting properties of fricative
speech are, first, that it seems highly intelligible, and
second, that the fundamental resonance of the front cav-
ity appears as a prominent spectral component.? The
acoustic similarities between fricative and normal
speech suggest that a front cavity resonance frequency
estimate can be made for normal speech,

I. ON THE POSSIBILITY OF ESTIMATING THE FRONT
CAVITY RESONANCE FREQUENCY

Figure 1 shows spéctrographlc analyses of the phrase
““Where were you a year ago?” spoken under two condi-
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tions of excitation: fricative speech (top) and normal
speech (bottom). Visual inspection of the top spectro-~
gram indicates the presence of two components in the
fricative speech token. The most obvious component
varies in frequency from 700 to 3000 Hz and is visible
in all excited portions of the token." Another com;ionent
is fixed above 3500 Hz and is less visible when lip-
rounding increases, While the fixed component may be
due to the fricative constriction, the variable compo-
nent can be interpreted to be the fundamental, quarter-
wave resonance of the front cavity, The variations in
front cavity resonance frequency appear to reflect
changes in the position of fricative constriction (from
velar to prepalatal) and changes in lip opening (from
rounded to retracted). Using the formula 1=c¢/4f, and
setting ¢ =353 m/sec (for 85 °C), a quarter-wave reso-
nance at 700 Hz would indicate that the front cavity has
a functional length of about 12,6 cm; at 3000 Hz, a
length of about 2,9 cm,

It comes as no surprise that the front cavity resonance
should vary so continuously in fricative speech, since
tongue constriction is extreme, What is interesting,
however, is that this resonance can be traced so easily
in the normal speech token. A comparison of the two
spectrograms shows that this is the case. The compari-
son also illustrates the point that the fundamental reso-
nance of the front cavity cannot always be associated
with the same numbered formant; it may be associated
with F, in /v/ and /u/, but it is more strongly associ-
ated with F, in /i/.?

Figure 2 shows spectral cross sections of eight vow~
els, all spoken by the same adult male. There are two
sections per vowel, one each from fricative speech (left)
and normal speech (right),

It may not be inappropriate,. at this point, to insert a
comment about the ease of production of these fricative
speech vowels, Fant (1960, p. 115) reports vocal-tract
cross-sectional areas for /ieaou/, In the region of the

.tongue constriction, the cross-sectional area appears

to fall to 1 cm? or less for /iaou/, but to no less than
2 cm?® for /e/, Similarly, it seems easy to make the
constriction for a satisfactory fricative speech close
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FIG. 1. Spectrographic comparison of the phrase “Where were you a year ago?” for two conditions of excitation: fricative speech’
(top) and normal speech (bottom).
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FIG. 2. Spectral cross sections of eight vowels. There are two sections per vowel, one each from fricative speech (left) and
normal speech (right).
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front vowel (here, /i/ and /I/). It also seems easy to
make the constriction for the vowels with a backed
tongue position (/aaUu/), where we were more aware
of manipulating the lip opening when trying to adjust the
perceived color. However, it seems less easy to lower
the jaw and produce convincing fronted palatal constric-
tion for the more open front vowels /¢/ and /=/.

These cross sections give further indication that a
front cavity resonance frequency estimate can be made
for normal speech. In these sections, the length of the
front cavity seems to have an important effect on the
overall spectral shape. The fricative and normal speech
spectra seem to be shaped toward the high frequencies
when the front cavity is short, as for /i/, and toward
progressively lower frequencies as the front cavity is

.apparently lengthened for each successive vowel, Inad-
dition to the effect of the length of the front cavity, there
also seems to be an effect due to the amount of tongue
constriction involved. The greater the constriction, the
more the front cavity resonance in the fricative speech
seems to correspond to a formant in the normal speech.
This correspondance seems very close for F; of /i/ and
/1/, and for F, of /aaUu/. For all eight vowels, how-
ever, the front cavity seems to be associated with what
is perhaps the most intense group of formants: with the
F, group for /ile =/, and with the F, group for /aaUu/.*
Notice in particular the change in overall spectral shape
from /®/to /a/, where the front cavity shifts its strong
association from Fj; to F, and the weight of the spectrum
shifts to frequencies below 2000 Hz.® This change oc-
curs despite the fact that frequencies of F;, F;, and F,
are essentially unchanged. These comparisons with
fricative speech seem to lead us to an observation about
spectral shape that is substantially the same as, that
made by Fant (1960, p. 123), namely, that the front cav-
ity can have an important effect on F, (and thus on the
mean of F, and F,), or on the mean of F, and all higher
formants,

Figure 3 shows spectrograms of 12 consonant—vowel
syllables, the consonants /bdg/ followed by the vowels
/i=eau/, There are two spectrograms per syllable, one
each from fricative speech (left) and normal speech
(right). These spectrograms indicate that a front cay-
ity resonance frequency estimate can be made for highly
constricted normal speech consonants., They show the
remarkable similarity of burst and transition information
in fricative and normal speech. Notice again the shift
in spectral weight toward the lower frequencies, this
time as the vowel goes from /=/ to /a/.

These observations suggest a general effect of the
front cavity: that it is a determiner of the overall spec-
tral shape. Nevertheless, it appears possible to con-
struct a formula to estimate the front cavity resonance
frequency from formant frequency data, For constricted
vowels, this formula should place the front cavity reso-
nance frequency estimate somewhere between the low
values for F, as in back vowels and the high values of
Fy as in front unrounded vowels like //.

Carlson ef al. (1973) have expressed exactly these
concerns in designing a formula for predicting a per-
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FIG. 3. Spectrograms of 12 CV syllables, the consonants
/bdg/ followed by the vowels /i 2 a /. There are two spec-
trograms per syllable, one each from fricative speech (left)
and normal speech (right).

ceptual “F, prime” for vowels. The notion of F, arises
from a desire to represent natural vowels in a percep-
tually equivalent two-formant space (see, e.g., Delattre
et al,, 1951; Fant, 1959), The F, of the natural vowel
is replaced by the F, of the two-formant equivalent,
while all higher formants of the natural vowel are re-
placed by the F, (the so-called Fé) of the two-formant
equivalent. From the data of a matching experiment in
which techniques for two-formant, parallel resonance
synthesis were used, Carlson ef al. (1970) report values
of Fé for several Swedish vowels. The matching experi-
ment values of F, range from about 700 Hz for /u/ to
about 3000 Hz for /i/. These limiting values, and the
other, intermediate values reported, appear to lie close
to the front cavity resonance frequency as estimated
from fricative speech. The thought arises, then, that
the front cavity resonance frequency may be what Fj
predicts. If this is so, then it might be appropriate to
estimate the front cavity resonance frequency using the
formula proposed by Carlson ef al. (1973). That formu-
la is
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'F,___F +c(Fy F )2
2 1+c ’
Where

() o) ()

500/ \F,— F,/ \F3—~F,/ °

The formula apparently generates the results of the
matching experiment to within 65 Hz, on the average.
Carlson et al. (1973) report that the values of F; pre-
dicted by the formula are also within 75 Hz, on the av-
erage, of values predicted by a model of the cochlea.
When the reference vowels from the matching experi-
ment were the input to their cochlear model, then the
two most prominent peaks in the output “were found to
correspond closely to F, and the Fé of the two-formant
matching.” Thus, there is some rather indirect evi-
dence that the front cavity resonance frequency could
also be estimated from speech data that is in a form
perhaps more like that found in the auditory system.
The authors attribute the close agreement between the
formant equation and those of the cochlear model, at
least in part, to “single component prominence.” This
explanation appears to be consistent with an emphasis
on the front cavity as a determiner of the overall spec-
tral shape.

The methods for predicting Fé suggest how the front
cavity resonance might possibly be estimated for vocalic
sounds, This estimate might be expected to be more
consistent for the more constricted sounds, where the
formant frequencies can move more continuously. In
return, the front cavity resonance may provide an artic-
ulatory rationale for Fj, which, heretofore, has been
motivated mainly by perceptual considerations.

Il. A REINTERPRETATION OF CUES FROM £, AND
F3

Since it appears that the front cavity resonance could
be estimated from information that is intense in the
speech signal, one may ask for indications that this hap-
pens, in fact, during speech perception, What follows
is an attempt to reinterpret familiar data from studies
of the perception of synthetic speech, in a fashion con-
sistent with a possible role for the front cavity reso-
nance, :

The front cavity resonance appears to play a role in
vowel perception. Single-formant equivalents of two-
formant vowels have been reported for /ivooa a/ (Delat-
tre et al., 1952), These single-formant equivalents lie
close to the frequency of the front cavity resonance as
estimated from fricative speech. In two-formant vowel
synthesis, weighted averaging of the natural F, and F,
has been used for front vowels, where the front cavity
resonance in the natural case may be more strongly as-
sociated with F,. For example, the two-formant /i/ of
Delattre ef al. (1952) had an F, at 2880 Hz, and that of
Liberman et al. (1954) had an F, at 2760 Hz, whereas
the natural F, appears to be located at about 2300 Hz
and the natural F, at about 3000 Hz (Peterson and Bar-
ney, 1952). Again, Carlson et al. (1970, 1973) are in-
vestigating a perceptual Fj that, for both front and back
vowels, may track the front cavity resonance.
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The front cavity resonance appears to play a role in
the perception of stop consonant formant transitions.
The front cavity resonance in fricative speech is close

.to F, in /a/, and Liberman et al. (1954) found that

changes in the F, transitions alone were sufficient to
produce /ba/, /da/, and /ga/ responses. But the front
cavity resonance is close to F, in /i/, and Harris et al.
(1958) produced /bi/, /di/, and /gl/ responses by chang-
ing the F, transitions alone,®

Finally, the front cavity resonance appears to play a
role in the perception of stop consonant bursts. Only
the voiceless stop bursts are mentioned here, because
of the relevance of the cited synthesis results. The de-

scriptions appear to be applicable to the homorganic
voiced stops. '

For /t/ bursts, the cavity behind the mouth opening .
is small, extending back only to the alveolar constric-
tion, regardless of the resonator configuration for a
following vowel. Synthesis should therefore reveal the
importance of a high frequency and relatively unchang-
ing spectral component. It does: Liberman et al. (1952)
obtained /t/ responses for bursts above 3000 Hz before
the vowels /ieeasou/.

For /p/ bursts, the spectrum immediately following - -
lip release can be broad and flat, because there is no
resonator of significance in front of the constriction.
Then, as the lips open further, the front cavity reso-
nance can rise abruptly in frequency and amplitude., Be-
fore unrounded vowels these excursions may be quite
salient, but before rounded vowels, if the lip opening re-
mains small, they would be diminished, {Compare the
spectrograms for /bi/ and /bu/ in Fig. 3). In synthesis,
the excursions of the front cavity resonance might there-
fore be expected to play a more important role before
unrounded vowels than before rounded ones, Indeed,
Liberman ef al. (1952) found that /p/ responses domi-
nated when a schematic burst was positioned some
360 Hz below the formant closest in frequency to the
front cavity resonance in a following /leca/. But be-
fore />0u/, they found /p/ responses to dominate when
the burst was neither near the frequency of the front

cavity resonance nor in the /t/ region, but rather around
1500 Hz. '

For /k/ bursts, the cavity behind the mouth opening
extends back to the hump of the tongue, so that a front
cavity resonance component of the burst should be af-
fected at once by concomitant positioning of the tongue
hump for a following vowel. The question is whether
synthesis reveals a strong dependence of the burst upon
the frequency of the formant closest in frequency to the
front cavity resonance of a following vowel. In fact, the
data of Liberman et al. (1952) show that /k/ responses

-predominated when a schematic burst was placed at, or

‘slightly above, the formant closest in frequency to the
front cavity resonance in a following /le a2 ou/.

I1l. AN EXPLATION OF ANOMALIES

Stevens and House (1956) suggested that some anoma-
lies encountered in perceptual studies of transitional
cues may be attributed to the changing cgvity affiliations
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of F, and F,. Since the possibility of explaining anoma-
lies is at least as compelling as that of reinterpreting
phenomena, it is interesting to note that if the role of
the front cavity resonance is emphasized in describing
the speech signal, several anomalies of the acoustic
phonetic literature seem to find an explanation. Con-
sider the explanations of the following three anomalies
in terms of a possible role for the front cavity reso-
nance.

One anomaly is the burst of noise at 1440 Hz that cued
a /pt/, /ka/, or /pu/response in Liberman et al. (1952).
Before /i/ this burst appears to be interpreted as part
of the rise in frequency of the front cavity resonance as
it moves up to F,., Before /a/, the burst appears to be
interpreted as part of the fall in frequency of the front
cavity resonance as it moves to a slightly lower value
in F,. Before /u/ it appears to be interpreted as part
of a flat, lip-release spectrum, and was a somewhat
weaker cue. The /pi/-/ka/—/pu/ result is then consis-
tent with the suggestion that the front cavity resonance
plays a role in the perception of /p/ and /k/.

A second anomaly is the F, transition that was impor-
tant for the /d/ in /di/but not for the /d/ in /du/ (Har-
ris et al., 1958), This result may be due to the fact
that the fundamental resonance of the front cavity is
strongly associated with Fyof /1/, but not with Fs of Ju/.
If so, the /di/~/du/ result suggests that transitions of
the front cavity resonance can play a role in the percep-
tion of /d/. '

A third anomaly is the F, transitions in two-formant
synthesis of /g/: one could extrapolate the F, transi-
tions to 2 virtual /g/ locus at 3000 Hz before /ie € 2/,
but before /20u/ the locus would have to be much lower
in frequency, if indeed it existed at all (Liberman; 1957).
Figure 3, above, indicates that, like the velar bursts,
velar transitions covary in frequency with the front cav-
ity resonance of the following vowel, Indeed, the tran-
sitions that produced predominantly /g/ responses in
Liberman et al. (1954) lie at the same frequency as
bursts that produced predominantly /k/ responses in
Liberman ef al. (1952), These results suggest that the
real, relative frequency of the transition of the front
cavity resonance plays a role in the unchanging percep-
tion of the velar stop consonants.

V. DiSCUSSION

Acoustic anomalies like those above led Liberman ef
al. (1967) to express the belief that speech perception
might involve a simplifying reference to articulation.
The data and arguments of this paper suggest that such
a simplifying reference may be available directly from
the speech signal: despite the acoustic complexity of
the anomalies mentioned, an interpretation in terms of
the front cavity resonance seems to provide, in each
case, a rational account.

One can try to show that an articulatory reference is
available in the speech signal without arguing that this
reference is interpreted by a process of analysis by
synthesis, The task of synthesizing an acoustic pattern
to subtract from the incéming signal now appears sim-’
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pler: the rules required to generate those curious
speech acoustics do not seem anomalous when expressed
in terms of the resonator system that produces them,
But, at the same time, the task ofdirectly perceiving the
incoming signal appears simpler too: there appearsto
be an intense component of the signal that carries im-
portant information about place of articulation,

These observations suggest that a person who is per-
ceiving speech might be described as one who is inter-
preting at least part of the signal as a contribution specif-
ically of the front cavity. Given the quarter-wave res-
onator model, a front cavity resonance frequency esti- .
mate is also an estimate of the front cavity length, And:
for a given articulation, the front cavity length may not
vary a great deal across individuals, not, for example,
as much as the length of the pharyngeal cavity (Fant, .
1966). Therefore, a front cavity resonance frequency
estimate would be almost an estimate of place of articu-
lation. It is necesary to say “almost” an estimate of .
place of articulation for at least two reasons: first, be-
cause of possible differences in front cavity length; and
second, because similar lengths of the front cavity could
arise in different combinations of fronted tongue con-
striction with lip rounding, or backed constriction with-
out rounding, This last consideration indicates a possi-
bly important use for continuous tracking of the front -
cavity resonance: spectra that are articulatorily am-
biguous might be disambiguated if the preceding or fol-
lowing configuration of the slowly changing resonator
system is unambiguous.

V. CONCLUSION

We have attempted to present a new technique (frica-
tive speech) and articulatory rationalizations of some
of the acoustic cues for speech. These have been used
to emphasize a relationship which seems to deserve
more attention, namely, the relationship between the
fundamental resonance of the front cavity and the per-
ceived place of articulation. This relationship would
tend to arise to the extent that speech requires.signifi-
cant constriction of the vocal tract, as may be the case
for consonants generally, and for many {though not all)
vowels. We believe that such constriction contributes
to the solution of the problem of deriving an articulatory
description from the acoustics of speech. A front cavity
resonance frequency estimate seems to be a useful way
to represent part of that contribution.
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lHowever, for a discussion of the effect of isolated articulatory
movements on formant positions, see Delattre (1951).

2we know of no reference to fricative speech in the acoustic
phonetics literature. However, for discussion relevant to
fricative speech, see Fant (1960, p. 72). There it is sug-
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gested that a static, three sectlon model of the vocal-tract can
show some of the essentials of velar and palatal articulation.
Specifically, for the model of the articulation of /k/or /g/
before /a/, /=/, or /i/, it is suggested that the fundamental
resonance of the front cavity can be associated with Fy, Fg,
or F,, respectively. 7

35ometimes the association of the front cavity with Fy of /i/ is
mentioned (Fant, 1960, see preceding footnote), sometimes
its association with F; of the same vowel (Fant and Pauli,
1974). What appears to have been the emphasis of the earlier
discussion, and what we attempt to emphasize again here, is
not the affiliation of the front cavity with a given formant,
but the ability of the front cavity resonance to move more or
less continuously in frequency given significant vocal-tract
constriction.

4Such phrases as “most obvious component” or “perhaps the
most intense group of formants” should be accepted only with
qualification. Figures 1-3 show speech spectra after Lift has
been applied (approximately 6 dB per octave between 300 and
3000 Hz). Also, in Figs. 1and 3, automatic gain control
and 300-Hz “broad~band” filtering have been applied. These
operations have been made available on commercial sound
spectrographs because they have been thought helpful for re-
vealing perceptually relevant aspects of speech. This is not
enough, of course, to make us want to assume that such oper-
ations make speech spectrograms look exactly like speech
sounds. .

$The front cavity resonance in fricative speech appears to be
most clearly associated with Fy of /il £/ and with Fp of
/aaaUsu/. This association is consistent with the nomo-
grams of Fig. 1.4~9 of Fant (1960), where the cavity affilia~
tlons of F, and Fy appear to change at about 2000 Hz. For the
model, this change has a constriction coordinate of approxi-
mately 11 cm from the glottis, which, in tury, is consistent
with the estimate of “two-thirds of the total length of the
vocal-tract” of Stevens and House (1956).

6This is our interpretation of their results. Harris et al.
(1958) showed that a flat F, and different rising transitions
of Fy could cue /gl/ and /di/ responses. They also showed
that a sharp rise in both F; and F3 could cue a /bi/ response.
We are interpreting this last case to be equivalent to an F3
transition that starts below a flat Fy.
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