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ABSTRACT

Fant’s nomograms explore the relationship between articulatory
settings and acoustic consequences for vowel type productions,
using an articulatory model. In this study, EMA, EPG and
acoustic data were obtained for a phonetician attempting to
replicate Fant’s nomograms for rounded and unrounded high
vowel continua. Results are compared with the most closely
corresponding nomogram data. One difference was the constancy
of the resonance primarily associated with the back cavity, which
contrasted with the rising frequency of Fant’s nomograms. A
more rapid fall in the resonance primarily associated with the
front cavity was also seen for articulations in the pre- to
midpalatal region. The simplifying assumption of the articulatory
model which retains a constant constriction length and shape
regardless of stricture location may represent an impossibility in
human speech, where constriction length varies considerably.
Divergences from Fant’s nomorams may also be due to adjust-
ments such as vertical larynx movement, which speakers can
control but which may covary with changes in stricture location.

1.   INTRODUCTION
The articulatory settings for Fant’s nomograms [1] are based on a
model of the vocal tract. These nomograms are used as a vital
reference for phoneticians and speech engineers when
interpreting articulatory-acoustic relationships in speech
production. How the model Fant used corresponds to human
speech production is a question which needs to be explored more
thoroughly with human articulatory data. One contribution in this
direction is that of Ladefoged and Bladon [2], where two trained
phoneticians produced a range of constricted vowels and mapped
formant measurements to Fant’s nomograms. A limitation of
their study was a lack of information concerning the constriction
location for most of the vowels.

The purpose of this study was to correlate articulatory and
acoustic measures to produce a nomogram for a human speaker
that would correspond to the high front to high back vowel
continuum. It should serve to illustrate to what extent human
articulations conform to the behaviour of the model employed by
Fant. It should further allow us to locate with some precision the
articulatory correlate of the F2 F3 proximity, also referred to as
the “crossover” where the rising resonance associated with the
back cavity crosses the falling resonance associated with the front
cavity when the narrow vowel stricture moves from an anterior to
a posterior location. This exercise was also intended to provide a
lookup reference for locating more precisely the place of
articulation of stops in the prepalatal to postvelar region for data
acquired in a similar way for the same speaker. The articulatory
data were obtained by EMA (electromagnetic articulography),
with simultaneous EPG (electropalatography) and the analysis
presented here is based almost entirely on the former.

2.   METHODS
A trained male phonetician attempted to replicate Fant’s
nomograms for high vowel continua. The recordings included
multiple repetitions covering the range from high front to high
back, and high back to high front. This was done for both
rounded and unrounded continua, for a total of twelve utterances.
The speaker attempted to ensure that at every point in a
continuum he was producing the narrowest constriction possible
that was compatible with vowel articulation. He was not given
specific instructions concerning larynx height, but he was
instructed to maintain a constant lip configuration for any given
series. A rough estimate of lip aperture was made by the speaker
at a later time: this gave a measure of approximately 0.25 cm2 for
the rounded series, and 2.5 cm2 for the unrounded series.
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Figure 1.  shows approximate locations of EMA coils, with the
circle of 2 cm radius fitted to the rearmost coils. Also shown is
the point of narrowest constriction and distance from it to teeth.

The recording of simultaneous EPG, EMA, and acoustic
data was carried out at Ludwigs Maximillians Universität,
Munich. The EMA system was the Carstens AG100, with 10
receiver coils. Three of these were located on the tongue: one at
0.5-1.0 cm from the tongue tip, one approximately 4 cm further
back, and the mid-coil halfway between the two. Further coils
were placed on the lower central incisors, the lower lip, upper
central incisors and on the bridge of the nose. For details
concerning the recording setup and calibration see [3].

The EPG data were obtained using the Reading EPG2
system, where the electrodes are arranged in 8 rows from the
front of the alveolar ridge to the back of the hard palate. While
the EPG data were not directly used in this analysis, it proved
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very useful in placing the EMA coils and in helping to relate the
narrowest point of the constriction estimated from EMA data to a
precise point on the palate’s surface. The contour of the roof of
the mouth was traced from the artificial EPG palate for the region
the palate covers, and for the velar region the outline was traced
from an x-ray of the subject articulating a neutral vowel.

The vowel constriction location was estimated from the
EMA data using a predictor model. This was a model of the
tongue as a circle of fixed dimension (2 cm radius) connected to
the two EMA coils located on the tongue dorsum (see schematic
illustration in Figure 1, and the sample data frames in Figure 4).
The dimensions of the circle were as suggested in Mermelstein
[4]. The closest point between the circle and the roof of the
mouth was deemed the narrowest point of the constriction. This
is used as an approximation for the centre of the constriction in
Fant’s nomograms. The distance from this point to the front of
the teeth was measured along the roof of the mouth, and serves as
the x-axis in Figure 2.

Vowel formant frequencies were estimated using
spectrograms. Further measurements of difficult cases were
obtained using specialised inverse filtering software.

3.   RESULTS
The results can be illustrated with reference to Figure 2. This
figure shows F2 and F3 variation for all utterances as a function
of the calculated distance from the narrowest point of the
constriction to the front of the teeth. The left panel shows the
unrounded vowel continua, and the right panel shows the

rounded continua. Overlaid, using heavy dark lines, are
comparable formant values taken from Fant's Figure 1.4-11a.
These relate to vowels with a narrow lingual constriction of
0.65 cm2 cross sectional area, and with several different cross
sectional areas at the lips. As lip aperture for our data was
approximately 2.5 cm2 for the unrounded series and 0.25 cm2 for
the rounded series, the formant traces included here from Fant’s
nomograms were for lip cross sectional areas of 4 cm2 and 2 cm2

in the left panel, and 0.65 cm2 and 0.16 cm2 in the right panel.
In the upper part of both panels is shown the mid-saggital

outline of the roof of the mouth from the front of the artificial
palate to a point approximately 2 cm behind the back of the
artificial palate. Rows of EPG electrodes are shown as circles.
Points on the palate at increments of 1 cm from the front of the
teeth are joined by slanted lines to the gridlines in the lower
graphs. The x-axis in the lower graphs are marked in centimetres
from the front of the teeth, and equate to the axis marked in
centimetres from the unrounded lip opening in Fant’s
nomograms. Note that in the latter, “rounded” effectively means
that a 1 cm lip tube is added to the length of the vocal tract: by
omitting this we have a measure that is comparable to the point
we used, i.e., the front of the teeth.

The broad agreement between our data and Fant’s can be
seen from the extent that our data lines correspond to the darker
lines in Figure 2. Note first of all that the crossover (F1/F2
proximity) occurs slightly under 5 cm from the teeth for the
unrounded series of vowels, a point which accords very well with
Fant’s at circa 4.5 cm. For our speaker this is the mid palatal

Figure 2.  F2 and F3 values shown as a function of distance of the narrowest point of the constriction from the teeth for unrounded
(left) and rounded (right) series. Dark lines show equivalent ranges in Fant’s nomograms. Midsaggital contour of roof of mouth
from EPG and x-ray shown above. Slanted lines connect x-axis grid to points on this contour. EPG electrodes shown as circles.
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region. In the rounded series the crossover is at about 3.5 cm
from the teeth, a value almost identical to Fant’s and which
corresponds to the prepalatal region for our speaker. There are no
values forward of the proximity for the rounded series of vowels
in the present data, as it appears to occur at the frontmost limit of
this speaker’s vowel articulation. For articulations behind the
crossover point, the measured F2 values follow the broad trend of
Fant’s nomograms.

There were a number of divergences from Fant’s
nomograms. The back cavity resonance (F2 for articulations
anterior to the crossover point, and F3 for articulations posterior
to it) remains almost constant in our data at about 2200 Hz, rather
than rising as in Fant’s nomograms. If the resonance is indeed
associated with the back cavity, its relatively constant frequency
could imply that the back cavity maintains a rather constant
length, regardless of whether the location of the constriction is
moved towards or away from the teeth.

A further point of divergence concerns the rate of change of
the falling F3 before the proximity and of the falling F2 just
behind the proximity. This resonance is considered to be
primarily associated with the front cavity, and the sharper drop in
our data compared to that in Fant’s nomograms could suggest
more extreme changes of front cavity length with retraction of
the constriction.

4.   DISCUSSION
In Fant’s model the constriction maintains a constant length and
cross-sectional area. Other than by the possible addition of a lip
section, the entire vocal tract is kept constant. Therefore, by
moving the constriction forwards or backwards by a given
amount one gets a concomitant shortening/lengthening of front
and back cavities by the same amount. As suggested, for the
human speaker the back cavity length may not shorten with
tongue retraction.

A number of factors might conspire to maintaining a fairly
constant back cavity length. Firstly, the larynx may move
vertically with tongue fronting/backing, given the linkage
between the tongue root, the hyoid bone and the larynx. We do
not have data on this, but our subject, introspecting on this
possibility at a later time felt it was reasonably likely. Secondly,
we would argue that the contour of the tongue behind the
constriction and the shape of the back cavity is different for [i]
and [µ] in a way that may effect cavity length, which is
measured at the midline between the tongue and the pharynx/roof
of the mouth.

This is illustrated schematically in terms of Figure 3, which
shows vocal tract configurations and area functions from
Maeda’s model [5] for approximations of [i] and [µ]. These were
generated from French [i] and [u], and adjusted to provide a cross
sectional area at the lingual constriction and at the lips that would
be closer to the values of relevance here. The midline for the
back cavity has been sketched freehand for the two articulations.
When the tongue is bunched towards the front of the palate as for
[i] the midline is straighter than when retracted for [µ], where it
is more curved and closer to the rear wall of the pharynx. The
fact that the midline length is very similar for both articulations
can also be inferred from the area functions.

The third, and perhaps the most important factor is also
illustrated by the area functions in Figure 3. With the shift in

constriction from [i] to [µ], the length and shape of the
constriction changes as an inevitable consequence of the fact that
the convex curve of the tongue is approximating an upper surface
which is not flat. When the upper surface is concave, as for [i],
one gets a relatively long constriction: with more retracted
articulations the upper surface is less concave and constriction
length gets shorter.

Figure 3.  shows vocal tract shapes from Maeda’s model for [µ]
(top) and for [i] (bottom). The midline of the back cavity is

marked with arrow-headed lines.

The strikingly constant resonance at about 2200 Hz,
characteristic of the speaker in this study, is not necessarily found
for all speakers. Ladefoged and Bladon [2] found, as we did, that
for articulations forward of the crossover, F2 did not dip below
its peak value as predicted in the Fant’s nomogram. The authors
discuss the possibility of a more extreme area of vowel
articulation where the tongue tip/blade may be raised and the
tongue body lowered, as may occur in a variety of Swedish. They
point out however that for such articulations, although a dip in F2
values can be observed, there is a concomitant dip in F3, contrary
to the rising F3 of Fant’s nomograms. They also point out that
such vowels appear to involve a constriction in the alveolar
region, and that the tongue shape departs radically from the
convex curvature required in Fant’s model.

For articulations posterior to the constriction, Ladefoged and
Bladon’s data do show some increase in F3 behind the crossover.
This conforms more closely to Fant’s nomograms, but the extent
of the increase is much less than Fant predicts. This difference
between Ladefoged and Bladon’s data and ours may be partially
explained by the fact that in the former study the subjects
controlled for larynx height, and so laryngeal lowering in back
vowels would not contribute to maintaining a more constant back
cavity length. Informal inspection of other speakers’ productions
suggest some variability: one finds both a relatively constant
resonance, as for our subject, and a resonance which rises behind
the proximity in a way which is more similar to Fant’s
nomograms, but not at all as extensive. Our tentative conclusion
is therefore that the back cavity length does not shorten in a way
that is linearly related with retraction of the vowel constriction
for the reasons discussed above: whether it shortens and the
extent to which it shortens is likely to vary insofar as the speaker
may allow factors such as laryngeal height to vary. The steepness
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of the palatal dome also varies from speaker to speaker, and was
very sharp for the subject of this study. Such anatomical
differences are likely to affect the shape and length of the lingual
constriction for the most anterior articulations, and might also be
a source of some interspeaker variability.
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Figure 4.  modelled data showing the narrowest point of
constriction (X) and it’s approx. length (shaded in grey). Upper

panel shows X at c. 3.5 cm from the teeth and the lower at
c. 4.5 cm. Also shown are the trajectories for the three tongue
coils, the lower jaw and lip coils, and the centre of the circle

model, for a single unrounded vowel continuum. EPG contact
patterns are also shown.

The other divergence between the present data and Fant’s
nomograms concerned the very sharp fall in the front cavity
resonance in the prepalatal to midpalatal region (3.5 cm to 5 cm
from the teeth). The reason for this is likely to be very similar to
the last mentioned for the back cavity’s apparent invariant length,
i.e. the fact that the length and shape of the constriction may alter
with changing anterior articulations in a way that may have major
implications for the front cavity length. Given the sharply curved
surface of the prepalatal area, and the convex shape of the
tongue, the length of the constriction increases as the tongue
body moves from the midpalatal to the prepalal region. This
effect can be observed by comparing the upper and lower parts of
Figure 4, which shows the estimated tongue configuration for
two articulations, one in the prepalatal region (upper frame) and
the other about 1 cm further back towards the mid palate (lower
frame). In both, X marks the estimated narrowest point of
constriction. These frames are taken from a single [i] to [µ]
utterance and the trajectory of the individual EMA coils for the
entire utterance can be seen. Areas corresponding very
approximately to the constrictions have been shaded in for both

articulations. Note that as the constriction length increases, much
of this increase will be forward of the narrowest point of
constriction. Essentially, a small forward articulatory step in this
region may result in a relatively sudden shortening of the front
cavity. The prepalatal region, which forms part of the front cavity
for high central vowels, may become part of the constriction for
high front vowels.

The articulatory measure that we have correlated to our
acoustic measures is the distance between the narrowest point of
constriction and the teeth. This may not be however a good
predictor of front cavity length: partly because of the changing
constriction length, and partly because the narrowest point is not
always the centre of the constriction.

5.   CONCLUSIONS
The correlation of acoustic formant measurements with estimates
of the place of constriction for high vowel continua showed
broad agreement with Fant’s nomograms. In particular, the
location of the F2 F3 proximity seems to be extremely close to
that predicted.

Divergences from Fant’s nomogram data are likely to have
arisen from two types of factors. Firstly, and most critically,
differences may reflect simplifying assumptions in the
articulatory model that represent an impossibility for a human
speaker. Because the convex curve of the tongue approximates to
an upper surface whose contour varies, the lingual constriction
may vary considerably in length and shape as the tongue moves
from anterior to posterior articulation in high vowels. This may
be quite unlike the constriction of constant length and shape used
for the generation of Fant’s nomograms. Consequently, the
change in constriction location for a human speaker would not
appear to bring about the linearly related changes in front cavity
and back cavity lengths seen in Fant’s model. Specifically, it
would appear that the length of the back cavity may vary less,
and the length of the front cavity may vary more than predicted.

Secondly, there are variables such as vertical larynx
movement, which may tend to covary with changes in
constriction location. Such factors might also be responsible for
some of the observed divergence from Fant’s nomograms. As
these are factors that a speaker can control, they would represent
a less critical deviation from the model. This would be an area
where cross-speaker variation might be expected.
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