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ABSTRACT

The present study represents an attempt to describe the
relationships between formant histories and lingual fleshpoint
movements for selected words spoken by five normal,
young-adult speakers of American English. The data are drawn
from the X-ray Microbeam (XRMB) Speech Production Database
(1). A major purpose of the study is to examine the
appropriateness of simple acoustic-to-articulatory inferences that
are common in speech research.

1. INTRODUCTION

Inferring articulatory gestures from the speech acoustic signal has
been a common practice in speech science and speech pathology.
The prevalence of articulatory inference can be easily understood
in view of the difficulty and cost associated with obtaining
articulatory data.

Acoustic-to-articulatory inference has its bases in classic models
of speech production. Stevens & House (2)'s data from their
single-tube model revealed F1 frequency to depend most strongly
upon degree of constriction, mouth opening, and in some cases,
location of constriction, while F2 frequency depended primarily
upon location of constriction. Lindblom & Sundberg (3) used a
six-parameter model to examine the contributions of each of
several articulators to changes in formant frequencies. Their
results indicated that tongue body position had a deterministic
effect on F2, such that retracting the tongue body along the tract
lowered F2 (and raised F1 albeit to a smaller degree); jaw
opening lowered F1; and, increasing the degree of constriction of
the tongue modified primarily F2. Fant (4, 5)'s three-parameter
(location and degree of constriction and lip opening) four-cavity
model also indicated that tongue height was a primary
determinant of F1 frequency and tongue advancement, of F2.

Classic production models thus provide a foundation for
interpretative rules of thumb that are often applied to speech
acoustic data. It has been customary to interpret F1 being an
index of tongue height in that F1 and tongue height form a
monotonically decreasing function. Likewise, F2 and tongue
position or advancement are assumed to form a monotonically
increasing function. Assumptions such as these underlie
articulatory interpretations by Kent et al. (6) in their analysis of
intelligibility deficits among speakers with neurogenic disorders.
One difficulty with these assumptions is that they are
speaker-general, and do not consider differences among

individual vocal tracts, or differences among articulatory
strategies that different speakers might adopt to produce the
sounds of their language. In our work, we are attempting to
develop both qualitative and quantitative descriptions of the
relationships between formant histories and articulatory
movements in intelligibility test words spoken by different
speakers. A major purpose is to examine the appropriateness of
speaker-general acoustic-to-articulatory inferences. Information
regarding the relationship between formants and their articulatory
correlates may enhance our understanding of the nature of
normally intelligible speech production, and provide a basis for
appropriate diagnosis and intervention for disordered speech.

2. METHODS

The data selected for analysis in this report were drawn from the
XRMB Speech Production Database (1), a publicly available
collection of synchronous fleshpoint kinematic and acoustic data,
recorded from 57 normal, young adult speakers of American
English. The analysis focuses in part on sagittal-plane trajectories
of four gold pellets (3mm diameter) glued along the longitudinal
sulcus of the tongue, for five database speakers (males 18, 28, and
41; and females 29 and 34, all native to Wisconsin). The
frontmost pellet (T1) was placed in the vicinity of the tongue
blade, about 1 cm posterior to the apex of the extended tongue,
and the rearmost pellet (T4) in the vicinity of the tongue dorsum,
about 6 cm posterior to the apex. Two intermediate pellets (T2
and T3) represent locations between T1 and T4 that divide the
distance between them into three nearly equal segments.
Positions of the four tongue pellets are defined relative to a
cranially-based Cartesian coordinate system that was established
in a similar way for each speaker, according to procedures
described elsewhere (1,7). In short, the coordinate system has its
origin at the tip of the central maxillary incisors. The x-axis
corresponds to the intersection of the midsagittal plane and a
maxillary plane (MaxOP) given by the tips of the central incisors
and at least two other teeth on opposite sides of the mouth. The
y-axis is normal to the MaxOP, and intersects that plane at the
origin. The +x and +y directions are defined to be out of the
mouth, and toward the roof of the mouth, respectively.

The XRMB system was used to track and sample T1 positions at
160 Hz, and T2-T4 positions at 80 Hz, while each database
speaker produced a number of target words in "citation" form.
Two such words, wax and sigh, also appear in the intelligibility
test inventory described by Kent et al, (8). In the XRMB
Database, these were recorded as tokens within short lists



(records) of seven words, presented on a prompter and read
through within a 7.5 sec window. The word sigh was produced
only once by each speaker. Wax was repeated five times, in
different records, but only one of these was randomly selected for
analysis. The raw fleshpoint kinematic data were subsequently
smoothed and re-sampled to achieve a same-sample-time format,
with all trajectories sampled at 80 Hz.

The central idea of our analysis was to compare these four
fleshpoint trajectories to formant histories of the test words, over
some interval of time within each word. The analysis interval we
selected corresponds to each target word's vowel nucleus. We
define that nucleus to begin and end at the earliest and latest
moments, respectively, when the first three formants were visible
in a wide-band spectrogram (300Hz bandwidth for males, and
500Hz for females, with dynamic range of 72 dB), and FO could
be measured. Spectrograms and FO0 histories were derived from
the XRMB Database speech acoustic wave (originally sampled at
21379 Hz through a 15-bit-resolution A/D converter, preceded by
an anti-aliasing filter [-3 db at 7500 Hz]), using a commercially
available personal-computer program for acoustic analysis
(CSpeech: 9). Tracking algorithms in CSpeech were used to
obtain histories of F1-F3 sampled at 80 Hz. The formant tracks
were visually examined, and hand-correction was performed in
cases involving obvious tracking errors in F1 and F2. Linear
interpolation was applied to all derived acoustic channels, to
align their samples with those in the pellet position histories.
Figure 1 shows tongue pellet trajectories, a waveform, and
histories of F1 and F2, spanning the nucleus of one word
produced by one speaker. The pellet trajectories, illustrated in the
left panel, are bounded above by a piecewise-continuous
midsagittal outline of the hard palate, and behind (to the far left)
by a line segment representing position and orientation of the
posterior pharyngeal wall. Both boundary outlines were estimated
from vocal tract scan images that are required to initialize
pellet-tracking functions of the XRMB system.

In the XRMB Database, the tongue is represented by eight
variables: four fleshpoints, each with their own x and y
coordinates (T1x, Tly, ..T4x, T4y). Linear least-squares
regression analyses applied to this information, for the two words
wax and sigh spoken by the five speakers, revealed strong
relationships between paired coordinates of the T2 and T3 pellets.
Thus, the x and y coordinates for these two pellets could be

combined (e.g., averaged, yielding T23x and T23y), to obtain a
slightly more compact representation of this central region of the
tongue surface. This simple step reduced the number of
articulatory variables representing the tongue in our data from
eight to six.

The series of values representing each formant history was
plotted against the series of values representing each of six
articulatory variables (coordinates), for each word and speaker.
We assume that the x and y dimensions of the cranially-based
XRMB coordinate system correspond, at least generally, to the
front-back and high-low dimensions in classic speech production
models. In the context of this assumption, our analyses address
the adequacy of model-based acoustic-to-articulatory inferences,
especially insofar as relations between F1 frequencies and pellets'
y coordinates, and F2 frequencies and pellets' x coordinates, are
concerned.

3. RESULTS

Results described in sections that follow are presented primarily
graphically and qualitatively. In a modest number of cases,
speakers demonstrated formant- frequency-to-pellet-movement
relations that are consistent with the simplest generalizations from
classic production models: "one-piece” linear increases in F1
frequency accompanied with decreases in the y-positions of
tongue pellets; and, "one-piece" linear increases in F2 frequency
accompanied with increases in the x- positions of tongue pellets.
Trajectories of the former type trace near-straight line paths, with
negative slopes, on a (Tny,F1) plane, as can be seen in the left
side column in Figure 2. Trajectories of the latter type trace near-
straight line path with positive slope on a (Tnx, F2) plane, as can
be seen in the right side column in Figure 2. Such "one-piece"
linear relationships between formant changes and pellet
movements were not the rule, across all speakers and words.
Among 60 plots examined (5 speakers by two words by two
formants by three articulatory variables [F1 with respect to pellets'
y coordinates, and F2 with respect to pellets' x coordinates]), less
than half of them demonstrated such pattern. Many other plots
revealed "two-line" patterns like those shown in the left and right
panels of Figure 3. In examples of this type, formant-
frequency-by-pellet-position  trajectories  followed  two
straight-line paths, joined at a "knee" (i.e., inflection). Both
segments of
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such trajectories typically had a slope with sign consistent with
model-based generalizations. However, the slopes of the two
segments were distinctly different. The knees in such plots often
corresponded to a time when some dimensions of articulator
fleshpoints tracked by the XRMB system (on the tongue, as well
as lips) changed their respective directions of motion at about the
same time. Among the 60 plots examined, less than a half of
them demonstrated such pattern.

Still other scatterplots from the data set showed curvelinear
relationships between acoustic and articulatory variables.
Formant-frequency-by-pellet-position trajectories of this type
argue against the general use of (straight-)linear statistical models
in analyzing and summarizing data. One example of this type is
shown in the left panel of Figure 4. This trajectory can be
partitioned into two or more parts, and approximated by two or
more straight-line segments, some having theory-appropriate

slopes, and some not. Close to 10% of the trajectories we have
examined contained subintervals that can be approximated by
lines with theory-inappropriate slopes. In fact, though, the curve
traced by the left panel trajectory in Figure 4 is smooth (i.e., its
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slope changes continuously), in a way that is not atypical of other
examples in the data set. The right panel of Figure 4 illustrates an
even more unusual formant-by-pellet-position trajectory, in which
F2 decreases during the nucleus of sigh spoken by S29, as the
combined T23 pellet (representing the mid-front part of the
tongue) moves forward in the mouth. The sign of the general
slope of this trajectory is opposite that expected from the usual
rule of thumb. Thus, examples of this type demonstrate a highly
unusual association between articulatory and acoustic information
belonging to a vowel nucleus.
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We have also investigated the associations between articulatory
and acoustic correlates of test words, for data in normalized form.
Fleshpoint kinematic data were scaled using speaker-specific
rules that took into account oral cavity size; and, formant
frequency data were normalized using Bark difference scales. In
short, these transformations did not affect the general character of
conclusions drawn from the data.



4. DISCUSSION

The present study included a small number of words and speakers
with relatively homogeneous background. Nonetheless, the
results demonstrated substantive variability in the relation
between acoustic and articulatory variables. The model-based
monotonic Fl-tongue height and F2-tongue advancement
relations held for some combination of speakers, words, and
pellets, but the relation was nonlinear in many cases and appears
to be affected by change in movement in other articulators and
other parts or dimension in the same articulator.

Formant movements are a combined result of movements in
several articulators. The extent that a particular formant reflects
a particular articulatory movement depends largely on the
concurrent movements in other articulators or in other parts or
dimensions of the same articulator. The results demonstrated
variability in the extent that the first two formants reflects
particular tongue movements across different words and speakers.

These results are not surprising. However, they are beneficial
because they warn that caveats should be associated with overly
simplified and/or overly generalized acoustic-to-articulatory
inferences. One such caveat is that we must remember not to
assume linearity. While simple relationships may hold for some
speakers and words, we should not assume that a particular extent
of change in the formant is associated with a particular extent of
movement in the tongue. Similarly, lack of change in formant
frequencies does not necessarily indicate lack of movement in the
tongue. The results also make us aware of cases where the
formant-tongue relationships implied by the models do not hold.
These may be the cases where effects of other articulators, or
other parts or dimension of the same articulator, on a formant,
override the effect of the part of the tongue we happen to observe.
In cases of this type, simplistic inferences about
acoustic-to-articulatory correspondences may produce erroneous
conclusions about underlying tongue movement.
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