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ABSTRACT
This study explores the idea that clear speech is produced with
greater “articulatory effort” than normal speech.  Kinematic and
acoustic data were gathered from seven subjects as they
pronounced multiple repetitions of utterances in normal and
clear speaking conditions.  There were differences in peak
movement speed, distance and duration between the speaking
conditions and movement type (opening vs. closing), and among
articulators (lower lip, tongue body, tongue blade) and speakers.
Three speakers produced “clear” utterances with movements
that had larger distances, higher peak speeds and greater
durations than those for “normal” utterances.  The higher peak
speeds indicate increased effort, according to an analysis based
on a simple dynamical model.  The remaining speakers used
other combinations of parameters to produce the clear condition.
Opening movements had longer durations than closing
movements, and there were individual differences in the effect
of articulator on peak speed, duration and distance.

1.  INTRODUCTION AND BACKGROUND
In order to better model speech motor control, it is important to
characterize the various constraints under which speech
production operates.  One constraint is the need for adequate
intelligibility, which is influenced by properties of the acoustic
signal that are related to clarity.  Clarity constraints may vary
according to environmental conditions that require the speaker
to use different styles –  such as speaking clearly in a noisy
environment or when the listener has a hearing loss.  In
comparison to normal speech, clear speech has been shown to be
characterized, among other things, by greater intelligibility,
greater intensity, longer sound segments, an expanded vowel
space and tighter acoustic clustering within vowel categories [1,
2].  It has been hypothesized that another constraint is “economy
of effort”.  There may be a trade-off between clarity and
economy of effort, in that clear speech is produced with more
articulatory effort [3].  The goal of the current study is to test
this hypothesis.

Adams [4] reports on a study of tongue-blade opening
movements for the word “tad” as produced in ‘casual’ and
‘clear’ conditions by five speakers.  “The ‘clear’ speech
condition was associated with longer movement durations and
larger maximum displacement and peak velocity values relative
to the ‘casual’ condition in some subjects.” (p. iii).  A number of
studies have found individual differences in articulatory
kinematics (see review in [5]).  Such studies have also shown
systematic relations among movement parameters, such as
velocity vs. distance, which may be used to make some
inferences about the underlying control.  Some of these
investigations have adopted principles from a cost optimization
analysis of single-axis movements of an undamped, linear, mass-

spring model [6].  According to this analysis, peak velocity can
be used as a relative measure of the physical cost of performing
skilled movements.  For the current purpose, “economy of
effort” is defined as a strategy in which the motor control system
attempts to minimize the physical cost of making movements to
achieve acoustic goals.

2.  METHODS
2.1  Subjects, speech materials and data acquisition
The subjects were seven (three female and four male) young
adult speakers of American English without speech or hearing
deficits or pronounced regional dialect.

The subjects read short utterances of the form “Say C1VC2

again.”, where C1VC2 was “bob”, “dod” or “gog”, with stress on
the CVC word.  The consonants were selected to investigate the
effect of articulator (lower lip, tongue blade, tongue body) on the
movements.  A normal speaking condition was elicited by
asking the subjects to pronounce the utterances at a
“conversational” pace.  A clear condition was elicited by telling
the subjects that someone in the next room was checking their
pronunciation and they would be rewarded according to the
number of utterances pronounced correctly.  (Speaking louder
was discouraged; articulating clearly was encouraged.).  There
were 15 repetitions of each utterance.  Utterances containing the
three CVC words were interspersed randomly with repetitions of
utterances containing other CVC words and alternative stress
patterns.

Recordings were made of the acoustic signal and
displacement vs. time signals from small coils attached to the
articulators in the midsagittal plane, as transduced by an EMMA
system [7].  The coils were mounted on the vermilion border of
the lower lip, the tongue body dorsum about 5 cm from the tip
(called “tongue back”), and the tongue blade about 1 cm from
the tip (called “tongue front”).  Additional coils, on the bridge of
the nose and upper incisors, provided data for a maxillary frame
of reference for the movement coordinate system.

2.2.  Signal processing, data extraction and data analysis
Articulator x and y displacements in the midsagittal plane were
calculated from the EMMA output voltages [7], and velocity in
the x and y-directions was computed by differentiating and
smoothing the displacement vs. time signals.  The magnitude of
the velocity signal (tangential velocity, called “speed”) was
computed according to equation 1:

(1) 22
yx VVSpeed +=

where Vx=dx/dt and Vy=dy/dt.
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Figure 1. Vowel duration and SPL by condition

The acoustic signal was labeled manually and three
acoustic segment boundaries were marked: the beginning of C1,
the release burst for C1, and the beginning of C2 (i.e.,  the end of
the vowel).  Vowel duration and SPL were extracted
automatically.

Kinematic data were extracted algorithmically from the C1-
V opening and V-C2 closing movements in each of the CVC
words.  Data from movements of the tongue body, tongue blade,
and lower lip were obtained from pronunciations of “gog”,
“dod” and “bob” respectively. The movement paths were
slightly curved; however, it is assumed that to a first
approximation, such movements can be analyzed according to
the model of single-axis movements mentioned above.  Thus, it
is assumed that peak speed and distance along the path of the
two-dimensional movements correspond respectively to peak
velocity and distance of single-axis movements of the model.

From examining a number of x-y trajectories in relation to
acoustic events, it was inferred that the ends of the closing
movements for the consonants corresponded to the times that the
tongue body or blade collided with the hard palate (or the two
lips collided with one another).  The beginning of the opening
movement for the vowel  corresponded approximately to when
the articulators were breaking contact at consonant release.

The following parameters were calculated for each
movement: peak speed, movement duration and distance along
the x-y path.  Repeated-measures ANOVAs were calculated for
each subject and each of the parameters – by speech condition
(clear vs. normal), movement type (opening vs. closing) and
articulator (Tongue Back, Tongue Front and Lower Lip).  To
compare the strengths of the ANOVA effects, η2 (eta squared)
was calculated from equation (2):
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Figure 2. Peak speed by condition, movement and articulator

(2) F&(d.f. means/d.f. error) = η2/1- η2

Then η2&100 equals the percent of variance accounted for by
the effect, taking into account the F ratio and numbers of
degrees of freedom (d.f.).  The mean values are compared in bar
plots, with significant effects indicated by showing the values of
η2&100.

3.  RESULTS
The top half of Fig. 1 is a plot of mean values of vowel acoustic
duration (in seconds) for the seven subjects, comparing the clear
condition (shaded bars) with the normal condition (unfilled
bars).  The error bars show ± one standard error about the mean.
The data for each bar are averaged across movement and
articulator.  For each significant main effect in the ANOVA (p ≤
.05), the percentage of variance accounted for by the effect is
shown above the pair of bars.  The range of mean duration
values across subjects and conditions is about .11 s to .22 s.  The
figure shows that for Subjects 1, 2, 3, 6 and 7, the clear
condition vowels were significantly longer than in the normal
condition.

The bottom half of Fig. 1 shows mean values of SPL (in
dB), plotted in the same way as in the top half of the figure.
The range of SPL across subjects and conditions is about 68 to
78 dB.  The figure shows that Subject 5 spoke with more
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volume in the clear condition (in spite of the instruction to avoid
speaking
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Figure 3. Duration by condition, movement and articulator

louder).  Subjects 1 and 3 actually spoke more softly in the clear
condition (perhaps because of the same instruction).

The top panel of Fig. 2 shows mean peak speed (in cm/s)
for the clear vs. normal condition, averaged across movement
and articulator and plotted as in Fig. 1.  Across the entire data
set, mean peak speed values ranged from about 14 to 35 cm/s.
The top panel shows that Subjects 3, 4 and 6 used faster
movements in the clear than in the normal condition.  The
middle panel shows mean peak speed values for opening
(unfilled bars) vs. closing (shaded bars) movements, averaged
across condition and articulator.  It shows that Subjects 1, 2, 3, 6
and 7 had faster closing than opening movements and Subjects 4
and 5 had faster opening than closing movements.  The bottom
panel compares mean speed values for the lower lip (black
bars), tongue front (unfilled bars) and tongue back (shaded bars)
averaged across condition and movement type.  It shows that
tongue back movements were fastest for Subjects 1, 4 and 7;
tongue front movements were fastest for Subjects 5 and 6 and
lower lip movements were fastest for Subjects 2 and 3.

Figure 3 shows mean values of movement duration (s),
plotted in the same way as in Fig. 2.  Across the data set,
movement duration means ranged from about .07 s to .17 s.  The
top panel shows that Subjects 2, 3, 4, 6 and 7 produced the clear

condition with longer duration movements than the normal
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Figure 4. Distance by condition, movement and articulator

condition and Subject 5 produced the clear condition with
slightly shorter duration movements than the normal condition.
The middle panel shows that opening movements were longer
than closing movements for all the subjects, and the bottom
panel shows inter-subject differences in the ordering of
movement duration by articulator.

Figure 4 shows mean values of movement distance (cm),
plotted as in Fig. 2.  Across the data set, mean values of distance
along the path ranged from about 1 to 2 cm.  The top panel
shows that Subjects 3, 4 and 6 produced the clear condition
movements with greater distances than the normal condition.
The middle panel shows that all subjects used slightly larger
opening than closing distances (probably due to differences in
path curvature), and the bottom panel shows subject-specific
differences in the ordering of distance by articulator.

Table 1 summarizes the observations made from Figs. 1-4
about the differences between the clear and normal conditions.
It shows the percent of variance accounted for by significant
main effects in the ANOVAs, in which the clear condition had
greater mean parameter values than the normal condition.  The
rows correspond to: peak speed, movement duration, movement
distance, vowel duration and SPL.  The columns correspond to
subjects.  For three cases in which the mean parameter value
was greater in the normal than in the clear condition, the cells
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are shaded; all three of these main effects were relatively weak.
The table shows that for the clear condition, Subjects 3, 4 and 6
increased peak movement speed, duration and distance.
Subjects 1, 2 and 7 mainly used duration increases for the clear
condition, and Subject 5 used an SPL increase.  Thus, there
were inter-subject differences in the way they produced the test
utterances in the two conditions.

Effect Subject
Clear > Normal 1 2 3 4 5 6 7
   Peak Speed 83 98 93
   Movt. Duration 75 77 64 40 94 71
   Movt. Distance 84 97 95
   Vowel Duration 90 89 71 96 51
   SPL 44 66 86

Table 1. Values of 22&100 for the effects of speaking condition

4.  DISCUSSION
As observed above for Subjects 3, 4 and 6, the pattern of
differences for the acoustic and kinematic measures is generally
consistent with the hypothesis that movements in the clear
condition (with respect to the normal condition) are
characterized by higher peak speed, longer movement times,
greater movement distances and, by model-based inference,
increased articulatory effort.  However, it is necessary to be
cautious about the use of a measure of effort that is based on a
relatively simple model.

Further analyses of the movements (not presented here)
indicated that a number of them fail to meet criteria that are
assumed by the model.  Specifically: (a) many movements are
not smooth (with simple acceleration and deceleration phases),
(b) their velocity profiles are not symmetrical (with equal
amounts of time spent in acceleration and deceleration), (c) their
paths are not straight and (d) the values of speed are not zero
and are different from one another at movement beginning and
end times.  These results indicate that a significant proportion of
the movements do not meet the criteria required for making
inferences about underlying control and articulatory effort from a
kinematic analysis based on the single-axis, frictionless mass-
spring model.

5. SUMMARY AND CONCLUSIONS
Three of the seven speakers (Subjects 3, 4 and 6) responded in
an expected way to the instructions.  In the clear condition they
used higher peak speeds, longer movement durations and greater
distances.  On the other hand, Subjects 1, 2 and 7 mainly used
duration increases for the clear condition, and Subject 5 used an
SPL increase.

One surprising result is the inter-subject variation in which
articulator shows the highest values of peak speed, movement
duration and distance.  It has been believed that articulator size
would strongly influence articulatory kinematics [5].

The finding that closing movements have shorter durations
than opening movements is consistent with other studies and the
suggestion that closing movements may be more ballistic in
nature [8].

Making further generalizations from the data is hampered
by the inter-subject differences and the fact that the movement
characteristics were somewhat different from those assumed by

the underlying model.  Furthermore, these are two-dimensional
movement data from discrete points on the surfaces of
complicated three-dimensional structures that are interacting
mechanically with one another.  This observation is reflected in
the effects of articulatory contact.  The complexity of the
articulatory structures and their mechanical interactions make it
very difficult to precisely quantify some important movement
characteristics.

Several factors could underlie the individual differences in
the results.  There could be differences in the way the subjects
interpreted the instructions; the subjects could differ in the way
they perceive the acoustic correlates of clear speech; and, they
could differ in their motor performance limits.

More adequate tests of control strategies for different
speaking styles will most likely depend on further developments
in the physiological-biomechanical modeling of more
complicated movements with more realistic boundary
conditions.  Physiological-biomechanical simulations could help
to quantify the effects of articulatory contact and relative
amounts of energy flow in the musculature.  Such work should
lead to more accurate measures of physical articulatory effort,
which would make it possible to determine the limitations of
using simple dynamical models.    When more accurate effort
measures are made, it may be found that physical cost is too
simple a concept to account for kinematic characteristics of
speaking style, and it may be necessary consider additional
ideas, such as motor programming complexity.  Future work
should also include thorough investigations of the sources of
individual differences and studies of the clarity-related acoustic
characteristics of the utterances and their intelligibility in
different speaking conditions.
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