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ABSTRACT—People naturally move their heads when they speak,
and our study shows that this rhythmic head motion con-
veys linguistic information. Three-dimensional head and face
motion and the acoustics of a talker producing Japanese sen-
tences were recorded and analyzed. The head movement cor-
related strongly with the pitch (fundamental frequency) and
amplitude of the talker’s voice. In a perception study, Japanese
subjects viewed realistic talking-head animations based on these
movement recordings in a speech-in-noise task. The animations
allowed the head motion to be manipulated without changing
other characteristics of the visual or acoustic speech. Subjects
correctly identified more syllables when natural head motion
was present in the animation than when it was eliminated
or distorted. These results suggest that nonverbal gestures
such as head movements play a more direct role in the per-
ception of speech than previously known.

During natural face-to-face conversations, a wide range of visual in-
formation from the movements of the face, head, and hands is avail-
able to conversational partners. In the work reported here, we studied
the impact on speech perception of watching one component of this
rich visual stimulus—a talker’s head movements. It is well known that
the intelligibility of degraded auditory speech is enhanced when lis-
teners view a talker’s lip movements (Sumby & Pollack, 1954).
Watching these lip movements can also influence the perception of
perfectly audible speech (McGurk & MacDonald, 1976) or be the sole
basis of speech perception (Bernstein, Demorest, & Tucker, 2000).
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The contribution of nonverbal gestures such as head movements' to
the understanding of spoken language, however, is not well under-
stood.

Previous work on head gestures during speech focused on doc-
umenting their timing and motor organization (Hadar, Steiner, Grant,
& Rose, 1983, 1984; Hadar, Steiner, & Rose, 1984). These studies
suggested that head movements are linked to the production of su-
prasegmental features of speech such as stress, prominence, and other
aspects of prosody. Consistent with the kinematic research of Hadar
et al., several studies have shown that subjects can use head and eye-
brow movements to determine which word in a sentence is receiving
emphatic stress (e.g., Bernstein, Eberhardt, & Demorest, 1998; Ris-
berg & Lubker, 1978; Thompson, 1934) and to discriminate state-
ments from questions (Bernstein et al., 1998; Fisher, 1969; Nicholson,
Baum, Cuddy, & Munhall, 2002; Srinivasan & Massaro, 2002).

In this study, we extended this research to test whether visual
prosody, as embodied in head motion, plays a role in spoken word
recognition. Auditory prosodic structure can aid the segmentation of
words from the continuous stream of speech, as well as facilitate
lexical access (see Cutler, Dahan, & van Donselaar, 1997, for a re-
view). To examine whether visual prosody functions similarly, we
tested whether the presence of visible head motion improved the in-
telligibility of Japanese sentences in a speech-in-noise task. In order
to carry out this test, we created a stimulus set consisting of an ani-
mated talking face whose characteristics were initially derived di-
rectly from recordings of the face and head motion of a Japanese
speaker (Kuratate, Yehia, & Vatikiotis-Bateson, 1998). The advantage
of using animation is that head motion can be systematically varied
independently of the acoustics and face motion in order to determine

the influence of head motion on speech perception.

'By nonverbal, we mean that the movements are not directly involved in the
production of sound. We are not referring to symbolic gestures, such as head
nodding to signify “yes” or head shaking to signify “no.” The motions that we
tested are the arbitrary, thythmic movements of the head that always accom-
pany speech.
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The existence of visual prosody effects would pose a number of
challenges for current research on spoken word recognition. For
example, the pool of potential cues for segmentation and lexical se-
lection would have to be expanded to the visual modality; acoustic
prosody is well documented, but its visual counterpart has been ex-
plored in only a preliminary manner. Study of the time course of word
activation would have to reconcile differences in processing auditory
and visual information at both neural and behavioral levels of ob-
servation. Finally, the neural substrates attributed to lexical process-
ing would have to include the areas responsible for visual and
audiovisual processing of prosody.

METHOD

Participants
Twelve normal young adults served as subjects. All subjects were
native speakers of Japanese with no hearing, speech, or language

disorders and normal or corrected-to-normal vision.

Stimuli

Four different audiovisual versions of 20 sentences selected from the
Advanced Telecommunications Research Japanese Sentences were
produced using a custom animation system (Kuratate et al., 1998).
The animations (Fig. 1) were derived from the recorded kinematics of
face and head motion produced by a male native speaker of Japanese.
The data were collected and analyzed for a speech production study
independent of the present research. As part of that study, three-di-
mensional head and face motion were partitioned through rigid body
analysis of the head movements (Horn, 1987). The orientation and
position of the head at each instant in time were specified by trans-
lation along the three Cartesian axes and rotation about each axis.
Once the rigid body coordinates of the head were computed, head
motion could be removed from face motion or added in to provide
natural or exaggerated amounts of head motion.

The fundamental frequency (FO) and root mean square (RMS)
amplitude of the voicing portions of each sentence were computed
using Matlab routines (Yehia, Kuratate, & Vatikiotis-Bateson, 2002).
Figure 2a shows the voice signal, the resulting FO track, and the six
degrees of freedom of head motion plotted over time. After appropriate
down-sampling of the acoustic signals to match the sampling rate of
head motion (10 kHz — 60 Hz), multiple regression analysis was used
on a sentence-by-sentence basis to test the relationship between the
head motion and the FO and RMS-amplitude signals; time-varying
features of the acoustics were estimated from the time-varying head
motion. Because each sentence contained silent intervals corre-
sponding to pauses and the oral closure intervals of unvoiced con-
sonants (e.g., p, t, k), only portions of the voice and head-motion
signals for each sentence were used in the computation. The sections
of the FO, RMS-amplitude, and head-motion signals corresponding to
silent intervals were deleted.

Figure 2b shows the percentage of variance (R?) in F0 accounted for
by the motion of the head on a sentence-by-sentence basis. The cor-
relations are consistently high, with on average more than 63% of the
variance in the talker’s voice pitch being accounted for by the six
components of head motion. Figure 2¢ shows the percentage of var-
iance in the RMS amplitude of the voice accounted for by the motion

of the head. Although the correlations are somewhat smaller than for
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Fig. 1. Two views of the animated face with different speech sounds
being produced and with the head at different positions and orientations.

FO (mean R?=.324), there are still strong correlations for most
sentences. For a more detail description of these relationships, see
Yehia et al. (2002).

The head and facial motion in these recordings were manipulated to
produce the animated stimuli used in this study. Four versions of each
sentence were produced: (a) a version with the recorded natural head
motion and the recorded facial motion; (b) a version with zero head
motion but the recorded facial motion (the animated face was centered
in the screen); (c) a version with double head motion, meaning that the
amplitude of head movement was doubled in all six degrees of freedom,
while the face articulated the recorded facial motion; and (d) an au-
ditory-only version in which the screen was blackened. Because of the
difficulty of animating eye movement correctly and the significance of
gaze behavior, the animated face was depicted wearing sunglasses.

Because the recorded acoustics had the same time course as the
original face and head motions, synchronization with the animations
was trivial. The acoustics were mixed with a commercial multispeaker
babble track (Auditec, St. Louis, MO) in order to reduce intelligibility
during audiovisual testing. The signal-to-noise ratio was determined
by pilot work and held constant for all conditions for all subjects.
Specifically, we wanted to ensure low enough intelligibility of the

audio signal so that the visual contribution to audiovisual percep-
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Fig. 2. Example of acoustic and head-movement patterns for a single
sentence (a) and results of the multiple regression analyses (b, ¢). In (a),
the acoustic waveform, fundamental frequency of the voice (F0), and six
degrees of freedom of head motion (three positional coordinates: x, y, z;
three angular coordinates: roll, pitch, yaw) are plotted as a function of
time. The R* values for the multiple regression analysis of FO (b) and
RMS amplitude (c¢) as predicted by the six degrees of freedom of head
motion are plotted for the 20 sentences used as stimuli.

tion could be reliably assessed. In our experience, 35 to 45%
auditory-only intelligibility is sufficiently low to avoid any ceiling
effect on the multimodal percept.

Procedure

The intelligibility of the different versions of the sentences was tested
in a speech-in-noise task. The subjects’ task was to identify as many
words as possible. Assignment of sentences to the four conditions was

counterbalanced across subjects. The presentation of stimuli was
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randomized across conditions within subjects. After the presentation
of a sentence, the subjects verbally repeated as much of the sentence
as they could, and the experimenter recorded their response before
initiating the next sentence. Responses were scored in terms of the
percentage of Japanese syllables (hiragana) correctly perceived and

analyzed using analysis of variance.

RESULTS AND DISCUSSION

When the animated stimuli were presented in noisy listening condi-
tions, the intelligibility varied as a function of the head-motion con-
dition. Figure 3 shows that subjects perceived more hiragana correctly
in each of the audiovisual conditions than in the auditory-only con-
dition, indicating that the animation reproduced realistic face motion.
Significantly, the best performance occurred with the animation con-
taining natural head motion. These patterns were supported statisti-
cally. There was a main effect of condition, F(3, 33) = 15.65,
p < .001. Accuracy in all three audiovisual conditions was reliably
better than accuracy in the auditory-only condition (ps < .001, .01,
and .001 for natural head motion, double head motion, and zero head
motion, respectively). In addition, accuracy was greater for the nat-
ural-head-motion condition than for both the other audiovisual con-
ditions (ps < .001 and .05 for double head motion and zero head
motion, respectively), which did not differ statistically (p > .2).

The results demonstrate that the stimuli used in this perceptual
experiment contained a systematic, and to some extent redundant,
relationship between head movement and the acoustic features of
prosody. That is, the FO and amplitude of the voice were highly cor-

related with the kinematics of head motion during the production of
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Fig. 3. Percentage of Japanese syllables (hiragana) correctly perceived
as a function of animation condition: normal head motion (NH), double
the amplitude of head motion in all six degrees of freedom (DH), zero
head motion (ZH), and auditory only (AO). Error bars indicate the
standard errors of the mean.
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the sentences. This audiovisual correlation is consistent with the
findings of previous studies of Japanese, Swedish, French, and En-
glish speakers (Badin et al., 2002; Graf, Cosatto, Strom, & Huang,
2002; Granstrom, House, & Lundeberg, 1999; Jiang, Alwan, Keating,
Auer, & Bernstein, 2002; Yehia et al., 2002; Yehia, Rubin, & Vati-
kiotis-Bateson, 1998), which showed strong correspondence between
visible movements and acoustic parameters.

The audiovisual correlation measured in the production data was
preserved in the animated stimuli created from the measured face-
and head-motion data. The differential intelligibility in the different
head-motion conditions demonstrates that subjects make use of the
visual structure identified by the correlation analysis of the original
production data.

Previous evidence for the perception of visual prosody has come
primarily from studies in which subjects were asked to differentiate
different classes of sentences, such as questions versus statements
(Graf et al., 2002; House, 2002; House, Beskow, & Granstrom, 2001;
Srinivasan & Massaro, 2002). These studies showed that head and
eyebrow movement are significant cues for the perception of the in-
terrogative/declarative distinction and that the strength of the effect is
influenced by the timing of the gestures.

The present study is unique in that it demonstrates an interaction
between visual prosody and the identification of individual words in a
set of statement sentences. There are several possible mechanisms
that could account for the perceptual data reported here. Given the
correlations between head movement and the acoustics of the voice,
the head gestures may contribute to word processing much the way
acoustic prosody is believed to do. Recent evidence suggests that in
some languages, acoustic cues for prosody enhance spoken word
recognition (Cutler et al., 1997) and may be similar to segmental
structure in constraining initial word activation (Soto-Faraco,
Sebastian-Gallés, & Cutler, 2001). For example, Japanese subjects
can use pitch accent to distinguish ambiguous word fragments (Cutler
& Otake, 1999). Alternatively, head motion may act as a timing signal
that aids the segmentation of the stream of speech. In this case, en-
hancements in intelligibility would be related to the shared metrical
structure of the auditory and visual signals.

In some ways, it may seem surprising that these visual prosody
effects have been demonstrated in Japanese. Studies have shown that
Japanese subjects are less susceptible to the McGurk effect than
English speakers (e.g., Sekiyama & Tohkura, 1993), and this has led
to the view that vision plays a reduced role in Japanese speech per-
ception. However, Japanese speakers show strong audiovisual effects
(Massaro, Tsuzaki, Cohen, Gesi, & Heredia, 1993), as well as strong
visual effects in noisy listening conditions (Sekiyama & Tohkura,
1991). More significantly, auditory prosody in Japanese has been
shown to influence the process of word recognition. Japanese listeners
are sensitive to mora boundaries (e.g., Cutler & Otake, 1994) and can
use pitch accent information to select word candidates (Cutler &
Otake, 1999). Whether the finding reported here extends to other
languages needs to be tested.

The head movements that we considered in this study are produced
idiosyncratically by talkers (Hill & Johnston, 2001) in rhythm with
their speech and by themselves convey no inherent lexical meaning.
Their ubiquity, however, suggests that they may be an integral part of
communication. The data reported here demonstrate that the move-
ment of the head during speech has functional significance in pro-

cessing audiovisual speech information. Understanding the linguistic
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and social intent during a conversation requires processing a wide
range of verbal and nonverbal signals. To date, little attention has
been paid to the nonverbal context of audiovisual speech. Our data
suggest that this aspect of spoken language is not independent from
speech perception, and our findings underscore the complex nature of
face-to-face communication.
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