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Abstract
Audiovisual speech processing has reached a stage of

maturity where there are now numerous computational
procedures needed to measure and assess multimodal sig-
nals. However, as is often the case, the results of these
procedures are better known than the procedures them-
selves. This paper presents a MATLAB toolbox con-
sisting of an extensive collection of tools we have de-
veloped over the past 10 years. These tools are not in-
tended to be the final answer for multimodal speech anal-
ysis; rather they are presented as an easy-to-use and well-
documented library whose scope is sufficiently broad to
be useful to both experts and novices.

The toolbox includes procedures for measuring, or-
ganizing, modeling, and validating multiple streams of
time-varying data, including acoustics, two- and three-
dimensional motions of the speaker. In addition to phys-
ical and derived (from video) marker data, new func-
tions have been implemented that incorporate optical
flow techniques based on the OpenCV library. When
complete the toolbox will allow us to track human body
gestures during speech from video noninvasively and to
quantify the correspondences between different perfor-
mance modalities within and across speakers.
Index Terms: audiovisual speech, multimodal speech,
face motion, optical flow, system identification, Matlab
toolbox.

1. Introduction
In speech science, research on the area of audiovisual
speech is something relatively recent. Although much
progress has been made over the last decade or so, com-
putational procedures commonly required in audiovisual
speech processing are still not widely available to the
speech community.

This paper presents a Matlab toolbox containing a set
of functions for measuring, organizing, processing and
assessing multiple streams of multimodal speech data.
These include the speaker’s acoustics and head/face mo-
tions (in 2D and 3D) as well as other signals derived from
those. Two-dimensional motion is measured from video
using either a marker tracking technique or optical flow
analysis. More general functions for measuring human

body gestures during speech are being developed. System
identification techniques are used to assess how different
performance modalities within and across speakers are
related. An aim of this development is to quantitatively
assess the extent to which the speech and body gestures of
two talkers are spatiotemporally coordinated (entrained).

The functional organization of the toolbox is de-
scribed in Section 2. The section starts by describing
how 2D and 3D motion is measured and then how the
measured auditory and visual data are organized into au-
diovisual objects. It proceeds with a description of the
main audiovisual processing capabilities of the toolbox,
and concludes by looking at the tools used to assess the
relation between multimodal data streams. The summary
is presented in Section 3.

2. Toolbox organization
The toolbox comprises a set of Matlab functions for

• measuring a speaker’s motion;

• organizing audiovisual data;

• processing audiovisual data;

• assessing the relation between different channels of
audiovisual data.

Figure 1 shows a schematics diagram detailing the steps
involved in recording, conditioning and processing multi-
modal speech data with the toolbox. The first step shown
in the figure, the data recording, is performed during
speech production experiments and, naturally, does not
involve the toolbox. The toolbox provides functions for
all operations in the next two steps of the figure (signal
conditioning and signal processing), but one. The ex-
ception is the head and face motion decomposition of
3D marker trajectories; this operation is performed by a
piece of software accompanying the 3D sensing system
(see Section 2.3 for details).

Besides the operations shown in Figure 1, the toolbox
also provides various tools for the analysis of audiovisual
data, including a set of functions for assessing the rela-
tions between different channels of the data. In the fol-
lowing, the individual functional parts of the toolbox are
detailed.
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Figure 1: Recording, conditioning and processing of audiovisual speech data. All operations in the second (signal con-
ditioning) and third (signal processing) steps are performed by the toolbox functions, with the exception of the decompo-
sition of 3D marker trajectories, which is done separately. The signals in the shaded boxes are stored in avo.signals (see
Section 2.2) and therefore are available to all the analysis functions of the toolbox.

2.1. Measuring motion

Currently, there are three approaches to motion measure-
ment:

• 3D marker positions. Motion is measured by track-
ing the 3D positions of active markers (infra-red
light emitting diodes) on the speaker’s face. The
tracking is performed in real time by an OPTO-
TRAK [1].

• 2D marker positions. Motion is measured by track-
ing the 2D positions of passive markers (colored
stickers) on the speaker’s face. The tracking, done
in an offline stage, is performed by a toolbox func-
tion on the video sequence filmed during the ex-
periment. This function finds the marker positions
for every frame of the video sequence. A detailed
description of the tracking algorithm can be found
in [2].

• Optical flow. Motion is measured by computing
the pixel displacement between every pair of con-
secutive frames of the video sequence filmed dur-
ing the experiment. Again, this is done in an of-
fline stage by one of the toolbox functions. This
function has been written in C using the OpenCV
library [3] and can use either Horn & Schunck [4]

or Lucas & Kanade [5] method. Figure 2 shows
optical flow results for one frame of a hand motion
video sequence.

Regardless of the approach used for motion measure-
ment, the resulting motion data has to be stored in a for-
mat that can be handled by the toolbox functions. The
toolbox functions implementing the second and third ap-
proaches above do that automatically. In the first ap-
proach, however, the actual tracking is done by the OP-
TOTRAK and then the toolbox needs to convert the binary
files with the motion data from OPTOTRAK format to the
toolbox format.

2.2. Organizing audiovisual data

The experimental data need to be organized somehow be-
fore it can be manipulated by the functions of the toolbox.
The toolbox uses Matlab data structures called avos (au-
dio visual objects) as containers for all experimental data.

Experiments are organized into sentences. A sentence
is simply a data segment taken for analysis and does not
necessarily have to match an actual utterance. It could be
an entire paragraph, for example, or even an entire con-
versation, in the case of spontaneous speech experiments.

The toolbox provides a means of organizing the ex-
periment data into sentences. In order to do that, a matrix
of sentence boundaries needs to be defined first. This ma-



Figure 2: Optical flow results (right) for one frame (left) of a hand motion video sequence.

trix contains the initial and final points, in time, of all data
segments of interest (the sentences). These segments are
then retrieved from the files with the measured audiovi-
sual data and stored in the experiment’s avo. An avo can
contain any number of sentences.

Figure 3 shows an avo structure. Currently, the struc-
ture contains the following fields (which are structures
themselves):

• signals – contains signals with measured data, like
audio waveforms and face marker trajectories, as
well as other data signals derived from measured
data (for example, the fundamental frequency F0
obtained from the audio waveform). All signals in
the shaded boxes in Figure 1 are stored in this field;

• rates – contains the sampling rates for the signals
in avo.signals;

• config – contains configuration data needed by the
toolbox functions;

• info – contains meta-data information (currently,
the experiment name).

>> avo
avo =

signals: [98x1 struct]
rates: [1x1 struct]

config: [1x1 struct]
info: [1x1 struct]

Figure 3: An avo structure with 98 sentences as reported
in Matlab prompt.

Figure 4 shows the contents of avo.signals, which is a
structure array where each element corresponds to one
sentence of the experiment. Initially, when organizing
the experiment data into sentences, only the fields cor-
responding to measured data are filled. In the example,
these are waveform (the audio waveform) and markers
(the marker trajectories). The remaining fields contain
data signals obtained from these primary signals by other

>> avo.signals
ans =
98x1 struct array with fields:

waveform
markers
markers_face
markers_head
pca
rms
lsp
F0

Figure 4: The field signals of the avo in Figure 3.

functions of the toolbox, which will be discussed in Sec-
tion 2.3. For example, the fields rms, lsp and F0 con-
tain, respectively, the RMS values, the LSP frequencies
[6], and the fundamental frequency of the speech signal.
The fields markers face and markers head contain the
decomposed motion of face and head, respectively (see
Section 2.3). Finally, the field pca contains the princi-
pal components of the face motion, obtained by apply-
ing Principal Component Analysis [7] to the decomposed
face motion.

2.3. Processing audiovisual data

The toolbox offers a variety of functions for processing
audiovisual data once they have been organized into avos.
Common tasks include:

• Resampling signals. This allows to express audio-
visual data, whose sampling rates can vary over a
wide range of values depending on the recording
equipment, at suitable rates for further processing.
For example, it is common for speech signals to be
recorded at 48 kHz, but we usually want to down-
sample them to a more appropriate rate around 10
or 8 kHz. The toolbox can also handle non-integer
data rates. This is useful when working with NTSC
video sequences, which give rise to motion signals
at 29.97 (frame rate) or 59.94 (field rate) Hz.
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Figure 5: Face motion before (left) and after (right) decomposition.

• Analyzing/parameterizing audio signals. Different
analyses for audio signals are available. For exam-
ple, there are functions for computing the energy
(RMS values) and the fundamental frequency F0
of the speech signal. It is also possible to perform
LPC (Linear Predictive Coding) [8, 9] and LSP
(Line Spectrum Pairs) [6] analyses. LSPs are par-
ticularly useful as a parameterization of the speech
acoustics spectrum and have typically been used as
such in our studies of the relation between speech
acoustics and face motion [10, 11, 12, 13].

• Decomposing face/head motion. Subjects move
their heads during speech and, therefore, head mo-
tion is intrinsically embodied in the measured tra-
jectories of the face markers. In the case of 2D
experiments, the toolbox provides a function for
breaking the measured motion down into its head
and face components. The rigid-body motion of
the head is recovered in the form of two transla-
tion (along the x and y directions) and one rotation
(about the z axis) signals. The recovered head po-
sition is used as a new coordinate system in which
the marker positions are expressed. In the case of
3D experiments, the decomposition is performed
by a piece of OPTOTRAK software. Figure 5 shows
an example of face/head motion decomposition.

• Parameterizing motion. Motion is parameterized
by means of Principal Component Analysis [7].
The main motivation for using PCA is to reduce the
dimensionality of the face motion by exploiting the
high redundancy among face marker trajectories.
Typically, seven principal components are enough
to account for about 99% of the motion variance.

The toolbox offers functions for various other tasks be-
sides those listed above. For example, there are functions
for enframing, windowing and pre-emphasizing speech

signals; functions for filtering and visualizing audiovisual
signals, and for merging sentences, among others.

2.4. Assessing the relation between channels of audio-
visual data

A typical way of assessing the relation between two sets
of signals is by looking at how good a mathematical
model is at explaining (or predicting) one set from the
other. The toolbox provides a number of functions for
building, training and validating mathematical models
that relate sets of audiovisual signals. These functions use
system identification techniques and can handle linear
and nonlinear, static and dynamical models. Model repre-
sentations such as ARMAX [14] and NN-ARMAX [15]
are available. Model validation can be done according to
different criteria; for example, by looking at the correla-
tion coefficient between measured and estimated signals.

Correlation coefficients have been used in our previ-
ous work [10, 12, 11] to assess the correspondence be-
tween audible and visible speech events over data seg-
ments of varying size (typically sentences). In this case,
they serve as a measure of the global match between the
signals, but without providing any temporal information
about how the signals are related. As a result, the role of
temporal organization in multi-modal speech cannot be
easily assessed.

To address this deficit, we have developed an algo-
rithm, based on recurrent correlation [16], that computes
the instantaneous correlation coefficient between mea-
surement domains. This allows rapid changes in cor-
respondence for auditory-visual events to be evaluated
as a time-varying function. The analysis of the time-
varying coupling of multi-modal events has implications
for speech organization and communicative coordination
between speaker and listener. Figure 6 shows an exam-
ple of instantaneous correlation coefficient between the
speech energy (RMS amplitude) and the motion of the
subject’s hands measured by optical flow.
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Figure 6: Instantaneous correlation coefficient between hand motion (measured with optical flow) and the RMS amplitude
of the auditory speech signal.

3. Summary

This paper has presented a Matlab toolbox for audio-
visual speech processing. The toolbox comprises a set
of computational routines for measuring, organizing and
processing streams of audiovisual data, as well as for as-
sessing how the multimodal data streams may be related.
The toolbox can handle both 2D and 3D motion, and
provides functions for measuring 2D motion from video
based on two different approaches: marker tracking and
optical flow. All data are stored in audiovisual objects
which are used throughout the toolbox. A wide range of
analysis tools is available for processing both the auditory
and the visual data. These tools can extract various types
of information from the signals and parameterize them in
suitable ways. It is possible to build, train and validate
mathematical models relating data channels of interest in
order to assess the relations between them. Tools for vi-
sualizing the data, as well as the results of the various
analyses are also available.

4. Future work

Although we believe the toolbox presented here provides
a collection of valuable tools for processing audiovisual
speech, there are still many features that could be added
or improved. For example, the algorithms currently used
for recovering motion from optical flow vector fields are
very simple and can be further developed. New math-
ematical mappings used to model the relation between
channels of the audiovisual data are currently being de-
veloped. Some CPU intensive functions could be ported
to a compiled language, like C, in order to reduce compu-

tation times. Furthermore, the development of a graphical
user interface may result in a more intuitive experience
for the toolbox user.
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