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Fig. 3: System architecture overview

Fig. 4: Instructor avatar Jason (left) and classroom environ-
ment with scripted equations on the board (right).

(Figure 4, right). The avatar is a partially segmented character
with 12 polygon meshes, and a total polygon count of 107K.
The avatar is rigged with a skeleton deformation system that
includes 65 joints for the body and 24 joints for the face. The
skin is attached to the skeleton via smooth binding with a
maximum number of influences of 5.

B. Predefined animation

The first studies supported by our system investigate the
benefits of instructor gestures in the contexts of making
the instructor more engaging and of improving learning of
mathematical equivalence. Animation too complex for being
computed on the fly was created by animators in advance, and
includes:
Charisma gestures. Psychology research indicates that public
speakers who gesture with their hands and arms during dis-
course are perceived as more charismatic and more engaging
[9]. As such, our avatar can make vertical, inward or outward
gestures, with the left hand, with the right hand, with both
hands in parallel, or with both hands unsynchronized, and with
full or half amplitude. This results in 3×4×2 = 24 charisma
gestures (Figure 5).
Embodied cognition gestures. Embodied cognition gestures
are one of a kind and they depend on the learning context.
Research on mathematical equivalence learning suggests that
the balance gesture is important. In addition to the balance
gesture (Figure 1, left) our database also contains a beat

gesture (Figure 6, left) that can be invoked for the avatar to
segment and emphasize verbal explanations.
Poses and transitions. The avatar has to be able to face the
students and it has to be able to point anywhere on the white-
board. These requirements are satisfied with three poses: one
frontal pose (pose A), one profile pose for pointing nearby
(pose B), and one profile extended pose for pointing at the far
end of the board (pose C), see Figure 6.
Secondary motion. Secondary motion includes blinking, gaze
shifts, head turns, and minor torso motions. Secondary motion
can be switched on or off through the script. When on,
secondary motion is added in pseudo-random fashion: the oc-
currences are randomly distributed within one stimulus, but the
occurrences are repeated identically for the same mathematical
equivalence problem, across conditions and participants.
Visemes. The avatar mouths the words it speaks using visemes
invoked by the lip-syncing module according to the input
audio. The avatar uses a standard eight viseme set, four for
consonant and four for vowel sounds.

V. SCRIPT LANGUAGE AND SCRIPT INTERPRETATION

Education researchers are used to creating video stimuli
by writing textual scripts. In order to change this process as
little as possible, we have developed a script-based interface to
our avatar system. The scripting language allows controlling
what is written on the white-board, what the avatar says, what
gestures the avatar makes, and how speech and gestures are
synchronized.
White-board commands control what is displayed on the
white-board and when. They also allow defining interaction
targets which are used by reference gestures. The script snippet
below defines the white-board used in Figure 6, middle and
right. The board is defined as having a single row. The
mathematical equivalence is written next. Two targets are
defined using braces, one for the equal sign and one for
number 13, which are named automatically T1 and T2. The
number 13, referred to as T2, is underlined.

1 board 1
2 write 3+8+5{=}3+{13}
3 underline T2
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Fig. 5: Vertical (left), inward (middle), and outward (right)
two-hand parallel charisma gestures with full amplitude. Two
extremal states are shown for each gesture.

Fig. 6: Frontal (left), profile (middle), and profile extended
(right) poses of the avatar.

Speech commands control what the avatar says. The audio
files are prerecorded and lip-sync animation is precomputed.
The audio file is connected to the lip-sync animation automati-
cally, transparently to the user. The avatar can speak all or only
part of an audio recording, see script snippet below, where the
second command makes the avatar speak the three seconds
starting at second 22. It is up to the user whether an audio file
corresponds to an individual sentence, to a paragraph, or to
the entire script. Longer audio files achieve better uniformity
but they come at the cost of multiple takes during recording
to remove errors, less flexibility in combining sentences, and
more complex time offsets for referencing.

1 speak singleSentenceAudio
2 speak severalSentencesAudio 22.0 25.0

Gesture synchronization commands allow attaching avatar
gestures to speech. A gesture synchronization command is a
subcommand of a speak command with the following general
structure:
<syncType> <timeOffset> <command> <parameters>

The time offset is specified in seconds and it is defined
relative to the beginning of the current speech command, after
the end of the previous synchronization command, or before
the end of the previous synchronization command, using a
value of the <syncType> field of @, +, or -, respectively.
The commands point, underline, and circle allow referring to
a target defined by a write command with a pointing, under-
lining, and circling gesture. The command gesture invokes an
animation database gesture. The command move transitions

the avatar from the current to the new pose specified. The
command pause suspends speech for the duration specified.

1 speak singleSentenceAudio
2 @ 0.5 move B
3 @ 1.2 point left T1
4 + 1.1 move C
5 + 0.0 point right T2
6 + 0.3 move A
7 - 0.1 gesture balance speed 1.8

The script snippet above has the avatar speak the words
in the ”singleSentenceAudio” resource. After 0.5s from the
beginning of the speech sequence the avatar moves from the
initial pose A to pose B. At 1.2s into the sequence, the avatar
points with its left hand to target T1, attached to the equal sign
in the script snippet above. Then the avatar moves to pose C,
which allows it to reach target ”13”, to which it points with the
right hand. Finally the avatar moves back to pose A and makes
the balance gesture. The gesture begins 0.1s before actually
reaching pose A, and the gesture is performed accelerated by
a factor of 1.8×.

The speech commands are interpreted one at the time. All
gestures synchronization commands associated with a given
speech command are sorted based on their absolute starting
time with respect to the start of the speech and are executed
in order. Inverse kinematics algorithms are used to compute
the animation for pointing, underlining, and circling gestures.
It is the script’s responsibility to position the avatar such that
the intended target is within the reach of the avatar. This way
the script can ask the avatar to point in the direction of a target
without actually touching it. The stimuli can be generated on
the fly by executing the script during the study or it can be
saved to a video file.

VI. RESULTS

We have implemented the system using a third party game
engine, i.e. Unity 3D [36]. Unity 3D scripting was done in
C#. The 3-D model and animation resources were developed
in a commercial animation system, i.e. Maya [37], and were
imported directly into Unity. The stimuli are delivered either
as a standalone executable for the Microsoft Windows and
Apple Mac OS platforms, or as video files. The audio files
were recorded by the education researchers. Lip-syncing was
done using the Maya plug-in Voice-O-Matic [38]. The system
was developed at the computer science department of one
university, with formative feedback from psychology and edu-
cation psychology researchers from two other universities. The
system has then been used to generate stimuli for two different
studies on instructor gestures in the context of mathematical
equivalence. The studies were conducted at the psychology
and education psychology departments of the two universities
that provided feedback and not at the university where the
system was built. Sample stimuli and the gesture vocabulary
are also shown in the video accompanying this paper.

A. Study 1: which gestures make the instructor more appeal-
ing?

Teachers who gesture can increase student engagement.
However, research in nonverbal communication has struggled
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to identify the best suited gestures because individual gestures
have not yet been able to be manipulated and tested inde-
pendently of secondary motion. Human actors asked to per-
form different charisma gestures for comparison involuntarily
include additional, ever changing motion that confounds the
studies [11], [13].

Developing the gesture stimuli for this study was an iterative
process. First, real-world examples of relevant gestures were
located in on-line video clips of charismatic speakers. These
examples were then replicated for the instructor avatar by a
digital artist. The avatar gestures were then refined several
times with feedback from psychology researchers. Once the
gestures were deemed acceptable, animation stimuli were
created through a script that controls the gestures’ type, timing,
arc, and speed in the context of mathematical equivalence
instruction. A total of 18 stimuli were created based on level of
parallelism (single arm, two arms unsynchronized, two arms
in parallel), direction of movement (vertical, inward, outward),
and movement amplitude (full, partial). Once one script is
created, the other scripts are created quickly through minor
modifications of the first script.

The stimuli were then shown to undergraduate students
(n = 56). Each student saw all 18 stimuli in 1 of 14
preselected counterbalanced orders, in which the amplitude
alternated and no more than two levels of parallelism or
movement appeared next to each other. After each stimulus,
the participant made a number of ratings of their impressions
of the avatar. Participants also answered questions about
their own charisma, personality, mood, and demographics. A
factor analysis of the result data isolated two dimensions of
perception rating – charisma and attractiveness. Then analyses
of variance showed that parallel outward focused gestures are
particularly charismatic. This is the first time gestural charisma
has been isolated in a true experimental research design.

Compared to previous studies using human instructor actors,
the avatar system enables testing the effects of individual
channels of communication while holding other channels
constant in an efficient and convenient way, which has never
been done before. The most appealing charisma gestures
can be used by human and animated instructors to increase
engagement and learning in various levels of education. Along
this line of research, we are currently examining whether
individual differences are associated with sensitivity to the
avatars’ gestures, and whether viewers spontaneously imitate
the gestures that the avatar made when asked to explain the
math problem.

B. Study 2: do instructor gestures promote learning?

It has been difficult to empirically probe the effect of gesture
on learners because it is difficult for human actors to produce
controlled yet naturalistic gestures. In any experiment using
live actors, there are a number of potential confounds across
experimental gesture conditions. For example, prosody, eye
gaze, speech rate, and other nonverbal behaviors generally
also vary with gesture. Accordingly, researchers have moved
towards using prerecorded video stimuli to afford experimental
control. Our study used the gesturing avatar to address the

question of whether or not adding gesture to instruction in-
creases learning. Using the avatar, we were able to control for
prosody, eye gaze speech rate and other nonverbal behaviors
across our condition while ensuring that the gesture produced
were naturalistic.

Third and fourth grade children (n = 51) participated in
a tutorial on mathematical equivalence delivered by an avatar
that either gestured or did not gesture. We included children
who got only 0 or 1 problem (out of 6) correct on a pretest in
our analyses (n = 30). We used a logistic mixed effects model
to predict the log odds of answering each problem correctly
as a function of the interaction of condition and test, with a
random intercept and random slopes for all terms. We found
that children who saw the gesturing avatar performed much
better than those who saw the non-gesturing avatar (Posttest:
76% versus 61%, Transfer: 82% versus 63% and Conceptual:
94% versus 86%), which was reflected in a significant effect
of condition (β = −2.05, p = 0.024) and no interaction with
test.

These findings are expected given similar findings using
live and prerecorded stimuli [9], [10], [6]. However, these
findings go beyond prior work in that they provide more
convincing evidence that the effect observed is due to hand
gesture rather than to some associated confound. Although
of course the gestures produced by the avatar are somewhat
contrived, children in our study found the avatar appealing
and engaging, and, the learning rates observed were quite high
when compared with prior work. These findings suggest that
the avatar can provide a useful tool for more nuanced studies
of the role of gesture in learning. Our future work will vary
the nature of the gestures produced by the avatar to help us
better understand the learning process.

VII. CONCLUSIONS AND FUTURE WORK

We have described a system for creating animation stimuli
for the study of gestures in education. Compared to the
traditional method for creating stimuli by video-recording and
instructor actor performing a script, the system allows creating
stimuli faster, as it removes the problem of having to memorize
long scripts, and with higher precision, as all parameters can be
precisely controlled for each condition. The system has been
used to create stimuli for two studies. The system is becoming
a powerful tool for research on gesture in education. We are
currently conducting three more studies with stimuli created
with the system.

One direction of future work is to reduce the scripting
learning curve. One possibility is to further simplify the
scripting language to make it more user friendly. For example,
we consider introducing time targets attached to spoken words
in order to relieve the script author from trial-and-error fine
tuning of the synchronization time offsets. Another possibility
is to abandon creating the script in a text editor but rather to
use a graphical editor that allows the script author to populate
each field of each line of the script using drop-down menus,
which will eliminate the possibility of syntax errors.

Another important direction of future work is to enhance
the scripting language and the system to produce interactive



7

stimuli that collect answers from students and alter the subse-
quent execution of the script accordingly. Whereas conditional
and loop statements are well known in computer science,
the challenge consists in having these formalisms adopted by
education researchers.

Our system was developed with extensibility in mind. The
system will become even more useful as it is extended to
additional characters, environments, and gestures in research
studies and in real-world educational contexts.
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