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Abstract. This paper addresses a practical problem associated with
multimedia display systems which utilize motion-platforms or chairs.
Given audio-visual content for which motion data is not available, motion
may be automatically generated from multichannel audio, usually from
a Low-Frequency Effects channel (LFE) such as that distributed on Dig-
ital Versatile Discs (DVDs). Alternatively, custom motion programs may
be created to accompany multimedia content. This paper presents the
results of a study designed to test the sense of realism, sense of presence,
and global preference for multimedia playback in these two distinct cases
of platform accompaniment: motion which has been generated automat-
ically from audio, and motion which has been designed expressly for the
purpose of stimulating appropriate haptic and vestibular sensations.

1 Introduction

1.1 Research Context and Research Questions

Since the advent of the Digital Versatile Disc (DVD), affordable advances in
multimedia display technology have evolved which offer consumers opportunities
for enhanced experience in the form of devices capable of haptic stimulation and
motion accompaniment (whole-body vibration). These devices are many and fall
into several categories but generally may be described as platforms and chairs
which are capable of moving and shaking observers. Given the variety of devices
available and the absence of standardized practice, multimedia content providers
such as Hollywood film houses have yet to supply this niche market with motion
programs for home entertainment use.

As a result developers of haptic technology are faced with the question of how
to generate motion programs for their customers. Two main options exist: the
first is to generate motion programs automatically using existing content; the
second is for hardware manufacturers to employ programmers to create custom-
coded motion from scratch for content from media houses. Depending on the pro-
gram material or the multimedia scene presented to the observer, either method
of generating whole-body vibration may be sufficient in terms of enhancing an
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observer’s experience. For example, previous investigations by the authors [15]
and others [3] have indicated that for music-only material, generation of whole-
body vibration using existing audio signals is sufficient for the enhancement of
experience provided that the systems are properly coordinated. In other words,
for music programs separate vibration recordings or custom motion programs
are generally not required. However, in the case of more action-oriented pro-
gram material this may not be the case. Though there is a significant body of
research on how to create motion-cues for users of flight simulation technology
via vestibular stimulation [18], there has been relatively little work done on the
most effective integration of motion platforms into home entertainment oriented
audiovisual content display. Different multimedia scenes may require different
kinds of motion programs in order to create within observers the greatest sus-
pension of disbelief.

The experiments described herein investigated multimedia display of com-
mercially available DVD film titles. Motion data generated from audio Low Fre-
quency Effects channels (the .1 channel on a 5.1 channel disc) was compared
to motion generated specifically for individual DVD titles by a human designer.
Experiments were designed to determine if existing information present in LFE
channels is sufficient for the enhancement of presence and realism, if observers
prefer custom-coded motion when watching DVD titles, and if the extra costs
involved in the creation of custom motion programs is perceptually justifiable.
The tested hypothesis was: for action-oriented DVD titles is custom-coded mo-
tion more likely to be preferred over audio-generated motion, and is this prefer-
ence linked to an observers sense of presence and sense of realism for a displayed
multimedia scene?

Before further explaining the experiments conducted, background on the tech-
nology for motion-based display and human sensitivity to vibration is presented.

1.2 Enhancing Presence in Multimedia Display

In recent research and development of advanced multimedia display technology,
great emphasis has been placed upon multichannel sound and the enhanced con-
sumer experience associated with coordinated display of visuals and spatial audio
content. The potential for user immersion in the presented virtual world is one
benefit of such multimedia display which is most properly called television-type
telesensation [13]. Compared to more conventional media, such immersive audio-
visual content produces a higher proportion of user responses indicating higher
sense of presence or “sense of being transported to the electronically-mediated
space” [7]; consumers can forget that the virtual world presented to their eyes
and ears is an electronic reproduction, and imagine instead that they are ex-
periencing the virtual world first hand. However, this suspension of disbelief is
weakened considerably by one factor that has often been ignored in the devel-
opment of advanced multimedia displays: observers visiting these virtual worlds
are not disembodied minds. Regardless of where observers’ eyes and ears take
them, their bodies most often stay put in the physical display space. On the other



Perception of Audio-Generated and Custom Motion Programs 3

hand, if simulation includes touch and motion sensations which are consistent
with what is seen and heard, a heightened sense of presence is to be expected.

There has been a small but growing interest in providing a means for creating
such high-quality multimodal experiences for consumers in home theater and
computer gaming applications, typically in the form of moving seats or motion
platforms. Such multimodal content has the potential to not only enhance experi-
ence, but to spawn new markets for both entertainment and electronics corpora-
tions in a commercial age fraught with the terror of economic uncertainly, caused
largely by the real threat of entertainment piracy. To date, the film industry’s
reaction to piracy has mostly been the so-called high-definition technological rev-
olution of home-theater, resulting most recently in an emerging format war be-
tween High-Definition Digital Versatile Disc (HD-DVD) and Blu-Ray Disc (BD).
Nevertheless, experts in these new formats question the ability of these systems
to offer extra value over what’s currently available to consumers via existing
popular DVD standards, as many consumers have lesser quality sound repro-
duction systems and televisions that will benefit perhaps only marginally from
these higher-definition media [12]. However, if DVD houses embrace and pro-
mote haptic and motion transducer technology together with their new formats,
they may have a greater degree of success with the high-definition revolution:
the addition of a mode of display is more immediately gratifying to consumers
than just-noticeable differences in display quality for audio and video alone.

1.3 Haptics and Motion Sensation

Haptic comes from the Greek hapt esthai which may be literally translated as
feel sense [1]. Haptic sensation can result from many forms of stimulation, rang-
ing from local vibrations on the skin to whole-body movement, and relies on a
variety of sense organs and receptors from multiple sensory systems. Cutaneous
sensory organs such as Meissner’s Corpuscles (used for the sensation of vibra-
tion below approximately 40Hz), Pacinian Corpuscles (used above 40Hz), and
Merkel Discs (used for the sensation of pressure on the skin) [4]. The haptic
senses also include the organs of human kinesthesia such as muscles, tendons,
and joints (used for the sensation of movement below 30Hz), although such
vibration-related stimulation is distinguished from the stimuli for the vestibular
organs of the inner-ear, namely the semi-circular canals (used for detection of
angular acceleration of the head), and the otoliths (used for detection of lin-
ear acceleration). It is important to note that there is a great deal of overlap
in our sensory systems with regards to vibration, as our hearing sensitivity ex-
tends down to approximately 20Hz, while our vibration sensitivity grows with
frequency to peak at approximately 250-300Hz; therefore, low-frequency sound
sources are often both heard and felt.

1.4 Motion Degrees of Freedom (DOF)

In control of motion platforms, it is necessary to distinguish how freely the
platform may be made to move through space. Complete freedom of motion in
space admits Six Degrees of Freedom (6DOF), which include the possibility of



4 K. Walker and W.L. Martens

three directions of displacement and three angular gyrations. The terms that
are used in the technical literature to describe an object or observer’s motion
through space are not in such popular use, and so these terms are related to more
common language in this section. To begin with, there are three terms that are
used to describe the rotation of an observer whose spatial position does not
change: yaw, roll, and pitch. If a person who is standing upright rotates to the
left or right about the vertical axis through their body, this rotation is termed
yaw. If an airplane were to dive forward, the rotation about the left/right axis
would be termed pitch, and if the airplane were to tilt to one side, the rotation
about the front/rear axis would be termed roll (not to be confused with the
acrobatic maneuver termed a barrel roll in which an airplane not only rotates
along its longitudinal axis, but also follows a trajectory along the surface of a
cylinder or barrel). The remaining set of three terms is used to describe the
spatial translation of an observer whose orientation in space does not change.
These three translational motion terms, describing movement leftward, forward,
or upward, are respectively: sway, surge, and heave.

2 Methods

2.1 The Loudspeaker Array

The current study used a calibrated multichannel stereophonic sound system
compliant with ITU standards [6] yet with full range capabilities at all standard
angles (in degrees relative to the median plane the angles were -110, -30, 0, 30,
and 110). Five low-frequency drivers (ranging from 35Hz to 300Hz) and five
higher-frequency drivers (ranging from 300Hz to well over 20,000Hz). The low-
frequency drivers were Mini-Mammoth subwoofers manufactured by Quebec-
based D-BOX Technology, which were placed at standard locations for the 5 main
speakers in surround sound reproduction. The higher-frequency drivers were
dipole radiating, full range transducers featuring the Planar Focus Technology
of Level 9 Sound Designs of British Columbia. These speakers were placed at
the same azimuth angles as the 5 low-frequency drivers, but in a ring positioned
15 degrees above the observer’s ear level. All listening tests were conducted in a
treated room [11].

2.2 The Visual Display

A Panasonic model TH-50PHD6UY HDTV 50-inch plasma display with a reso-
lution of 1366 x 768 and contrast ratio of 3000:1 was used to display the video
portion of all DVD titles. A Pioneer model DV 563A DVD player was also used.
Titles were of the widescreen variety and observers sat at a distance of 2 meters
from the screen.

2.3 The Motion Platform

The research presented here used a commercially available motion platform, the
Odyssée system from the Quebec based company D-BOX Technology [9]. This
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Fig. 1. A photograph of the installation at the Immersive Presence Lab at McGill
University. The loudspeaker array, visual display, and motion platform are visible.
Three participants (not the individuals shown) sat at the positions indicated.

system uses four coordinated actuators to provide multiple users with motion in
three Degrees of Freedom (3DOF) for a home theater setting. No rotation about
the vertical axis is allowed by this system, so no change in heading (or yaw) can
be simulated. But two other rotations are enabled, and also translation along a
single axis. The three terms describing these control possibilities are summarized
in Table 1, along with an example of a command that could be sent to the motion
platform to produce each type of motion.

The motions generated by the Odyssée system are based upon its use of four
actuators positioned at the corners of the motion platform, each of which is
independently controlled but only capable of motion along a vertical axis. When
all four actuators move together, users can be displaced linearly upwards or
downwards with a very quick response and with considerable force (the feedback-
corrected linear system frequency response is flat to 100Hz). The two angular
motions are enabled as follows: upward motion of the two left actuators coupled
with downward motion of the two right actuators enables pure roll, and contrary
motion of the front and rear actuators allows for pitch control.

A detailed set of measurements was performed on the platform system using an
Agilent 35670A Dynamic Signal Analyzer as the measurement device, as well as
a PCB Piezoelectronics Model 356 416 tri-axial accelerometer. This was done in
order to characterize general aspects of the performance of the platform, as well
as its reaction to the stimuli used in perceptual experiments of motion quality.
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Table 1. Motion Possibilities of Platform Used in Experiments

Motion Label Description and Command Example
Roll (Y) Rotation about the left/right axis (“tilt left”)
Pitch (X) Rotation about the front/back axis (“tilt back”)
Heave (Z) Upward/downward translation (“rise up”)

It was noticed at this time that the measured results were affected by the
location on the platform where the measurements were taken. Different areas
had differing modal response when stimulated. It was also noticed during mea-
surement that the weight on the platform had drastic effects on active-servo
performance. As a result, measurements were taken with one of the participants
sitting on the platform in the center seat used for perceptual testing. For these
reasons, the majority of measurements were taken directly on the platform where
the participants placed their feet, as well as directly from the hand of one partic-
ipant. While measurements taken at the platform surface demonstrated that it
was indeed moving only mostly with regards to heave (up and down) when heave
was input to the system, measurements taken at the hand displayed movement in
multiple dimensions; this makes sense as the observer was not asked to hold his
body completely still during measurement (indeed given the force of acceleration
applied to the platform this may have been impossible). The peak acceleration
values along the heave axis were found to range from approximately 100milli-g
to 197milli-g (1g = 9.8 m/s2) depending on the stimulus and the measurement
location. Motion measured at the hand of an observer seated on the motion plat-
form for an excerpt from the Hollywood blockbuster Master and Commander is

Fig. 2. Motion measured at the hand of an observer seated on the motion platform for
an excerpt from the Hollywood blockbuster Master and Commander. Motion generated
from the Audio LFE channel is shown on the left. Motion resulting from human-
designed FX-Codes that were provided by D-Box Technologies are shown on the right.
The Code motion measurement displays a greater variety of motion, as well as a lower
frequency-extension, as frequencies below approximately 20Hz are not normally part
of multichannel audio programmes.
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shown in Figure 2. Measurements were taken under two conditions: Audio (shown
on the left) where motion was automatically generated by the LFE channel, and
Code (shown on the right) where motion codes were custom crafted by a hu-
man motion-designer. D-Box Technologies offers more than 300 custom crafted
motion codes to customers of its whole-body vibration products. While the Au-
dio measurement displays axes which appear to be relatively more correlated
than the Code measurement, the apparent decorrelation of Audio X Y Z are
created by the human body’s natural response to whole-body vibration (which
has 6 degrees of freedom). The Code motion measurement displays a greater
variety of motion, as well as a lower frequency extension, as frequencies below
approximately 20Hz are not normally part of multichannel audio programmes.

2.4 Measurements of Crosstalk Between Display Systems

Crosstalk between subwoofers and the motion platform was also measured, as
subwoofers are capable of inducing structural vibration as well as haptic sensa-
tion in listeners. This was measured to be less than 20milli-g. The reverse was
also true as the motion platform did induce airborne vibration experienced as
sound, however, this was measured to be approximately 40dB C below the sound
level of the loudspeakers.

2.5 Tests of Perceived Motion Quality

In a blind test, three observers were shown a total of 30 excerpts from seven
different Hollywood DVD titles shown in Table 2. Each excerpt was presented
with both audio-generated motion as well as custom motion in random order.
Subjects were asked to rate motion on a 10-point scale (using pen and paper)
with regards to three perceptual attributes: sense of realism, sense of presence,
and global preference. As can be seen the measurements shown in Figure 2, the
frequency content of the audio-generated and custom motion were significantly
different. Observers could, therefore, easily discriminate a difference between
each type of motion, however, they were not told which type of motion they
were experiencing.

Table 2. Hollywood action-oriented DVD titles used for the generation of whole-body
vibration and motion

DVD Title Film Studio
Cast Away 20th Century Fox
Charlie’s Angels (2000) Sony Pictures Entertainment
I-Robot 20th Century Fox
Finding Nemo Walt Disney Video
Master and Commander - The Far Side of the World 20th Century Fox
Perfect Storm Warner Home Video
Terminator 3 Warner Home Video
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3 Results

Figure 3 displays mean values for 30 LFE-derived and coded-motion excerpts
of 1 minute in length from the seven action-oriented Hollywood DVD titles (see
Table 2). There is a significant difference in the mean ratings observed for each
subject (with regards to each attribute), and the mean differences between sub-
jects for each attribute were relatively consistent. With regards to all attributes,
subjects’ mean ratings for coded-motion (Code) were higher than those for LFE-
derived motion (Audio). Mean differences were greatest with regards to global
preference (Pref) and smallest for sense of presence (Pres). It is clear that the
coded motion was greatly preferred over audio-generated motion.

Fig. 3. Ratings of sense realism (Real), sense of presence (Pres), and global preference
(Pref) from three observers exposed to both motion generated automatically from an
LFE audio program and custom generated coded-motion. Observers were shown 30
excerpts of approximately 1 minute each, from seven different Hollywood DVD titles
(see Table 2). Although there is a significant difference in the mean ratings each subject
made with regards to each attribute, the mean differences between subjects is relatively
consistent.

4 Discussion

Automatically derived LFE generated motion was taken directly from the .1 LFE
channel of the Dolby Digital signal; this channel of the AC-3 encoded signal is
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band-limited to frequencies below 120Hz and is sampled at a rate of 240Hz [14].
While automatically derived LFE motion moved the platform only up and down
in the Z dimension, coded-motion was present in all 3 dimensions (Z, X, and Y).

Arguably, a significant step towards enhancing presence (and perhaps haptic
sensation) in sound reproduction was taken with the development of the LFE
channel for moving pictures [10]. This channel was originally designed for 70mm
film in the 1970s to allow for the addition of effects with lots of low-frequency
energy [5]. This technology has since been disseminated to the consumer in
the form of 5.1 multichannel (also known as 3-2-1) home theater systems of
varying quality which are also used for music reproduction. It is important to
note that a dedicated channel for LFE (the .1 channel) should not be taken to be
synonymous with the number of subwoofers in a reproduction system; both the
ideal number and position of subwoofers in multichannel stereophonic speaker
arrays (incorporating various bass handling processes) is a question still under
investigation by many interested in acoustics and applied psychoacoustics.

That the LFE channel was originally designed for effects and that it is al-
most exclusively used for this purpose in home theater is of great importance
to haptic-vestibular-motion systems which use this channel to provide motion
to the observer. It is an assurance that only information relevant to the haptic
experience will be transferred. In other words, low-frequency sounds which are
not effect related but are present in the five full-range channels (perhaps music,
plosives in speech, or such extraneous sounds) will not be routed to the vibration
system in question provided that bass-management is not used. The LFE chan-
nel, therefore, represents a channel of information which provides haptic systems
with a viable source for motion generation.

That said, the results of this study indicate that coded-motion is globally
preferred and perceived as being more realistic for action-oriented film content.
Coded-motion is more likely to create a stronger suspension of disbelief within
the observer. However, given that mean differences for ratings of sense of presence
between coded-motion and LFE-derived motion were the smallest of the three
examined factors, LFE-derived motion appears to evoke within the observer an
adequate degree of presence (more than would otherwise be achieved without
any vibration).

While the frequency content of motion codes is determined by the type of mo-
tion simulated, generally speaking, frequencies below approximately 20Hz may
be associated with environmental motion commonly found in everyday situa-
tions, such as motion experienced in a boat (caused by waves) or vehicle (caused
by changes in acceleration), whereas, higher frequency motion is experienced as
vibration or shaking. Depending on the frequency and waveform of the motion
in question, humans appear to have a natural ability to discern certain environ-
ments simply through the sensation of motion. For example, during the physical
measurements of coded-motion shown in Figure 2, the observer remarked that
he could tell which scenes were water scenes, and which were not, even if audio
and video were not present (simply from the motion codes). This observation
is mostly likely due to the fact that the coded-motion was a three-dimensional
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motion program (as opposed to audio-generated motion which manifested itself
in the platform in the form of heave only). Future publications include a psy-
chophysical study of simpler stimuli which will attempt to verify whether or not
this is indeed the case.

5 Conclusions

In the absence of codes designed by hand (custom motion programs), low-
frequency audio can generate some appropriate motion especially when taken
directly from an LFE channel. Although this audio-generated motion is typically
not very satisfying, it does somewhat enhance an observer’s sense of presence.
Nonetheless, as a first pass for later careful selection and editing, audio-derived
motion data can provide savings in terms of human labor costs when program-
ming custom motion. Of course, human intervention in the form of amplification
and elimination of audio-derived motion data will almost always produce supe-
rior results. The conclusions for this paper are thus :

– Custom motion programs most successfully create in observers a sense of
realism related to a virtual environment and are generally preferred to mo-
tion generated automatically from audio programs for action-oriented DVD
films.

– The existing information in LFE channels are generally useful for subtle
enhancement of observer presence, however, custom motion programs are
globally preferred, evoke a greater sense of observer presence, and a sense of
realism which is not possible with audio-generated motion.

– Manufacturers and media houses might profit from investing in the creation
of custom motion programs for home theater applications.
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