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Abstract

A series of experiments that investigate the relative roles of physical motion and changing
sound source intensity cues to the perception of linear self-motion. Self-motion was simulated
using either (i) physical motion ouly, (ii) simulated auditory motion only, (iii) physical motion
coupled with auditory motion, or (iv) physically moving audio only. In all conditions an
over-estimation of self-motion was observed that varied systematically with the simulated
acceleration. Of particular interest was that auditory cues combined with physical motion
cues resulted in more accurate estimates of self-motion than did either auditory or physical
motion cues in isolation.
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Chapter 1

Introduction

We are capable of judging our own self-motion and the motion of objects as we move about
our natural three-dimensional environment. This judgment is based on information arising
from several sensory modalities, including visual, auditory and vestibular. Although the
literature is still lacking with respect to systematic studies of self-motion perception, available
studies have focused primarily on visual and vestibular cues. These studies have found we
over-estimate our self-motion when using visual or vestibular cues solely or in conjunction,
although we are more accurate when both cues are available (see [19, 22, 30]). In other words,
the distance we perceive ourselves to have moved is greater than the actual distance moved and
the perceived self-motion changes with cues that present. Visual and vestibular cues are not
the only self-motion cues available. Auditory cues may also provide motion information and
may actually interact with the visual and vestibular cues. Despite the potential importance
of dynamic auditory localization where either the sound source or the observer is moving,
few studies have examined the effects on audio cues on the perception of self-motion. In
addition, the majority of available literature on auditory cues to self-motion focuses primarily
on constant velocity motion, ignoring acceleration, the required stimulus for the vestibular
System.

Given the importance of auditory motion cues and auditory localization cues in general
in the understanding of our natural surroundings, it is important to understand their con-
tribution to self~motion perception. This report describes four experiments that examine
our ability to judge the distance of self-motion when either auditory or physical motion cues
were presented independently or in conjunction. In each experiment, subjects are presented
with a physical target at a pre-defined distance in front of them. After viewing and be-
coming familiarized with the target and its position, subjects were blindfolded and either i)
physically moved (accelerated) towards the target in the presence or absence of a stationary
auditory stimulus, ii) remained stationary while the sound level of a stationary sound source
was decreased or iii) remained stationary while the sound stimulus was physically moved
(accelerated) away them. Subjects indicated when they perceived that they had reached the
presented target. Our results are compared to the perception of self-motion determined by
visual and vestibular cues [19].



1.1 Overview of this report

The remainder of this report is organized as follows. Chapter 2 provides a brief introduction to
human auditory motion perception and acoustical time-to-contact. In Chapter 3 the details
regarding the set of four experiments conducted for this study are described. Information
regarding the purpose, methods and procedures, subjects and stimuli for each experiment is
provided. Experimental results are presented in Chapter 4 while a discussion of the results
follow in Chapter 5. Concluding remarks and future research directions are given in Chapter
6. Finally, detailed technical information regarding the equipment used in the experiments is
provided in the Appendices.



Chapter 2

Background

This chapter reviews the primary auditory cues to motion. The majority of these cues are not
necessarily specific to auditory motion but can also provide information with respect to static
sound source localization and it is often the changes in static sound source localization cues
from which we are able to extract motion information. This chapter ends with an introduction
to acoustical time-to-contact, whereby auditory motion information is used to determine the
time before a moving auditory source will make contact with an observer.

2.1 Auditory motion cues

We are capable of localizing dynamic sound sources, being just as sensitive to auditory ve-
locity discrimination as we are with visual based velocity discrimination and are capable of
making accurate auditory velocity judgments in time intervals as small as 30ms. However,
the mechanisms responsible for this are not completely understood and the majority of sound
localization research has focused on static environments where the sound source and listener
are both stationary [40]. There is very little research available with respect to dynamic sound
localization and little agreement on how the auditory systems encodes a moving sound source
[16, 29, 43]. Furthermore, it is not completely clear whether the auditory system possesses
special “auditory motion detectors” which respond solely to moving sounds. There is some
evidence to support such a mechanism [37] and specific neural auditory motion detectors have
been identified [3, 38]. There is also evidence supporting an alternate view in which the mech-
anisms that allow us to localize stationary sound sources are all that are required (and all
we have) to detect moving sounds. This second model is known as the snap-shot hypothesis
and under this model, a moving sound source is detected by comparing the location of the
sound source at successive discrete times steps over some time interval [16, 37]. By integrating
this snap-shot information over a period of time, the motion of the source is inferred [37].
Assuming the snap-shot hypothesis is correct, the velocity of a moving sound source cannot
be determined directly, rather, velocity must be calculated using the total distance travelled
by the sound source over the interval of interest and the time taken to travel this distance.
Ericson [13] has shown that when considering a moving sound source, it is the total distance



travelled as opposed to actual speed of travel that is the cue to auditory motion, in agreement
with the snap-shot hypothesis. However, the results of Lutfi and Wang [29] indicate that the
dominant cue for motion discrimination is the speed of the moving sound source as opposed
to the distance travelled. Other studies have also found velocity is important and can be
detected rather than inferred (see [1, 53]). A further problem associated with the snap-shot
hypothesis is its difficulty in accounting for our ability to discriminate between accelerat-
ing and decelerating auditory motion [37] since acceleration cannot be determined by simply
comparing the time between the endpoints of the motion path [35]. Finally, studies have also
shown that both a snap-shot and a neural mechanism may be used for auditory motion per-
ception. According to a study conducted by Grantham [17], a neural mechanism can provide
motion information for a restricted set of velocities while Carlile and Best [10] have shown we
use both a direct neural mechanism and the snap-shot mechanism simultaneously when the
corresponding cues are available.

Although the majority of auditory motion studies have focused primarily on constant
velocity motion, a number of studies have investigated auditory motion with accelerating
and decelerating moving sound sources. Perrott et al. [37] established that we are capable
of determining whether a horizontally moving auditory source involves an acceleration or
deceleration, being more accurate as both the acceleration and sound source duration is
increased. Lutfi and Wang [29, 52] also investigated our ability to discriminate velocity and
acceleration of horizontally moving sound sources using three acoustical cues: i) interaural
time differences, ii) intensity and iii) Doppler frequency shifts (a description of these cues will
follow). They found that we are capable of differentiating between velocity and acceleration.
Their study also showed that at velocities of 10m.s™1, intensity and interaural time differences
are the pre-dominant cues for providing displacement information (e.g., information indicating
the sound source has moved from its original position), while the Doppler frequency shifts
are the predominant cues for velocity and acceleration discrimination.

Auditory distance and auditory motion perception are related to some degree. Auditory
distance cues may also provide auditory motion cues. All static auditory distance cues can
provide auditory motion information given the relative change in distance between the sound
source and the observer. For example, when a sound source moves across the horizontal plane,
the binaural cues (ITD and IID) will also change since the distance between the sound source
and each of the ears changes as the source (or observer) moves. A systematic changing of the
ITD cue is a reliable cue for the detection of a moving sound source provided the sound source
does not lie on the median plane [40]. Although various aspects of an auditory stimulus can
aid in the detection of auditory motion, Rosenblum et al. [40] identify the following cues as
being most relevant for the detection of moving sound sources:

1. Intensity (sound level) changes.
2. Reverberation (ratio of direct-to-reverberant intensity).

3. Binaural cues (interaural time and intensity changes).

W

. Doppler frequency shifts.



Although each of the cues listed above may provide motion information, intensity changes
appear to be the dominant cue [40, 13] with some disagreement regarding the ordering of
interaural temporal differences and frequency shifts. Ericson [13] concluded that Doppler
frequency shifts dominate interaural temporal differences while Rosenblum et al. [40] found
a reverse ordering. Greater details regarding the four auditory motion cues listed above and
how they can signal self-motion are provided in the following sections.

Intensity changes Sound source intensity (a measure of energy propagated from the source
per unit area and time) is inversely related to sound source distance. In other words, the
intensity of the received sound is reduced as the sound source distance, r, increases (intensity
increases with a decrease in sound source distance). Assuming an observer with a perfectly
spherical head without any external ears (pinnae), the relationship between intensity and
sound source distance follows the inverse square law. The change in intensity L (in decibels)
at a receiver due to a change in sound source distance is [11]

Ts

L = 20 xlogy (> (2.1)

To
where r( is the original source distance (e.g., reference distance). In other words, for each
doubling of source distance, the intensity of the sound reaching the listener decreases by
6dB. Similarly, if the sound source distance is reduced by a factor of two, the intensity of
the received sound will increase by 6dB. With respect to a moving sound source or moving
observer, the intensity will increase or decrease continuously over time as the distance between
the sound source and observer changes.

Although the inverse square law relates the physical intensity (sound level) of a sound to
source distance, we perceive intensity as loudness [4, 57] and loudness is a subjective measure
that cannot be measured directly. Loudness is not always an accurate representation of
intensity [31] as the perceived loudness is frequency and bandwidth dependent [14, 32, 39].
Furthermore, the sound shadow of the head and the pinnae have an effect on the spectrum
of the arriving sound.

Reverberation The collection of reflected sound reaching the listener varies with the ge-
ometry of the room relative to the listener [9] as well as the material of the room and the
sound source frequency spectrum [15]. Reverberation provides a cue to sound source distance
arising from changes in the ratio of the direct-to-reverberant intensity which varies with the
sound source distance. As the sound source distance is increased, the intensity of the sound
reaching a listener directly decreases, leading to a reduction in the ratio between the direct-
to-reverberant intesities. Reverberation cues can provide absolute sound source distance
estimation independent of overall sound source intensity [9, 11, 36]. As with the intensity
cue, as the sound source or observer move, changes to the ratio of the direct-to-reverberant
intesnity provides a cue to motion.



Binaural cues Binaural cues include interaural time (ITD) and interaural intensity differ-
ences (IID) between the two ears and arise due to the fact that the two ears are separated
by the head. Given this separation, unless the sound source lies on the median plane, the
distance travelled by the sound waves emanating from the sound source to the listener’s left
and right ear will differ. This causes the sound to reach the ipsilateral ear (the ear closest
to the sound source) prior to reaching the contralateral ear (the ear farthest from the sound
source). The difference in time between the arrival of the sound to each ear is known as the
interaural time delay. ITD cues are relevant for localizing lower frequency sound (lower than
approximately 1.5kHz). Similarly, given the separation of the ears by the head, when the
wavelengths of a sound are short relative to the size of the head, the head will cast an “acous-
tical shadow”, attenuating the intensity of the sound reaching the contralateral ear [54]. This
difference in sound level between the waves reaching the ipsilateral and contralateral ears is
known as the interaural level difference.

Binaural cues are the predominant cues to localizing sound sources on the azimuthal plane
[31]. As a sound source moves on the azimuthal plane, I'TD and IID cues change continuously
and as with the intensity and reverberation cues described above, this change provides a
potential cue to auditory motion. When considering a sound source in the near field (e.g.,
within approximately one meter of the listener), the sound waves reaching the listener are
spherical and the IID cues are in addition to direction, dependent on source distance [46, 51].
As a result, for a moving sound source in the near field, the changing IID cues over time may
provide a cue to source motion for a source moving towards or away from the listener [7].

Doppler frequency shifts A stationary (omni-directional, mono-pole) sound source prop-
agates uniformly in all directions. As the sound source moves, the wave crests “bunch up”
(e.g., are brought closer together) in the direction of movement and are spread out in the
opposite direction. As the waves crests are brought closer together, a decrease in wavelength
results, while an increase in wavelength occurs in the opposite direction, where the waves are
spread out. This change in wavelength A is known as the Doppler Effect [55] and was first
explained in 1842 by Christian Doppler. This shift in frequency can be very noticeable and
has been shown to be a useful cue to locating moving auditory sources [24, 41].

Whether considering a moving or stationary sound source, the wave speed v, (e.g., the
distance travelled by a given point on the wave over some time interval), remains the same
and is given by [55]:

Uy = Af (2.2)

where, X is the wavelength and f is frequency of the sound waves emitted by the sound
source. Since the wavelength of the sound waves generated by a moving sound source change,
in order to maintain constant wave speed, the frequency must change. As the sound source
approaches, the wavelength decreases (frequency is increased) and as the sound source recedes,
the wavelength is increased (frequency is decreased).



2.2 Acoustical time-to-contact

An important aspect of detecting a moving sound source is the ability to determine the amount
of time before the object emitting the sound makes contact with the observer [48]. We can
use vision accurately to judge the time before an object within our visual field of view reaches
us. The ability to determine the time in which an object, traveling with a constant velocity,
will reach the observer is referred to as optical time-to-contact (denoted by the variable 7,)
and is the angular size 6 of the “image” on the retina divided by the rate of change of the
image size at that particular time instant [20, 25, 26, 50]:

0
To = d0/di (2.3)
The expression for 7, given in Equation 2.3 is not necessarily restricted to image size and
is valid for other stimuli which have an inverse relationship with distance [20]. Although
visual time-to-contact has received a great deal of attention, a few studies have investigated
acoustical time-to-contact (14). According to Jenison [23], despite the physical differences
between optics and acoustics, the meaning conveyed to an observer by a moving sound source
is (within certain constraints) the same as a moving visual object. Whether it can be used
as effectively as its visual counterpart remains to be answered. Studies have shown that
subjects tend to under-estimate the arrival time of an approaching sound source [34, 42] and
are nevertheless generally more accurate with judging visual time-to-contact [44]. However,
Schiff and Oldack [44] have found that visually impaired subjects are just as accurate at using
acoustical time-to-contact as sighted subjects are at using visual time-to-contact.
Although we can judge acoustical time-to-contact, it is not completely understood exactly
how this is accomplished. Various cues are believed to play a role however their interaction
remains unclear. A “generic” expression for acoustical time-to-contact is given as [45]

Ts

Ta = o (2.4)
where 7, is the distance between the observer and sound source and vy = dr/dt is the velocity
with which the sound source or observer is moving. As with the expression for optical time-
to-contact 7, given by Equation 2.3, the ratio denoting acoustical time-to-contact 7, given by
Equation 2.4 is not specified in terms of specific acoustic properties. Various acoustical cues
are potential candidates provided that they have an (approximate) inverse relationship with
distance. Such cues can include intensity, reverberation and sound source frequency spectrum

48]

2.2.1 Intensity based acoustical tau

Using intensity and the inverse square law, Shaw et al. [45] derived an expression for 7, based
on the changing intensity of a sound generated by a sound source moving in a straight line



path towards an observer. Under these assumptions, acoustical time-to-contact 7, is given as

kr;2
T = 2—2kr_3vs (2.5)
where, k is a constant, rs is the distance between the sound source and observer, and v, is
the velocity of either the sound source or observer. This derivation ignores frequency effects
despite the fact that a general analysis must account for frequency. In addition to these
restrictions, as described by Stoffregen and Pittenger [48], there are several limitations to this
derivation of 7, using intensity:

Intermittent sound: The ability to extract this intensity based information is largely de-
pendent on the period with which the sound is continuous to the observer as it is difficult
to draw any conclusions about 7, given brief intermittent sounds (most natural sounds
are intermittent and not continuous).

Silent observer: The derivation assumes the sound generated by the sound source is the
dominating sound in the environment. In other words, the intensity of any sounds
generated by the observer or any other environmental sounds are irrelevant (e.g., the
sound coming from the sound source will “mask” any other sounds or environmental
noise).

Prior knowledge of sound source intensity: In order to make any use of intensity based
T4, prior knowledge of the absolute intensity of the sound source is required [18].

Lee et al. [27] describe the derivation of 7, based on reverberation (or more precisely, the
ratio of direct-to-reverberant intensity) and its derivatives which eliminates the limitations
inherent in the intensity based method presented by Shaw et al. [45]. An expression for 7,
derived by differentiating frequency based distance information is provided by Stoffregen and
Pittenger [48] and this also avoids many of the limitations inherent in the intensity based
version of 1, of Shaw et al.

2.3 Summary

Although there is very little research available with respect to auditory motion perception,
existing studies indicate the primary auditory motion cues include i) Doppler frequency shifts,
ii) binaural cues iii) intensity changes and iv) reverberation. Intensity changes are often
approximated by an inverse square law. Doppler frequency shifts are generated by the relative
movement of a sound source and observer and do not exist when both are stationary. In
contrast, intensity changes, binaural cues and reverberant properties are also relevant for static
distance perception and sound localization but when considering a moving sound source (or
moving observer) it is the changes over time with respect to these cues that provide auditory
motion information. Although each of the cues listed above may provide motion information,



intensity changes appear to be the most dominant cue. In addition, similarly to visual time-
to-contact, acoustical time-to-contact can provide information with respect to the time an
acoustical object reaches us. Finally, the remainder of this report describes four experiments
that examine our ability to judge the distance of self-motion when auditory and physical
motion cues are presented independently or in combination. The results of these experiments
provide greater insight to the role auditory information may play in the perception of self-
motion.



Chapter 3

Experimental Method

3.1 Subjects

Subjects were unpaid volunteers and were either researchers, graduate students, professors or
summer high school student assistants at York University. Subjects had normal or corrected-
to-normal vision and no reported history of auditory or vestibular disease/disorders. In
addition, none of the subjects reported any difficulties in hearing the stimulus or in completing
any of the tasks. Twelve subjects participated in experiments one, two and three. The
average age of the subjects was 27 years (range of 17 to 40 years). 10 subjects participated
in experiment four, eight of whom also completed the other experiments (average age was 29
years with a range of 17 to 43 years). Prior to the start of the experiments, subjects were
instructed of the required task by one of the experimenters. There was no training (“learning
phase”) prior to any of the experiments. However, subjects were given several test trials to
ensure they understood the tasks. Subjects were also instructed to sit in the chair with their
back and head straight up and to keep their head stationary during each trial.

3.2 Equipment

3.2.1 Subject motion cart and assembly

For experiments one, two and three, subjects saton a wheeled cart (see Figures 3.1 and 3.2).
Fixed in place next to the chair’s right arm-rest was the “subject response button” which
was pressed by the subject to indicate they have reached the target (see Section 3.3), and
hence completed a trial. Foam padding was placed on the chair, both on the seat and on
the back-support as well as on the cart where the subject’s feet rested to limit the amount of
vibration the subject felt (e.g., vibrations from the wheels that could provide a potential cue
to motion). A “reference point” consisting of a large “X” was marked on the foam on the base
the of cart at the front within the subject’s view. At the start of every trial, this reference
point coincided with the “starting position”. All distance estimates were made relative to this
marking. (See Appendix A for greater detail regarding the measurement of physical distance

10
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Figure 3.1: Subject motion cart used in experiments one, two and three.

moved.) To ensure that the cart followed a straight trajectory throughout its entire motion
profile and did not veer from side-to-side, the cart was guided by a track affixed to the floor
(see Appendix B).

3.2.2 Loudspeaker motion cart and assembly

For experiment four, a loudspeaker cart was constructed to move a sound source while the
subject remained stationary. Loudspeakers were mounted on each of this cart’s sides (Figure
3.3). The loudspeakers were placed facing each other a distance of 1m apart. As with the
subject motion cart, this cart also followed the track on the floor.

3.2.3 Motor and motor controller

For the experiments involving physical motion (e.g., constant acceleration), the motion was
generated with an EG & G MT—5330 servo motor mounted on a custom-built platform, con-
trolled by a Galil DMC—630 motion controller and power amplifier. A steel cable connected
the cart to the motor via a pulley assembly. A pulley assembly was used to convert the
circular motion produced by the motor to linear motion thus allowing the cart to be moved
linearly. A graphical illustration of the actual profiles is provided in Figure 3.4. The profiles
were measured by having the subject motion cart (with one of the experimenters seated on
it), follow each of the profiles for the entire 4m experimental span in addition to the two
meters deceleration interval, while recording the accumulated distance at regular intervals
(see Appendix A). The top, middle left, middle right, bottom left and bottom right graphs

illustrate constant acceleration profiles for the acceleration rates of 0.012m.s~2, 0.025m.s 2,

11
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Figure 3.2: Subject motion cart and stationary sound sources (experiment one set-up).

0.05m.s~2, 0.1m.s~2, 0.2m.s~2 respectively. The x-axis of each of the large graphs represent
time (in seconds) while the y-axis represents distance. The fixed line of each graph is the
measured profile while the dotted line is the actual (ideal) profile. Close examination of both
the actual and the ideal profiles reveals a maximum error of +£3cm for the first 4m of the
profile which corresponds to the experimental portion of the track. Included in the top left
corner of each large graph is a sub-plot describing time (x-axis) versus estimated acceleration

(y-axis).

3.2.4 Auditory stimuli

The auditory stimulus for each experiment consisted of a broadband, uniformly distributed,
white-noise signal, sampled at a rate of 44.1kHz. The noise was band-pass filtered using
a 256-point Hamming windowed FIR filter with low and high frequency cut-offs of 200Hz
and 10kHz respectively. A broadband signal was used as opposed to a single tone signal as
sound source distance judgment is more accurate for broadband sound [34]. The increased
accuracy in sound source distance judgments with the use of a broadband stimulus may be
a direct consequence of the increasing attenuation of the higher frequency components of a
propagating sound [4, 11, 33, 36]. In order to ensure the subject did not learn to associate
the sound level with a particular target distance or acceleration profile, the level of the sound
stimulus was randomly chosen from one of three different initial levels for each presentation
(66dB, 69dB and 72dB), measured with a Radio Shack sound level meter (model 33 — 2055)
with an A-weighting, placed directly at the starting position where the subject’s head would
be and averaged over a 15s duration. All auditory stimuli were played through a pair of

12
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Figure 3.3: Loudspeaker motion cart used in experiment four.

Distance (m) | Minimum Level (dB) | Maximum Level (dB) | Average Level (dB)
1 67 71 68
2 65 68 66
3 64 69 65
4 62 65 63

Table 3.1: Auditory stimuli sound levels at each of the four target distances. Sound level
one: 72dB. Measured by averaging the response of an A-weighted sound level meter for 15
seconds.

Yamaha YST-M15 loudspeakers.

In addition to measuring the sound level at the starting position, it was also measured
(for each of the three reference sound levels), at each of the target distances of 1m, 2m, 3m
and 4m, once again, time averaged over 15 seconds using the A-weighting on the sound level
meter. A summary of the measured levels at each of the four target distances is provided for
each of the three sound levels of 72dB, 69dB and 66dB in Tables 3.1, 3.2 and 3.3 respectively.
On average, for each doubling of sound source distance (e.g., from 1m to 2m and from 2m to
4m), a decrease of 2.7dB occurred.

Background noise

The background noise level was measured in the absence of the sound stimulus. Measurements
were averaged over a 15s interval using the A-weighting sound level meter. Measurements

13
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Figure 3.4: Acceleration motion profiles generated by the motor. Top, middle left, middle
right, bottom left and bottom right graphs illustrates the constant acceleration profiles for
the acceleration rates of 0.012m.s2, 0.025m.s~2, 0.05m.s~2, 0.1m.s~2, 0.2m.s~2 respectively.
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Distance (m) | Minimum Level (dB) | Maximum Level (dB) | Average Level (dB)
1 66 68 67
2 64 66 65
3 63 65 64
4 62 65 62

Table 3.2: Auditory stimuli sound levels at each of the four target distances. Sound level
two: 69dB. Measured by averaging the response of an A-weighted sound level meter for 15

seconds.

Distance (m) | Minimum Level (dB) | Maximum Level (dB) | Average Level (dB)
1 63 64 63
2 60 63 60
3 95 64 56
4 o7 61 o7

Table 3.3: Auditory stimuli sound levels at each of the four target distances. Sound level
three: 66dB. Measured by averaging the response of an A-weighted sound level meter for 15
seconds.

were made at the starting position and at each of the four target distances. The average
background sound levels at each target distance and at the starting position was below 50dB
(the minimum sound level measurable with the sound level meter) with a maximum level of
57dB. In addition to these static measurements, background noise levels were also measured
while moving with the cart through one of the acceleration profiles (the 0.012m.s™2 accel-
eration profile). The average sound level was 54dB with maximum and minimum values of
56dB and 51dB respectively. Background levels were far below the levels encountered in the
presence of the sound stimulus.

3.3 Experimental procedure

In all four experiments, each subject was presented with a large 1.5m x 1.0m, brightly colored
“T”-shaped physical target at one of four pre-defined distances (1m, 2m, 3m or 4m) in front
of them. The large size of the target, along with its bright color, made it extremely easy
to see. The target was held in place by one of the experimenters (see Figure 3.5). Subjects
were allowed to view the target for as long as necessary (typically under 30 seconds) and
were also encouraged to move their head from side-to-side to obtain parallax cues in addition
to static cues such as size and disparity cues, to the target’s distance. Subjects were then
blindfolded and presented with the stimulus. In experiment one (“physical motion only” or
“MO”) the only stimulus presented to the subjects was physical motion which was achieved by
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Figure 3.5: Experimenter holding the physical target.

physically moving the subjects some pre-defined distance. Subjects were also presented with
a single modality stimulus in experiment two (“simulated auditory motion only” or “AQO”)
however, the stimulus consisted of an auditory signal whose level was decreased while the
subject remained stationary. In experiment three (“physical motion + auditory motion” or
“A+M”), the subject was moved physically in the presence of a stationary auditory source
and in experiment four (“physically moving audio” or “MA”), a moving auditory stimulus was
presented while the subject remained stationary. Once the trial began the subject indicated
when they had perceived that they had reached the previously viewed target by pressing the
response button. Pressing the button ended the trial and any auditory stimulus or physical
motion was stopped. When a trial included physical motion, after coming to a stop, the cart
was physically pushed back to its original starting position by one of the experimenters.

In experiments one, three and four which included physical motion, either the subject or
the sound source was moved following one of five rates of acceleration (0.012m.s 2, 0.025m.s 2,
0.05m.s™2, 0.1m.s~2 or 0.2m.s~2). The acceleration profile of 0.012m.s™2 was chosen since
it is below the reported vestibular threshold of 0.05m.s 2 [8]. Each acceleration profile was
repeated for target distances of 1m, 2m, 3m and 4m. Conditions were presented in a random
order. The trials of experiments one, two and three each consisted of 20 trials. The trials of
each of these experiments were randomly interleaved and carried out as a single experiment by
all participants. The trials of experiment four also consisted of 20 trials however experiment
four was conducted separately.
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3.3.1 Experiment one: physical motion only

This experiment examined the perception of self-motion using the physical motion cue only.
No auditory cues were present in this experiment. The subject was seated on the motion cart
that was pulled by the motor following one of the pre-defined acceleration profiles. Subjects
pressed the subject response button when they perceived that they (the X reference point
marked on the cart) had reached the target.

3.3.2 Experiment two: simulated auditory motion only

This experiment investigated whether the reduction of sound intensity (sound level) alone
can be used as a reliable cue for self-motion perception. There was no physical motion of
either the subject or the loudspeakers in this experiment. Rather, the level of the auditory
stimulus was decreased to imitate the reduction in intensitywhich would occur if the subject
was actually accelerating away from the sound source at one of the five rates of acceleration
used in experiments two, three and four. The sound signal at time ¢, (sfi) was computed as

sy = 2o (3.1)

where, s, is the original, uniformly distributed sound signal (see Section 3.2.4) and r¢ is the
distance between the sound source and the observer at time ¢, computed as

1
rt = ixatQ, (3.2)

where, a is acceleration (one of either 0.012m.s™2, 0.025m.s~2, 0.05m.s~2, 0.lm.s~2 or
0.2m.s72), t is time. Although this experiment did not include any physical motion, just
before the stimulus was presented, the motor was started (powered “ON”) by one of the
experimenters. The motor was powered ON to ensure the subject did not learn to associate
the noise associated with powering the motor ON with physical motion. Subjects were told
to press the subject response button when they perceived the reference point on the cart to
have reached the target.

3.3.3 Experiment three: physical motion + auditory motion

The sound source was placed at the starting position and remained stationary while the
subject was accelerated towards the target. The purpose of this experiment was to examine
whether any acoustical properties associated with increasing the distance to a sound source
(most notably a decrease in intensity and a decrease in the ratio of direct-to-reverberant
intensity had any effect on the perception of linear self-motion.

Each loudspeaker was mounted on an adjustable height camera tripod (Figure 3.2). The
height of the loudspeakers was set equal to the height of the subject’s ears while seated
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on the cart and the two loudspeakers were separated by one meter. Once the subject was
comfortable with the visual target’s position, they were blindfolded and the auditory stimulus
were presented, followed by physical motion. When the subject pressed the subject response
button, indicating they perceived that they had reached the target distance, the cart was
stopped and physically pushed back to its original starting position. The time between when
the subject pressed the button (to indicate they reached the target) and when the auditory
stimulus and physical motion came to a stop varied by a few seconds. Varying this time was
done to limit the use of any potential cues the subject may have received while being physically
returned to the starting position. As with experiment one, distances were estimated relative
to the X-shaped reference point on the subject motion cart.

3.3.4 Experiment four: physically moving audio

In this experiment, the subject remained stationary at the starting position while seated on
the stationary subject cart. The sound source (loudspeakers) was mounted on the loudspeaker
cart which was placed just behind the listener (Figure 3.3). Rather than having the subject
move away from the sound source as in experiment two, the cart (and therefore the sound
source) was accelerated away from the stationary subject following one of the five acceleration
profiles used in the other experiments.

As shown in Figure 3.3, a stationary subject cart was placed in front of the loudspeaker
cart. Subjects indicated they reached the target by pressing the response button located
on the right chair handle. An X-shaped reference marker was also placed on the stationary
subject cart, marking the reference point as with the earlier experiments. Subjects indicated
when they had reached the target by pressing the response button.
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Chapter 4

Results

For each condition, the subject’s perceived (target) distance was measured and compared
to the actual or simulated distance travelled (actual distance). A summary of the perceived
target distance versus the actual target distance (including standard error) for each of the five
accelerations for each experimental condition is provided in Figure 4.1. The ratio of perceived
target distance and the actual distance is called perceptual gain, denoted by g, [19]

9 = (4-1)

where, d, is the actual distance moved and d,, is the subject’s perceived distance. As shown in
Figure 4.2 the perceptual gain is calculated by taking the inverse of the resulting slope of the
line between target distance versus actual distance. Perceptual gains were averaged across
subjects for each condition and for each experiment. When the perceived distance equals
the actual distance (d, = dg), the perceptual gain is unity. A perceptual gain greater than
one results when the perceived distance is greater than the actual distance when subjects
over-estimate the distance they have travelled. Conversely, a perceptual gain of less than one
occurs when the perceived distance is less than the actual distance and subjects underestimate
the distance travelled.

A graphical representation of the resulting perceptual gains as a function of acceleration
for each of the four experiments is given in Figure 4.3. In each experiment, the perceptual
gain for each acceleration was averaged across all subjects who participated in the experiment.
The horizontal dashed line represents a perceptual gain of one. Summaries of the perceptual
gains and corresponding standard error for each acceleration for experiments one, two, three
and four are provided in Tables 4.1, 4.2, 4.3 and 4.4 respectively.

4.1 Experiment one: physical motion only

Averaged perceptual gain values for motion only conditions by acceleration are shown as
filled circles in Figure 4.3. Perceptual gain responses varied systematically with acceleration
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Figure 4.1: Target distance versus response distance for each acceleration of each experimental
condition. The inverse of the slope of the linear fit to each condition is the perceptual gain.

with low accelerations producing a relatively low mean perceptual gain (2.0) and higher
accelerations producing a higher mean perceptual gain (3.0) (see Table 1).

4.2 Experiment two: simulated auditory motion only

Averaged perceptual gain values for simulated auditory motion only conditions by accelera-
tion are shown as open circles in Figure 4.3. This condition produced the highest averaged
perceptual gain response (perceptual gain 5.0 at 0.012m.s~2) which systematically decreased
with acceleration to a perceptual gain of 1.6 at 0.2m.s~2 (see Table 2).

4.3 Experiment three: physical motion + auditory motion

Responses to the combined physical motion and physically moving auditory motion condition
are shown in Figure 4.3 as grey squares. Averaged perceptual gain responses were approx-

imately 1.8 and were consistent across accelerations reaching a low of 1.3 at 0.2m.s™2 (see
Table 3).
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Figure 4.2: Example of perceptual gain which is defined as the ratio of perceived movement
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reciprocal of the slope shown.

Acceleration (m.s 2) | Perceptual Gain (g,)
0.012 2.11 £0.27
0.025 1.93 + 0.25
0.05 1.81 + 0.24
0.1 1.88 £ 0.26
0.2 295 £0.11

Table 4.1: Average perceptual gains for each acceleration of experiment one (physical motion
only).

4.4 Experiment four: physically moving audio

Physically moving audio conditions are presented as dark squares in Figure 4.3. The physically
moving audio condition closely resembles the averaged responses of the simulated moving
auditory motion where low accelerations produced high perceptual gains (4.4) and dropped
systematically with acceleration reaching a low of 1.3 at 0.2m.s~2 (see Table 4).

4.5 Effects of condition

A repeated measures ANOVA was performed on the mean perceptual gains obtained for
each condition for each subject. There was a main effect for condition (F(3, 40) = 10.22,
p < 0.001). A Post-hoc multiple comparison was performed to compare all pairwise differences
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Figure 4.3: Summary of experimental results: perceptual gain (perceived distance / actual
distance) as a function of acceleration (on log axis) for experiments one, two, three and four.

within conditions and is shown in Table 4.5. In this table, the first column denotes acceleration
while columns two, three, four and five denote the four experimental conditions. The entries
of columns two, three, four and five denote which of the five accelerations were statistically
different when considering each experimental condition individually.

Post-hoc tests were also performed to determine which conditions differed between condi-
tions by acceleration. Table 4.6 summarizes the statistical differences between experimental
conditions by acceleration. As with Table 4.5, the first column denotes acceleration while
columns two, three, four and five denote the four experimental conditions. The entries of
columns two, three, four and five denote, for each of the accelerations in column one, which
conditions and acceleration (considered together) differ statistically.

4.6 Effect of acceleration

A repeated measures ANOVA test and post-hoc comparison test were also performed on
the five different accelerations. Results of the ANOVA test confirm a significant difference
between accelerations (F (4, 40) = 9.78, p < 0.01). According to these tests, the accelera-
tions can be divided into two groups labeled slow and fast, where the slow accelerations are
0.012m.s2, 0.025m.s~2 and 0.05m.s~2 and the fast accelerations are 0.1m.s~2 and 0.2m.s 2.
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Acceleration (m.s ?)

Perceptual Gain (g,)

0.012 5.08 £0.82
0.025 3.29 +£0.43
0.05 2.95 £0.26
0.1 2.38 £0.35
0.2 1.58 £0.18

Table 4.2: Average perceptual gains for each acceleration of experiment two (simulated au-

ditory motion only).

Acceleration (m.s~?)

Perceptual Gain (g,)

0.012 1.98 £0.27
0.025 2.33 £0.31
0.05 1.65 £0.19
0.1 1.86 £0.19
0.2 1.31 £0.10

Table 4.3: Average perceptual gain for each acceleration of experiment three (physical motion

+ auditory motion).

Slow acceleration conditions showed a significant difference between the conditions.

Acceleration (m.s~?)

Perceptual Gain (gp,)

0.012 4.40 £1.1
0.025 3.84 +£0.76
0.05 2.18 £0.34
0.1 1.89 £+0.22
0.2 1.32 £0.14

Table 4.4: Average perceptual gain for each acceleration of experiment four (physically moving

audio).
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Accel.[(MO)|  (AO) [(A+M)[(MV)
0.012| - 0.05, 0.1, 02] - -
0.025| - - = 101,02
0.05 | - 0.012 - -

0.1 - 0.012 - -
0.2 - 0.012 - -

Table 4.5: Tukey-Kramer multiple-comparison test for differences within conditions by accel-
eration.

Accel. (MO) (AO)
0.012 [(MA: 0.025), (AO: 0.012) (A+M: 0.2), (MA: 0.05), (ATDM: 0.2), (MA: 0.05),
(MA: 0.025), (AO: 0.012) (A+M: 0.2)
0.025 (MA: 0.025), (AO: 0.012) (A+M: 0.2)
0.05 (MA: 0.025), (AO: 0.012) -
0.1 (MA: 0.025), (AO: 0.012) (A0: 0.012), (MA: 0.025)
0.2 0.2 (AO: 0.012) (MA: 0.025)
Accel. (A+M) (MA)
0.012 (MA: 0.025), (AO: 0.012) (AM: 0.2)
0.025 (AO: 0.012), (MO: 0.012, 0.025, 0.05, 0.1) (A+M:0.012, 0.05, 0.1, 0.2), (AO: 0.2)
0.05 (MA: 0.025), (AO: 0.012) (A0: 0.012)
0.1 - (AO: 0.012)
0.2 (AO: 0.012, 0.025), (MA 0.012, 0.025) (AO: 0.012)

Table 4.6: Tukey-Kramer multiple-comparison test for differences between conditions by ac-
celeration.
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Chapter 5

Discussion

5.1 Experiment one: physical motion only

In this experiment, physical motion was the only stimulus provided to the subjects. Consis-
tent with previous studies (e.g., [19, 22, 30]) the results of this experiment indicate physical
motion is often overestimated. Systematic variation of perceptual gain with accelerations for
each of the five accelerations was observed with responses reaching their highest (mean per-
ceptual gain of 3) for the acceleration of 0.2m.s~2. Curiously, high perceptual gain responses,
representing overestimation of motion, were observed at accelerations below the vestibular
threshold.

Harris et al. [19] had subjects match physical motion to physical motion targets using
one profile for the target and a faster or slower profile for the trial. These results show that
subjects can use sensory information associated with physical motion (e.g., vestibular and/or
cutaneous cues) without vision. Here, subjects appear to be able to utilize physical motion
cues at an acceleration below the vestibular threshold. Although there should be no vestibular
cues when moving at a rate of acceleration below the vestibular threshold, other potential cues
to self-motion may be available in the experiment. In particular, the vibrations which arise
as the cart is moving could provide information in the form of vibration (tactile) cues. Care
was taken to ensure these cues were limited. In particular, the chair the subjects were seated
on was padded with foam, and foam was also placed on the base of the subject motion cart
where the subjects placed their feet on. Other cues could include the initial “jerk” component
of the motion profile experienced when the motion first begins [5], wind striking the faces of
the subjects during the motion (as reported by several of the subjects) and noise present in
the environment as well as any noise produced by the moving cart itself. Although the initial
“jerk” could not be removed, it was limited by ensuring the cable pulling the cart was kept
under constant tension.
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5.2 Experiment two: simulated auditory motion only

In this experiment both the subject and the sound source remained stationary while the
intensity of the sound source was decreased to imitate the decrease in intensity which would
have occurred had the subject accelerated away from a stationary sound source. No other
acoustical cues associated with a moving sound source were available (e.g., reverberation and
therefore the ratio of direct-to-reverberant intensity, binaural cues, changing spectrum cues
etc.). The estimation of sound source distance using sound source intensity information alone
resulted in a large perceptual gain (see Figure 4.3). This finding is consistent with previous
studies involving static sound source distance estimation [57].

The authors are not aware of any studies examining linear self-motion perception in the
presence of accelerating auditory cues only. Several studies are available which have examined
self-motion (constant velocity) with respect to a stationary (reference) sound source (e.g., see
[2, 34]), and have also found subjects over-estimate their self-motion or alternatively, under-
estimate the distance to the stationary sound source.

As shown in Figure 4.3, the perceptual gains decrease as the acceleration increases and
as described in Section 4, this change is significant, indicating accuracy does improve as
acceleration is increased. This result does verify the conclusions reached by Perrott et al.
[37] who examined the ability of subjects to discriminate between horizontally moving sound
sources that were either accelerating or decelerating. They conclude that we are capable
of determining whether a horizontally moving auditory source involved an acceleration or
deceleration, with increasing accuracy as acceleration is increased.

5.3 Experiment three: physical motion + auditory motion

In this experiment, the physical motion and auditory stimuli were combined. The auditory
stimulus consisted of a uniformly distributed random noise signal output through a pair of
two stationary loudspeakers placed at the starting position. As the subject was accelerated
towards the target, the loudness of the sound decreased since the distance between the subject
and sound source increased.

This condition was significantly different than the other three conditions suggesting that
information from more modalities results in more accurate performance. These results indi-
cate the addition of the motion (vestibular) cue does make the task of self-motion judgment
more accurate as opposed to using decreasing sound intensity alone. According to Wuerger et
al. [56] there is physiological and behavioral evidence indicating that the integration of multi-
sensory information is more likely to provide more accurate information, especially when the
single modalities are individually close to threshold (see also [47]).

5.4 Experiment four: physically moving audio

In this experiment, rather than changing the intensity (level) of the auditory signal to sim-
ulate the subject moving away from the sound source, the sound source (loudspeakers) were
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physically moved away from the subject. As with the other experiments, an over-estimation of
the subjects self-motion perception resulted. The major difference in the results of this exper-
iment is that the other cues associated with a moving sound source (e.g., reverberation etc.),
would be available, thereby potentially resulting in improved performance. The results from
this experiment and experiment two (simulated auditory motion only) were not significantly
different. These results differ from studies which have found reverberation cues to play a sig-
nificant role in sound source distance estimation. [9, 11, 36]. However the room itself in which
the experiment took place was large, measuring 12m x 25m and the energy of any reflections
reaching the subject may have been too weak and could have been masked by the auditory
stimulus itself. As with experiment two in which the only stimulus presented was auditory
and as found by Perrott et al. [37], accuracy in this experiment increased with increasing
acceleration. The over-estimation of self-motion as a sound source is physically moved away
has also been examined by Neuhoff [34] who also found subjects did over-estimate their self-
motion and that this over-estimation was greater when considering an approaching sound
source as opposed to a receding one.
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Chapter 6

Conclusions

The majority of the research effort examining self-motion perception has concentrated on
the visual and vestibular senses. Although vision plays a critical role the understanding of
our surroundings and a large portion of the brain is dedicated to visual processing, it is
certainly not the only cue available to us and at times it cannot be used (e.g., in the dark
or for objects which are not within our visual field of view). Furthermore, the integration of
multi-sensory information is more likely to provide more accurate information, as opposed to
a single modality. In contrast to the visual system, the auditory system is ommni-directional
and can function in the dark and in other situations where vision is restricted (e.g., fog, heavy
snow).

In this study, a series of four experiments were conducted to examine the role of auditory
cues for self-motion perception, when used alone or in conjunction with physical motion cues.
Self-motion estimation was most accurate when both vestibular and auditory cues were made
available simultaneously and with respect to simulated auditory motion cues, accuracy of
motion estimation increased with increasing acceleration. These results conform with the
majority of existing research which has examined auditory motion perception (e.g., [29, 37]).
A finding which deserves further attention is the observation that performance was the same
for the “simulated auditory motion only” and “physically moving audio” conditions. Although
reverberation has been shown to play a critical role in auditory distance perception, this was
not observed here. Future work will include repeating these two conditions in a smaller
enclosure, either by using a smaller room or by separating the existing room with some type
of “room dividers” or by simulating reverberation in static auditory experiments.

These experiments have demonstrated for the first time the very significant contribution
of auditory cues to the determination of the perception of self-motion. As demonstrated
in previous studies and as verified in this study, physical self-motion in the dark is usually
associated with very large perceptual gains. The experiments described here demonstrate that
the addition of auditory cues contribute significantly to the accuracy of perceived self-motion.

The visual system does not seem to improve the vestibular system’s apparently poor
estimation of self-motion distance [19]. The vestibular system seems to dominate the visual
system such that high perceptual gains are still found even when vision is available (see
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[19]). Sound, unexpectedly, seems to be much more effective in making perceived self-motion
accurate, particularly at higher accelerations. At lower accelerations, the vestibular system
is dominant.
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Appendix A

Accurate measure of physical
motion

In this appendix greater information, including technical details, will be provided regarding
the distance recording equipment. When considering the three experiments that contained
physical motion, the distance travelled was accurately measured using the optical encoders of
an appropriately modified, standard PC serial (RS-232-C) mouse, earth fixed wire and laptop
PC.

A.1 Distance recording equipment

As previously described in Chapter 3, in each trial of all the experiments, a measure of the
distance travelled by the subject seated on the motion cart, from the starting position to
the target, was required. Three of the four experiments (experiments one, three and four)
involved physical motion of either the subject motion cart or the loudspeaker motion cart
while in experiment two the subject remained stationary and judged the distance travelled
based on a stationary auditory stimulus with decreasing level. In experiment two, there was
no physical motion but rather, the level of an auditory stimulus was decreased to imitate the
reduction of sound level which would occur if the motion cart (and hence subject) was actually
moved following one the pre-defined acceleration profiles. Since the rate of acceleration was
known, by recording the time taken between the onset of the auditory stimulus and the time
the subject indicated they reached the target, the total distance travelled for each trial of
experiment two was calculated as follows:

1
dt = *atQ

> (A.1)

where d; is the distance from the starting position to the position corresponding to the time
the subject pressed the button to indicate they reached the target, a is acceleration (e.g., one
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of 0.012m.s~2, 0.025m.s 2, 0.05m.s 2, 0.1m.s 2 or 0.2m.s~ 2) and ¢ is the time from the onset
of the auditory stimulus until the perceived target is reached (e.g., the response button is
pressed).

A modified two-button Microsoft serial mouse and “earth-fixed” wire were used to record
the distance travelled for the trials of the experiments involving physical motion. A mouse
contains two optical encoders to record distance, one for each of the X and Y axis and is used
to convert hand motions into signals the computer can use and make sense of. As described
in the following sections, mice are very accurate (high resolution), capable of detecting very
small movements and updating at a high rate. Furthermore, when considering a serial mouse,
the converted motion signals are transferred to a PC using a standard serial (RS-232) connec-
tion, making it extremely simple for communications between an application to take place.
These factors, along with the fact that serial mice are readily available and economical have
made them attractive for many applications requiring accurate motion detection including
the control of optical telescopes.

A.1.1 Mouse operation

The majority of mechanical and optical-mechanical mice contain a ball inside the mouse which
touches the desktop (or any other surface) and rotates as the mouse is moved. Referring to
Figure A.1, two rollers inside the mouse, oriented perpendicularly to each other, make contact
with the ball. As the ball moves, depending on the direction of its movement, one or both of
the rollers rotate as well (e.g., if the ball is rotated along either the X or Y axis solely then
only the roller corresponding to the X or Y axis will rotate and if the ball is moved diagonally,
then both rollers will rotate). The rollers are each connected to their own shaft and on the
other end of each shaft is a disk with evenly spaced rectangular slots in it. Rotation of the
roller will result (via the shaft), in a rotation of the disk. As shown in Figure A.2, the disk
of each shaft is placed between two light emitting diodes (LEDs) and two “light sensitive
transistors”. Each LED continuously shines light which is collected by its corresponding
transistor. However, since the disk contains these spaced slots, light from the LED will reach
the transistor only through these slots and is blocked otherwise. In other words, light is
“pulsed” through these slots and the transistor will detect these light pulses. The pulse rate
is directly related to both the speed of the mouse movement and the distance travelled [6].
The information (pulses) from the transistors are then processed by the mouse controller and
delivered to the PC. When considering a serial mouse, the transistor information is converted
to RS-232 compatible signals and transferred to the PC via a serial connection. A single LED
transistor pair would suffice to detect the pulses and hence mouse motion without any regards
to the direction of motion. However using two LED /transistor pairs allows for the detection
of the direction of disk rotation (and hence mouse rotation) to be determined. Further details
regarding this direction detection capability is provided in [6].

Greater details regarding the modifications made to enable the use of a two-button Mi-
crosoft serial mouse to record distance travelled in the Experiments is provided in the following
section while Section A.1.2 describes the Microsoft serial mouse protocol.
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Light Sensitive
Transistor

Slotted Disk

Figure A.1: Main components allowing a mouse to detect motion. As the mouse ball is
moved, it may cause one or both of the rollers to turn. The turning rollers cause the mouse
shaft to rotate which in turn leads to the rotation of the slotted disk (the slots are not shown
in this diagram). The light emitting diodes (LEDs) emit light which is captured by their
corresponding light sensitive transistors only when the light passes through one of the slots.
The rate at which the disk spins is directly related to the rate the light is captured and hence
mouse speed and distance moved.
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Figure A.2: Two views of the mouse encoder. The slotted wheel is placed between two LEDs
and two corresponding light sensitive transistors. The light emitted by each LED is captured
by its corresponding transistor only when the light passes through one of the slots of the disk.

A.1.2 Modifying the serial mouse for use in these experiments

In order to record the distance travelled by the cart in the experiments, rather than using
the mouse ball to rotate the rollers, shaft and disk assembly, as shown in Figure A.3, a pulley
attached to the encoder shaft, moving along an “earth-fixed” wire was used instead. The
mouse was mounted to the cart in such a manner so the pulley “cleared” the cart, hanging
just over the side of the cart. Running parallel to the track, for the complete length of the
track and at approximately the same height off the ground as the pulley, was a wire (fishing
line) which was permanently fixed at each end. As illustrated in Figure A.3, the wire made
a loop through the pulley which caused the pulley to rotate as the cart was moved from
its starting position to the target. The rotating pulley caused the shaft to turn which then
caused the disk to rotate, ultimately leading to the light pulses previously described (e.g., the
pulley replaced the mouse ball). The amount of rotation and hence the rate of light pulses, is
inversely proportional to the size of the pulley (e.g., increasing the size of the pulley decreases
the speed of shaft rotation and hence rate of light pulses). As will be described in Section
A.1.2, there is an upper limit to the shaft rotation rate and hence speed and resolution of
the detected motion. When this limit is exceeded, the information provided by the mouse is
meaningless. The pulley used for these experiments (shown in Figure A.3) was sufficient for
all the acceleration profiles used.

33



Slotted
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(a) Mouse pulley and extended shaft (b) Rear earth-fixed wire base

(c) Front earth-fixed wire base

Figure A.3: Mouse pulley and fixed-earth wire assembly. (a) The shaft of the x-axis was
extended and a pulley was attached to it. To the left of the track, an earth-fixed wire was
stretched and ran from the front of the track (a) to the rear of the track (b). This earth-fixed
wire was looped through the mouse pulley. As the cart was moved forward, the wire caused
the pulley to rotate, which in turn caused the slotted disk of the mouse to rotate and hence
record the resulting motion.
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D7 | D6 | D5 | D4 | D3 | D2 | D1 | DO
Byte 1 | — 1 |[LB|RB| Y7 | Y6 | X7| X6
Byte2 | — | 0 | X5 | X4 | X3 | X2 | X1 | X0
Byte3 | — | 0 | Y5 | Y4 |Y3|Y2|Y1l]|YO

Table A.1: Microsoft serial mouse three byte data packet. LB and RB represent the state of
the left and right buttons and are set to 1 when the corresponding mouse button is pressed.
X7-X0 and Y7-YO0 are signed bytes and indicate the amount of movement in the X and Y
directions respectively.

Microsoft two-button serial mouse protocol

Communication between the serial mouse and the PC takes place at 1200bps (bits per second),
using seven data bits and one stop bit. In addition, the DTR and RTS lines must be positive
and the RTS-CTS lines should not be shorted. Information is sent from the mouse to the PC
during every mouse event (e.g., every time the mouse state changes), which occurs when the
mouse has moved or its buttons have been pressed. The information sent to the PC is a data
packet consisting of three bytes which encode the amount moved in the X and Y axis and
whether the left and right buttons were pressed. The format of the three byte data packet is
listed in Table A.1. Referring to this table, LB and RB represent the state of the left and right
buttons and are set to 1 when the corresponding mouse button is pressed. X7-X0 and Y7-Y0
are signed bytes and indicate the amount of movement in the X and Y directions respectively
and the “—” denotes a value that may be either 0 or 1 and may therefore be ignored.

Movement in the X and Y axis is encoded using a signed byte thereby allowing for move-
ment in both directions (e.g., positive and negative) for both axis. The maximum encoder
counts for each mouse event is therefore restricted to +£127 (e.g., 127 in either direction.
The maximum update rate for the Microsoft serial mouse is 40 times each second, thereby
restricting the maximum number of encoder counts each second to 5080 (e.g., 127 x 40)
[12]. In addition, typical serial mice are capable of handling between 100 and 400 counts
per inch (CPI) (or between 3937 and 15,748 counts per meter) therefore, a 100 CPI mouse
can be moved, in either the X or Y axis, at a maximum speed of 50.8 inches each second
(or 1.29 meters each second), while a 400 CPI mouse can be moved at a rate of 12.7 inches
each second (or 0.32) meter each second) [12]. Attempting to move the mouse faster than
its maximum allowable rate or over a larger distance (in one second) will cause the mouse to
saturate thereby resulting in meaningless distance measurements.

As previously described, for the experiments which contained physical motion of the
cart, the cart was either accelerated following one of five pre-defined acceleration profiles
(0.012m.s72, 0.025m.s~2, 0.05m.s~2, 0.1m.s~2 and 0.2m.s~2). As shown in Figure A.3, at-
tached to the extended mouse shaft is a large pulley. However, initially, a much smaller
pulley was used. Use of the smaller pulley resulted in 5400 encoder counts each meter and
this resolution was sufficient for all but the 0.1m.s~2 acceleration profile. While being moved
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with this acceleration profile, the cart moved faster that the mouse could be updated causing
the encoder to saturate (e.g., its output was meaningless). In order to reduce the encoder
resolution and therefore increase the allowable distance travelled each second, the original
smaller pulley was replaced with the larger pulley illustrated in Figure A.3.

Serial mouse calibration

The output produced by the serial mouse is the encoder counts. During the motion of the
cart, from the time the cart begins moving until the time the subject presses the button to
indicate the target has been reached, the mouse encoder counts are accumulated. However,
the desired experimental output for each trial is not distance specified in encoder counts but
rather distance specified in meters. The number of encoder counts per meter (CPM) E,,, was
determined, by moving the cart (and therefore mouse and encoder assembly), along the entire
length of the track (six meters), and recording the number of encoder counts at each marked
one meter intervals along the track, and then averaging the results. Mathematically, this can
be expressed as follows:

1 N
E, = N;E (A.2)

where, N = 6 and E; is the total encoder counts in the one meter interval from 7 — 1 meters
to 7 meters. After performing this process, it was determined F,, = 1119.4 CPM. It was
also observed that the difference between the total encoder counts for each one meter interval
was actually very small (e.g., under 10), verifying the accuracy and precision of distance
recording using this simple and inexpensive mouse. Once F,, was calculated, the target
distance d; expressed in meters per second (e.g., the distance, from the starting position to
the point the subject perceives the target to be at) is obtained as follows:

where F; is the total number of encoder counts accumulated beginning from the time the cart
begins moving to the time the button is pressed by the subject and F,, = 1119.4.
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Specification Value

Processor AMD-K6 3D Processor
Available RAM 128MB

Operating System Microsoft Windows 98
Hard Disk Capacity | 5GB

Audio Card

ESS Solo-1 PCI

Table A.2: Laptop PC specifications.

A.1.3 Communicating with the serial mouse

The serial mouse was controlled with a Compaq Presario 1692 laptop PC (see Table A.2
for a list of the laptop’s specifications). All software, including the software relative to the
serial port, was written in Java (Java SDK 1.2.1). Communications with the serial port was
performed with Sun Microsystem’s Java Communications API 2.0. The API is very simple
to use and certainly abstracts many of the details regarding serial communications form the
user. The software was a GUI based program which recorded all necessary data per trial for

each subject.
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Appendix B

Motor assembly and controller

In this appendix greater information, including technical details, will be provided regard-
ing the motor, motor controller and pulley assemblies used to move (pull) the motion carts
following the specified acceleration or constant velocity profiles.

B.1 Motor and motor controller

For the experiments which consisted of physical motion, the cart was pulled following a pre-
defined motion profile generated with an EG & G MT—5330 servo motor (see Figure B.1(a)),
mounted on a custom built platform, controlled by a Galil DMC—630 motion controller and
power amplifier (see Figure B.1(b)). Briefly, a servo motor contains an output shaft which
can be made to rotate to some specified angular position at some specified rate, by providing
the servo an analog signal of some particular voltage. Provided the voltage of this analog
signal is maintained (un-changed), the shaft will maintain this position [49]. The signal
necessary to drive the motor is generated by the motion controller and power amplifier. The
amplifier receives an analog signal (coded signal), typically in the range of £10V, from the
motor controller. In the current mode of operation (the mode of the power amplifier used in
this work), a current, directly proportional to the input voltage, is generated by the amplifier
and fed to the motor. By sending the appropriate coded analog signal, the shaft of the servo,
via the motor controller and amplifier, will be rotated to some particular angular position, at
some specific rate of acceleration or velocity. Typically, an incremental encoder is attached
to the servo motor’s shaft. The incremental encoder is an electrical device which generates
N electrical pulses for each revolution of the shaft. By counting the number of pulses during
some time interval, the speed and acceleration of the shaft can be determined. All motor
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motions are thus specified in encoder counts.

Steel cable connects the cart to the motor via several pulley assemblies (see Figure B.1(c)).
It was observed that keeping the cable as close as possible to ground level minimizes the “slack”
(flex) in the cable thereby decreasing the amount of “jerkiness” encountered throughout the
motion profile but which is most pronounced during the start of the motion. The two cable
pulley assemblies illustrated in Figure B.1(b) allowed the cable to be essentially on the ground.
As the cart is pulled forward, the steel cable is collected (wound around) the “top pulley”
illustrated in Figure B.1(b,d) As shown in Figure B.1(d), the top-pulley consists of three
individual components, the top disk, middle disk and bottom disk. The radius of the middle
disk determines the allowable range of accelerations. Decreasing the radius will shift the
range of accelerations downwards (e.g., smaller minimum acceleration but smaller maximum
acceleration), while increasing the radius causes the range of accelerations to shift upwards
(e.g., increase in the minimum acceleration and increase in the maximum acceleration). In
this study, the accelerations ranged from 0.012m.s™2 (low acceleration) to 0.2m.s2 (high
acceleration) and several middle disk sizes were initially tested to allow for motions in this
range. It clearly became evident that as the radius of the middle disk is decreased, the
stability of the higher acceleration profiles quickly degrades. In particular, the motion of the
higher acceleration appears to be much faster than actually specified leading to a potentially
dangerous situation, when, for example, the radius of the middle disk is less than 0.10m.
Although in this study an acceleration below 0.012m.s~2 was desirable, a compromise between
allowable acceleration ranges and safety was reached using a radius of 0.18m, leading to the

range of accelerations from 0.012m.s~2 to 0.2m.s 2.

B.2 Track

To ensure the cart followed a straight trajectory throughout its entire motion profile and
did not veer from side-to-side, thereby ensuring a “smooth” acceleration profile, the cart was
forced to follow a track placed on the floor. As shown in Figure B.2, the track itself consists
of two 3.6m meter pieces of aluminum. Both pieces were combined to provide a total track
length of 7.2m. Given the length of cart itself was just over one meter, this allowed for a track
length of approximately six meters. Since the cart is accelerated throughout the motion trials,
the last two meters are used to decelerate the cart to a complete stop. Therefore, the total
usable track length is essentially four meters (e.g., maximum target distances are restricted
to four meters). As shown in Figure B.2, a “peg” was attached (centered) underneath both
the front and rear end of the cart. The diameter of both pegs (0.031m each) was just slightly
smaller than the width of the track (0.038m), forcing the pegs to remain within the track
throughout the entire motion profile. The diameter of the pegs was small enough so that it
did not obstruct movement within the track yet large enough to ensure there was little room
to move within the track. Since there was little room for the peg to move within the track,
the pegs ensured the cart followed the track and therefore a “straight line” path for the entire
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(a) EG & G MT-5330 servo (b) Pulley assemblies.
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Figure B.1: Servo motor and pulley assemblies. (a) Servo motor and gears. (b) Pulley
assemblies, including the top pulley which collects the steel cable and the two “cable pulleys”
used to feed the cable to the top pulley. (c) The steel cable used to pull the cart is connected
to the front of the cart. (d) Construction of the top pulley. The top pulley consists of three
disks: the upper disk, middle disk and lower disk. The size of the middle disk determines the
allowable range of accelerations.
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Figure B.2: Track and cart peg assemblies.

motion trajectory.

B.3 Controlling the motor

As previously described, the motor is controlled with a Galil DMC—630 multi-axis motion
controller via a “host” computer. Through the host computer and a simple programming
language, the motor can be programmed to “move” following various motion profiles, includ-
ing constant acceleration and constant velocity profiles required for this work. The controller
programming language consists of an assembly-like instruction set with two-letter upper-
case “English-like” commands. For example, the command “TP X” will output the position
(in encoder counts) of the X-axis, while the command “SP N” will set the speed (velocity) of
the motor to “N” encoder counts per second. Although the controller is capable of handling
complex motion profiles over multiple axis, for this work, all motion profiles were linear (e.g.,
following a straight line path) and restricted to a single axis. In order to accomplish the mo-
tion profiles required for these experiments, a modified trapezoidal motion profile is used. As
shown in Figure B.3, a (non-modified) trapezoidal profile consists of a period of acceleration,
followed by a period of constant velocity and finally a period of deceleration before coming
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to a complete stop. The trapezoidal motion profile can be programmed using a very small
set of instructions. Essentially, the rate of acceleration, constant velocity and deceleration
are specified in encoder counts. In other words, velocity and acceleration are specified in
encoder counts per second enceounts~ ' and encoder counts per seconds squared enceounts”>
respectively.

In this work, distance traveled is of interest and being measured hence a method of
calibration is required in order to convert encoder counts to distance and vice versa. In other
words, the number of encoder counts per meter M, is required to convert encoder counts
to distance measured in meters. In order to determine this value, after resetting the motion
controller (e.g., so the motor position determined with a “TP” command is 0), the motion cart
was pulled for one meter and then the position of the motor (in encoder counts) was obtained
(using the “TP” command). After repeating this process several times and averaging the
results, it was determined that:

M, = 75861.80 (B.1)

As mentioned, F,, specifies the number of encoder counts each meter. With this value
known, the controller motion profile values (acceleration AC, constant velocity SP and de-
celeration DC), required by the controller to perform the trapezoidal motion profile can be
easily specified as follows (see Section B.3.1 for complete listing of the controller source code):

PR = FE, xd;

AC = axM,xd,
SP = v x M, xd,
DC = dx M, xdg

~ o~ o~
W www
Tt W N
~— ~— ~— ~—

where qa is the desired rate of acceleration, v is the desired velocity, d is the desired rate of
deceleration and d; = 6m, d, = 4m, d, = Om and d; = 2m are the total distance the cart
will move, accelerate, move at constant velocity and decelerate respectively. Although the
target distance varied between one of four distances (e.g., 1m - 4m), the value of d, was
fixed to the maximum target distance of 4m to account for any over-estimation of the target
distance by any of the subjects (e.g., moving past the original target distance). Of course,
this may lead to problems if a 4m target was over-estimated, however, as discussed in Chapter
4, over-estimation of the target rarely occurred and did not occur for any of the 4m targets
distances.

For the constant acceleration profiles used in experiments one, three and four, there was
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Figure B.3: Trapezoidal velocity motion profile. Period of acceleration followed by a period
of constant velocity and deceleration.

no period of constant velocity but rather, the motion profile consisted of a period of constant
acceleration immediately followed by a period of constant deceleration (e.g., a triangular
profile). In order to achieve constant acceleration immediately followed by a period of decel-
eration and hence no constant velocity, SP was set to an arbitrary large value which would
never be reached given the rate of acceleration over the maximum of four meters. As a re-
sult, the cart continued to accelerate for four meters and then immediately following this, it
started decelerating for two meters until it came to a complete stop exactly six meters from
the starting position.

The trapezoidal motion profile is (in theory) very simple to perform and to specify, how-
ever, in practise, the actual motion profiles experienced by the cart is certainly not as ex-
pected, and depending on the acceleration, at times not a constant acceleration at all but
rather appeared to be a constant velocity. The motion profile can be measured by having
the cart move through some specified profile (pulled by the motor) while recording the total
distance traveled at regular time intervals, from the start of the motion to its end, using the
equipment and techniques described in Appendix A. By examining the resulting profiles for
each of the desired acceleration profiles, it was clearly evident they were not as required. In
fact, several of the profiles produced a constant velocity type profile which could easily be
determined visually, by looking at the cart while it underwent its motion. For others which
did accelerate, it was determined that the rate of acceleration was not the rate specified but
rather, varied significantly.

As described in [21], during the execution of a motion profile by the motor controller, the
controller will continuously determine the position of the motor (via the incremental encoder)
and compare the motor’s actual position with the desired position. The difference between the
desired and actual positions is known as the positional error and the controller will attempt
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to minimize this error with a stabilizing filter. The stabilizing filter of the controller used
in this work is known as a proportional-integral-derivative (PID) filter specified by the three
terms proportional (KP), integral (KI) and derivative (KD). Therefore, depending on the
value of these parameters, the actual motion profile may not necessarily be the same as the
specified motion profile. Furthermore, there is no method or technique for determining the
appropriate values but rather, according to the controller distributor (Electromate Industrial
Sales Ltd), determining these values is a “trial and error process” [28]. In addition, incorrect
PID parameters can lead to an under-damped, over-damped or an unstable system [28]. After
experimenting with many different values for these parameters and adjusting the values of AC,
SP and DC slightly, the desired acceleration profiles were obtained. A graphical illustration
of the resulting profiles, measured using the techniques described in Appendix A, is provided
in Figure 3.4 of Chapter 3. Finally, there are several other parameters which may be specified
and affect the desired motion profile. For example, the power amplifier used to generate the
appropriate current to operate the servo motor as desired, includes a current gain parameter
which specifies the amount to amplify each 1V of the coded signal it receives [49]. Changes to
this parameter can also affect the desired motion profile and may once again require further
“trial and error” experimenting before an optimal setting is determined. Further details
regarding these parameters can be found in [21, 28, 49].

B.3.1 Controller programs: source code

In this section, the controller source code for each of the motion profiles used in this study
is provided. A separate program was written for each of the desired profiles, however, the
program structure is essentially identical except the acceleration, deceleration and constant
velocity values differ. The controller interface allows for commands to be issued directly from
the host computer (immediate mode) or, alternatively, multiple commands can be combined
into a stored program (program mode). In program mode, the beginning of the program
begins with the line “# NAME” (where NAME indicates the name of the program) and ends
with the line “EN”. This allows a stored program too contain many sub-programs. To execute
any one particular sub-program, the command “XQ#NAME” is issued, where, once again,
‘NAME’ is the name of the program to be executed. Prior to listing the code, several of the
instructions which were not previously described but are used in the programs will be defined.

NO A comment for the programmer’s use only. Ignored by the controller.
MG "MESSAGE’ Display the message 'MESSAGE’ to the screen of the host computer.

PR N Relative distance (in encoder counts). The motor will move (rotate) ‘X’ encoder
counts during the entire motion profile.

GN N Set the gain of the power amplifier to ‘X’.

DP N Define (set) the position of the X axis to N
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BG X Begin motion of axis "X’

The following code listing is for the slowest acceleration profile, 0.012m/s/s. As mentioned,
the ‘PR’ command specifies the total distance (in encoder counts) for the motor to move. As
shown in the code listing below, ‘PR’ is set to a negative value. The negative value simply
changes the direction of movement and ensures the cart is moved towards the motor itself as
opposed to having the cart move away from the motor (if the value was positive).

#A
NO 75861.80 IS 1 METER

MG CONSTANT ACC 0.012m$/$s$/$s
GN 3

DP 0

PR -75861.80
AC 75861.80
DC 75861.80
SP 75861.80
BGX

EN

.02875
.0575
.45

* X ¥ *
O O O O

The following code listing is for the 0.025m/s/s acceleration profile.

#B
NO 75861.80 IS 1 METER
MG CONSTANT ACC 0.025m$.$s$"-2%

GN 3

DP O

PR -75861.80 * 6

AC 75861.80 * 0.02875
DC 75861.80 * 0.0575
SP 75861.80 * 0.45
BGX

EN

The following code listing is for the 0.05m/s/s acceleration profile.

#C

NO 75861.80 IS 1 METER
MG CONSTANT ACC 0.05m$.$s$"-2$
GN 3

DP O

PR -75861.80 * 6

AC 75861.80 * 0.0575
DC 75861.80 * 0.23

SP 75861.80 * 0.63

BGX

EN
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The following code listing is for the 0.1m/s/s acceleration profile.

#D

NO 75861.80 IS 1 METER
MG CONSTANT ACC 0.1m$.3$s$"-2$
GN 3

DP O

PR -75861.80 * 6

AC 75861.80 * 0.115

DC 75861.80 * 0.23

SP 75861.80 * 0.89

BGX

EN

Finally, the following code listing is for the fastest acceleration profile of 0.2m/s/s.

#E
MG CONSTANT ACC 0.2m$.$s$"-2$
NO 75861.80 IS 1 METER

GN 3

DP 0

PR -75861.80 * 6

AC 75861.80 * 0.23

DC 75861.80 * 0.46

SP 75861.80 * 1.26

BGX

EN
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