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ABSTRACT

Three virtual scenes of decreasing polarity and increasing symmetry -- a furnished room
(FR), an unfurnished symmetric windowed room (SR), and an unfurnished windowless
dotted room (DR) -- were rotated CW or CCW at 30 1.5%/sec about the subject’s
anterior-posterior axis using a Virtual Environment System (VES) prototypical of
equipment that is planned for use in an experiment on human visual orientation on the
1998 “Neurolab” Space Shuttle mission. The system consisted of a DOS based PC (100
MHz Pentium), dual SPEA 1860 Fireboards, and an Eyephone I Head Mounted Display
(HMD). Experiment control software was developed for this project in C, using World
Tool Kit (Sense8 Corp.).

Sixteen subjects viewed the scenes while in erect and supine postures and reported
on their illusions, such as vection (self-motion), self-tilt and visual reorientation illusions
(sudden exchanges in the subjective identity of walls, ceilings, and floors). A subject’s
vection latency (time until vection onset) and saturation (percentage of roll velocity
perceived as self-motion) both demonstrated a sensitivity to scene content but only a slight
dependence on head orientation. On average, subjects reported vection latency 2.1 seconds
sooner for the FR than the DR, but only 0.2 seconds sooner when erect than supine. Head
orientation played a more significant role in whether the subjects felt full 360° vection (full-
tumbling) and the axis of this perceived tumbling. These experiments did confirm
DeSouza’s [1995] observation of more subjects reporting of vertical full tumbling
sensation (VFT) when viewing a rotating furnished room from the erect as opposed to
supine posture, but the effect of posture was not significant for individual subjects.

Subjects frequently experienced visual reorientation illusions as the rooms rotated.
Subjects reoriented to all four surfaces, but the furnished and symmetric rooms had two
preferred orientations (FR's floor and SR's floor or ceiling in lower visual field) which for
9 (57%) subjects triggered reorientations 20-25° earlier, and for the remaining subjects
triggered reorientations at least twice as often. Reorientation behavior was interpreted in
terms of a heuristic model. The frequency of full-tumbling illusions in a gravitationally
vertical plane presumably mainly influenced by the strength of visual cues, and the
frequency of horizontal full-tumbling illusions by the strength of vestibular cues.

Thesis Supervisor: Charles M. Oman, Senior Lecturer, Director of Man Vehicle Lab.
Supported by Grant NAGW 3958 from the National Aeronautics and Space
Administration (MIT OSP 62760).
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1. Introduction

The objective of this thesis was to continue the development of a flexible virtual
environment system (VES) for orientation research, and to use it to study the interaction of
visual, vestibular, and haptic cues to roll orientation. The experimental approach was to
provide conflicting sensory cues to subjects, who were trained to report on their tilt, vection
and reorientation illusions. In order to rapidly design and perform this experiment on a
large number of subjects, versatile and flexible VES experiment control software was
developed. The software has already been adapted and reused in other VES experiments
[11], and is being considered by NASA for use in their space-based VES.

Humans determine their exocentric orientation by combining visual,
vestibular, haptic, and non-vestibular gravireceptic information -- all of which are
egocentrically based. Usually, all these sensory modalities work synergetically to provide a
consistent exocentric position. With the advance of technology, however, humans are being
thrust into environments which require them to make unaccustomed egocentric-to-
exocentric transformations.

One such environment is the microgravity of space, where gravitational
(e.g. vestibular or gravireceptic) cues are nearly absent. Previous research [Oman, 1987]
has shown that astronauts will compensate the lack of vestibular and other gravireceptic
input by becoming more dependent on visual and haptic input. This illustrates the
adaptability -- in spite of sensory conflict -- of human self-orientation determination.

In microgravity, astronauts are able to move around freely, and thus they
view their environment from a variety of different orientations. Astronauts have reported a

variety of striking and labile Visual Reorientation Illusions (VRI) in which “floors”,
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“walls”, and “ceilings” exchanged identities [Oman 1986], [Oman, Lichtenberg, Money,
1986]. These illusions have been known to cause a number of human-factors problems --
including disorientation and space-sickness. As space agencies increase mission lengths,
they will need to expand their study of these illusions. The research herein serves as a
prelude to a 1998 Spacelab (Neurolab) experiment [Oman, Howard, Carpenter-Smith,
1995] proposed to better understand how well the human egocentric-to-exocentric
transformation system will adapt to microgravity.

One does not need to be in microgravity to experience orientation illusions.
On a plane accelerating for take-off, passengers are exposed to approximately 0.3g, and
this acceleration is sensed in the passengers via otolith and/or haptic stimulation. When
passengers looks straight along the fuselage of the plane, their senses may be “telling”
them that they are looking diagonally upward, even though the plane is still horizontal on
the ground. The passengers might look out the window and see that the plane is still flat on
the ground and believe instead that the ground itself is tilted upward. This is an example of
how the human central-nervous-system (HCNS) may misinterpret or be confused by
certain combinations of sensory stimuli.

Researchers have constructed devices whose sole purpose is to confuse the
part of the HCNS that determines orientation. Witkin and Asch [1948] demonstrated that
illusory self-tilt can be induced in erect subjects by tilting a luminous 1 m square 28° to the
left or right in their frontal-plane. Based on their observations of subjects’ adjusting a rod to
the perceived vertical, they concluded that the tilted horizontals and verticals (i.e., the frame)
induced subjects to feel 6° of illusory self-tilt in the same direction of tilt as the frame. This
suggested that frames were used by the CNS to determine exocentric orientation.

Held [1975] and Howard [1988] showed that up to 20° of constant self tilt

can be induced in subjects by exposing them to large displays of dots rotating in their
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frontal-planes. These displays contained only randomly placed dots, therefore the induced
constant tilt must have been due to the movement of purely textural cues. Howard [1988]
explored this further by building a large 9 ft diameter sphere that rotated around the
subjects roll axis. The increase in fraction of the visual field taken up by dotted textures
helped to induce an average self-tilt of 25°, with some subjects reporting up to 90° of self-
tilt.

In building tilted as much as 8° by an earthquake, residents still believed
that the (furnished) rooms inside were upright [Kitaharo and Uno 1967]. This suggested
that familiar objects that tend to have constant positions or orientations with respect to
gravity are used as reference points to determine self-orientation. Concisely stated, a fully
furnished room is visually polarized by the corresponding placement of objects that
provide up-down references.

One of the first ever devices built that demonstrated the combination of
frame, motion, and polarity was a fairground attraction built even before all these papers
were written. The “Haunted Swing” [Wood, 1895] was a large room that rotated about an
axle through the walls of the room. Thrill-seekers sat in a gondola, which swung back and
forth from the axle, and watched as the room rotated around them. Those in the gondola
felt as if the room was stationary while they were rotating. Yet this observation did not
conclusively show that the vestibular system was being overcome by visual cues, because,
even if the observer was moving, his vestibular inputs would not register major changes in
orientation. The centrifugal force acting on an observer would keep his otolith hair cells
aligned with the resultant force acting along the body axis, thus the inversion of the body
would not be registered by the vestibular organs. During the acceleration phase of the
“Haunted Swing” ride, there would be some conflicting signals from the vestibular

system, but it was still not strong enough to overcome the visual signals. A fuller
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explanation was given by Howard and Childerson [1994]. They postulated that the only
way to investigate extent to which visual stimuli could override a full-range of vestibular
input would be to rotate the visual stimuli on or near the axis of visual rotation.

Experiments by Kleint [1937] used a furnished room that rolled 360° about
the subject's visual axis. Some subjects experienced a feeling of complete 360° rotation,
and others felt only an angular oscillation about the visual axis: Since the visual stimuli was
rotating about the visual axis in those experiments, the otolith cues conflicted strongly with
the visual cues. The vestibular system was sensing gravity directed along the body axis, but
the visual system was perceiving a rotation about the subjects posterior-anterior axis. That
subjects felt full-tumbling demonstrated the power that the combination of the three visual
aspects (frame, movement and polarity) have over the non-visual gravireceptic senses.
Unfortunately, Kleint did not present quantitative or comparative data.

Howard and Childerson [1994] and Allison, Zacher and Howard [1995],
conducted experiments with real rotating rooms and classified subjects’ sensations into
four categories: (1) constant tilt, (2) alternating tilt, (3) full (360°) tumbling and (4) supine
response. The new category, supine response, was the illusion of lying supine or in some
plane other than the vertical, and was usually accompanied by a sensation of vection or tilt
depending whether the subject felt completely supine. If subjects felt no illusions at all, they
were classified as type (1), constant 0° tilt. Howard and Childerson used three different
rotating rooms: furnished, dotted walled, and dotted sphere. They found that more subjects
experienced full tumbling in the furnished room than in the other rooms. The combination
of frame, polarity and motion was strong enough to overcome the conflicting otolith cues
in 60% of the subjects. Compare this to the 13% who felt full-tumbling in the dotted-

sphere, which lacked frame and polarity.
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DeSouza [1995] extended Howard and Childerson's [1994] study by using,
instead of a real room, a virtual furnished room generated by a virtual environment system
(VES). He also performed tests on subjects with different head-orientations. He found that
the previous categories were insufficient to classify his subjects’ responses. Subjects were
retrospectively classified with a new set of categories based on descriptions of their
illusions. In the cases where subjects felt no vection or tilt, DeSouza further specified
whether the person felt gravitationally erect or supine. Still, there were several illusions that
did not fit into any of his or his predecessors’ categories. One subject reported constant self
tilt and two reported alternating tilt about the earth vertical axis. DeSouza’s surprising result
was that 75% (9) of his subjects felt full tumbling in an earth vertical plane when they were
erect, but only 33.3% (4) when supine. DeSouza believed that this was because the conflict
between mono-oriented objects (aligned horizontally with respect to gravity) and the
vestibular input (aligned vertically) prevented subjects from feeling full-tumbling in the
supine posture. DeSouza also reported that when subjects were following an object at the
periphery of the display they reported similar sensations as when they were gazing at the
center of the display.

This study takes DeSouza's research a few steps further. In order to contrast
within-subject to between-subject effects, a new experimental design was developed that
increased the number of trials and repetitions of conditions. Not only were more runs-per-
subject performed, but two more scenes were added to provide a richer set of independent -
variables. In this experiment, a different set of categories was used by subjects to describe
their sensations. In addition, the phase and frequency of occurrence of visual reorientation
illusions were systematically examined. The experiment design also let us look for effects
of order and method of reporting. Also, DeSouza used a head-tracker in part of his

experiment, but found it detrimental for sustaining vection in subjects. Since the goal of
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this thesis was to study effect of head-orientation and scene content, not head-tracking, on
roll illusions, the head tracker was not used in this study. Finally, in this experiment, more
time was invested in training subjects.

The next chapter describes the apparatus, and the following two chapters
present the variables (dependent and independent) used in this experiment. In these two
chapters, the choice of variables is explained and a new categorization scheme which was
used by subjects to describe their dominant sensations is outlined. Results and discussion
are provided in Chapter 5, followed by conclusions and suggestions for future research in
Chapter 6. Analyses of Variance (ANOV As) on the collected data are listed in Appendix:
ANOVAs, while Appendix : Experimental Software describes the software used to run the

experiments.
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2. Apparatus

The most important part of the apparatus was undoubtedly the virtual environment
generator. Presented first is the rationale for using a virtual as opposed to real environment,

and second, a description of the VES used in this experiment.

2.1 Why Virtual Environments?

Visual-vestibular interaction experiments have required environments realistic enough to
“fool” subjects. One common technique has been to build a mock-environment and move
it around the subject, but this equipment was generally expensive, required a large amount
of lab space, took a long time to operate, and demanded regular maintenance. Moreover,
large rotating rooms cannot be flown on a space shuttle or space station. This is a niche
ideally suited for a virtual-reality (VR) stimulus device.

A VES provides the researcher with a simulated reality in which to explore
interaction of visual and vestibular perception. It takes up only a single desktop (or less if
its a portable design), and is more adaptable to a variety of experiments. Flexible
experiment control software and rapid prototyping of virtual scenes reduce the time needed
to design complex perceptual experiments. Consider, for example, an experimental design
in which 3 different scenes were cycled for 24 runs, as was done in this research. A VES
can switch between the scenes instantaneously, whereas a physical rotating room, even a
miniature model of one, would take some time to alter. Experiments can be designed and

carried out sooner with the VES, and less time means less cost.
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While money has been a big issue in research, especially with government
down-sizing and reductions in research spending, space has also increasingly become an
issue. While it has often been said that “smaller is better”, this is especially true on the
frontier of space exploration. Compactness has been a primary design requirement for
most space-related experiments. Previous visual-vestibular research in space, such as the
rotating dome experiment, has used relatively small mechanical contraptions. The rotating
dotted dome itself was unalterable, presenting only a spinning dotted surface [Young, et al,
1993]. Proposals for future experiments in space have included deeper studies on the
effects of various visual cues on motion perception, and require a wider range of neural-
stimulus. It has been expected that the Neurolab mission (‘98) will launch with a
sophisticated VES that will provide the capability to explore the effects of more complex
visual stimuli.

While the engineering world continues to improve the finer aspects of VR,
such as haptic stimulation, it has already achieved (and is still achieving) remarkable
success with the visual aspects. Displays are rapidly improving, gaining in clarity,
resolution and field-of-view. Despite the multitude of advances in VR technology,
however, there has not been a significant amount of visual-vestibular research using virtual
environments. While previous experimenters have used large displays [Held, 1975] or
rooms [Kleint, 1937] [Howard and Childerson, 1994] [Allison, Zacher, and Howard,
1995] to study various rolling perceptions, DeSouza [1995] was one of the first to use
virtual rotating rooms to study orientation perception in a conflicting visual-gravitational
field.

One drawback of using computer-generated environment has been the
limited field-of-view of the available head-mounted displays (HMD's). Size of field-of-

view (FOV) has already been linked to the strength and type of roll-illusions reported by
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subjects [Zacher Allison and Howard, 1995]. While the HMD (VPL Eyephone I) used in
DeSouza’s experiments had a horizontal FOV of 90° (60° overlap), which was above
average on the market at the time of its purchase, its vertical FOV was only 58°. When
reporting self-tilt, subjects have traditionally been asked to align a rod with their perceived
angle of tilt. The HMD's rectangular-apertures, however, make questionable the use of
virtual "rods" for subjects to report on tilt. Subjects might be biased toward aligning rods
with the vertical boundary of the visual field. This made it necessary for subjects to
estimate angles verbally. Finally, limited resolutions have hindered the realism of virtual
environments. Since screen-resolution has been important in object-recognition, which has
been associated with roll-illusions [Howard and Childerson, 1994], this technological
constraint effects the ultimate ability of a virtual-environment system to induce roll-

illusions.

2.2 Proposed Virtual Environment System

The virtual environment system (VES) used in this experiment, shown in Figure 2-1 was
the same one used by DeSouza [1995], with the exception of completely rewritten
experiment control-software (see Appendix : Experimental Software on p. 93). The
hardware consisted of a 90 MHz Pentium-based microcomputer with various
enhancements and add-ons. A stereoscopic head-mounted-display (HMD), the VPL
Eyephone, was driven by dual SPEA i860 Fireboard graphics cards. The Fireboards were
used by Sense8™’s WorldToolKit™ (WTK) version 2.0 for DOS. WTK provided an
application programmer’s interface (API) in C for developing virtual-reality applications.
Code was compiled using Metaware’s High C\C++ v3.31. WTK for DOS required a 32
bit DOS-Extender, hence PharLAP’s TNT DOS-Extender was used. The Fireboards

provided two channels of RBG output, which were converted -- using two Harmonics
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Research part CV121A converters -- to the NTSC format that the VPL Eyephone needed.
The right eye video was also routed to a TV allowing one to monitor the experiment.
DeSouza [1995] has provided a complete description of this system, including Eyephone
viewing parameters. The head-tracker was not used in this experiment because it had a

detrimental effect on the frequency and strength of illusions in DeSouza's subjects.

Figure 2-1: The Virtual Environment System

Sense8™ said that the speed and type of the CPU has directly effected the
rate of the rendering process. This was hard to verify since only one computer was
available to operate on. There was, however, a 5% increase in rendering speed when the
compiler was told to make code specifically for Pentiums, as opposed to making
executable that could also be run on a 486 as well. This 5% improvement was probably a
result of the compiler taking advantage of the scheduling optimizations that the Pentium
thrives on. These improvements, however, were limited because WTK’s engine came as
binary libraries, not as C source code. Speed increases from compiler optimizations were

small, since most of the CPU time was taken up by WTK’s rendering engine, and not the
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relatively smaller portion of code that was built around the engine to create operator-
interface.

The three scenes used in this experiment will be described in detail in the
next chapter, but they are briefly discussed here from a simulation perspective. The
furnished room, with around 110 polygons (less than half of these were textured), rendered
at 19.5 frames per second (FPS). The frame rate was not fixed by the WTK engine since it
was free-running. Frame rate, therefore, was very sensitive to the percentage of view that
was covered by textures. The rendering engine slowed to 15 FPS when the dotted room,
with 5 fully textured polygons that cover the entire scene, was simulated.

Since instantaneous frame rate could not be measured accurately,' its
average was used to determine how much to rotate the viewpoint in a given rendering

cycle. To calculate the angle-increment, the following equation was used,

-8
Equation 2-1 46 = pg

where 6 was the desired speed of rotation and FPS was the expected average frame rate in
frames-per-second. Since constant velocity rolling was simulated for this experiment, the
viewpoint was rotated at equal increments for each rendering cycle To obtain the average
FPS for a scene, the room was spun around 4 times and the total number of rendering
cycles was divided by the total amount of time the simulation took. In the next chapter,

average frame-rates are presented with the description of the rooms themselves..

' WTK provided a function "Wtuniverse_framerate ()" that averaged framerate over the last 30
frames, but it did not provide a direct way to determine the time taken up by the last frame, hence
instantaneous frame rate. Furthermore, the computer’s system clock (accessed via DOS system calls)
jumped in ~0.05 second increments. This explained why DeSouza, when trying to average the
furnished-room frame-rate (~20 FPS or ~0.05 seconds per frame) over two cycles, observed some
cycles taking up half as much time has others.
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When a room with unbalanced textures was simulated, however, the frame
rate varied, and the scene slowed down and sped up cyclically. When simulating the virtual
furnished room used in this experiment (shown in Figure 3-1 ), for example, the system’s
instantaneous frame-rate depended on the roll angle of the viewpoint. In general, WTK
slowed down as the number of visible textured surfaces increased. At two orientations in
the furnished room, 90° and -90° from the vertical, the room’s textured ceiling and floor
took up the larger part of the head-mounted display’s screens (recall that the HMD was
wider horizontally than vertically). At these orientations, the rendering process took longer,
and these slowdowns caused artifacts of perceived acceleration that were obstacles to
simulating constant rotation speed. While simulating the furnished room, for example, the
WTK engine varied from 18.5 to 20.5 FPS. For aw,=30°/sec (7t/6 rad/sec) constant rolling
velocity, this translated to a 21.5%/sec (i.e., £5% of average rotation rate) variation in

perceived velocity. If one assumes the virtual scene velocity follows the formula,
Equation 2-2 = @, + P4 50 @, sin(20,?)

which is based on the frame rate varying between 100-p% and 100+p% of the average with
velocity peaks occurring at 180° intervals (hence twice per virtual revolution), then
differentiating this one gets the virtual scene acceleration,

Equation 2-3 » = %Owg cos(2a,t)

Thus, based on a sinusoidally varying frame rate, the maximum virtual
scene acceleration is p@;] /50. In order to prevent the HCNS from detecting a disparity in
visual and vestibular cues, it would be necessary to keep p small enough so that the virtual
scene acceleration is less than the threshold of perceived angular acceleration about a visual

axis. When visual cues are absent, and rotations are applied about the earth vertical, the

HCNS has been able to detect angular accelerations as small as 0.1°/s* [Howard, 1982],
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presumably because of the high sensitivity of the human semicircular canals. For

@,=30°/sec (TU/6 rad/sec), therefore, one would need p < 1/7t (i.¢., less than 0.32%). In

other words, to prevent unwanted virtual acceleration cues, the frame rate variation would
have to be less than 30.32% of its average! This an order of magnitude smaller than the
frame rate variation when simulating the furnished room. Theoretically, however, this
threshold would be higher in the presence of a conflicting visual field, due to the ensuing
confusion in the HCNS. If a subject's vestibular threshold is raised when contradictory
visual cues are present, then she will feel vection in the furnished roorr;, in spite of the
visual acceleration cues that are unconfirmed by the vestibular system. Even if a subject's
visually perceived acceleration is not confirmed by the subjects vestibular senses, she may
still feel vection since the virtual velocity changes are small compared to the simulated

constant velocity (<5%).

Page -22-



3. Independent Variables

Scene content, subject posture, and direction of scene rotation were the three independent
variables chosen to characterize the way the HCNS resolves sensory conflict between the
vestibular and visual senses. In a virtual furnished room, for example, conflict was
generated in the subject when the room’s visual down was not oriented with (1) her

vestibular system’s imposed down, or (2) with her body's axes when she was supine.

3.1 Scenes

This experiment used three scenes of decreasing polarity and increasing symmetry. The
two characteristics were complementary, since adding polarity to a scene necessarily took
away some of its symmetry. Previous research has suggested that type and strength of
illusions reported by subjects were not sensitive subjects’ direction of gaze [Allison, Zacher
and Howard 1994] [DeSouza 1995]. Therefore, subjects were asked not to focus on any
one point of the scene, but instead to take in the whole scene by gazing straight into it.
Scenes were as texture-balanced as possible to minimize virtual acceleration cues. The

mean and range of frame rate variation is given for each room.

3.1.1 Furnished Room

The presence of mono-oriented objects, objects that have a natural "upright" orientation,
have been attributed to an increase in number of subjects feeling full 360° tumbling
[Howard and Childerson, 1994]. Mono-oriented objects must have a readily identifiable
“top” and “bottom”, and the axis between the two must be aligned with gravity in

everyday experience. Since it had many aligned mono-oriented objects, the first scene

Page -23-



(Figure 3-1) was a highly polarized furnished room (FR) that was identical to the one used
by DeSouza[1995]. The room had a table with a computer on it, a door on the right wall, a
bookcase with a leaning book on the far wall, paintings on the far and left walls, a carpeted
floor and a tiled ceiling. All the objects in the room provided down cues, including the
floor, since carpeting of that texture has rarely been found on a ceiling. The FR averaged

19.5 FPS and ranged between 18.5 and 20.5 FPS.

Figure 3-1: Furnished Room (FR).

3.1.2 Symmetric Room

Figure 3-2 shows a room with axi-symmetric windows and matching floor and ceiling
tiling, but without any mono-oriented objects in it. (The windows were not mono-oriented
because they could be rotated 90° and still be considered “upright”.) This scene was the
symmetric room (SR) used in this experiment. The SR was not entirely un-polarized since

its symmetry gave the subject two orientations (0°, 180°) that could be interpreted as
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upright. The room’s residual polarity was hypothetically weaker than that of the FR, since
it had no visually-aligned mono-oriented objects. Once her viewpoint started rolling, the
subject would have had to follow the floor in order to keep track of it. The SR averaged 20

FPS and ranged between 19.5 and 20.5 FPS

Figure 3-2: Symmetric Room (SR).

3.1.3 Dotted Room

When all the walls (including the ceiling and floor) were textured with colored dots
(covering 10-15% of the surface) as shown in Figure 3-3, the room became a dotted room
(DR), which had four room orientations (0°, 90°, 180°, 270°) that could be interpreted as
upright. The DR had little polarity, but, in common with the previous two scenes, it had an

identical frame. The DR averaged 15 FPS and did not exhibit much frame rate variation.
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Figure 3-3: Dotted Room (DR).

The experimental research on non-framed dotted surfaces was quite
extensive. In addition to previously mentioned research, Young, et al [1993] studied the
effects of a rotating dotted dome on astronauts. He found that the dome induced stronger
vection in astronauts in space than it did for astronauts oriented both vertically and
horizontally with respect to gravity on earth. Howard and Childerson [1994] contrasted a
dotted with a furnished room as part of their study on the effect of visual polarity and
frame on body tilt. The furnished room used in our experiments was a virtual replica of the
real rotating room used by Howard and Childerson [1994], but it had slightly different
furnishings. Their dotted room was composed of smaller and variable-sized colored dots.
Their dots were 1.3, 2.6 and 3.5 cm in diameter and covered 18% of the white surface. The
current dotted room had dots 9 cm in diameter that covered 10-15% of the white surface.
The windowed (symmetric) room was unique for this experiment. One other difference in
the visual stimulus was that in this experiment, the rooms were spun at 30°/sec, as

opposed to 15°sec that Howard and Childerson spun their rooms at.
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3.2 Head orientation with respect to gravity

The subject’s posture, or gravitational orientation, was the second independent variable.
Subjects were in an erect or supine posture with respect to gravity by sitting or lying down
on a medical exam bed. These two positions provide different vestibular and haptic

stimulation.

3.2.1 Erect

In the erect, or upright, posture (see Figure 3-4), subjects were free to lean in any one
direction. There were several reasons for this. First, any effects the visual stimulus had on
the body’s closed-loop orientation control system could be observed. Posture-adjustments
implied that the visual stimulus was effecting the body’s perceived orientation. It was also
believed that physically restraining the body’s tilt would compromise the illusion of being
immersed in the virtual environment. Even though sensory conflicts present in the
experiment needed be controlled, unconstrained posture adjustments had be allowed. Even
though those adjustments may have altered the vestibular system’s orientation in gravity, it
still provided observations on a closed-loop control system that included the perception and
interpretation of visual cues. In any case, it would be impractical to control all the sensory
conflicts. The subject, for example, still felt haptic cues on the seat of the pants, and from

the weighty head-mounted display
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Figure 3-4: Subject in the Erect Posture.

3.2.2 Supine

In the supine posture, the subject laid flat on the bed with the viewing axis directed upward
(tolerance was a ~3°) along the gravitational vector (see Figure 3-5), and was unable to
make significant posture corrections. Also, the subjects felt haptic stimulation over a
greater part of backs. In erect posture, subjects felt the bulk of their weight at the seat of
their pants, whereas in the supine posture, their weight is spread out over their entire back.
The supine posture has this advantage: the subjects’ neck muscles no longer supported the

full weight of the head-mounted display.
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Figure 3-5: Subject in the Supine Posture.

3.3 Direction

The last independent variable was direction of rotation. Changing it reduced the subject’s
buildup of expectations due to adaptation or other effects in either direction. No direction
was repeated for more than 2 consecutive runs. This variable should have uncovered any
relationship between the dominant eye, the handedness, and the tendency to feel vection or
reorientations in one direction more than the other. Previous research has shown no bias of
vection for clockwise or anti-clockwise rotation [Howard and Childerson 1994] [Allison,

Zacher and Howard 1995].

3.4 Experiment Schedule

Subijects underwent training on the first day, and the actual experiments were performed on
the second and third days. (See Appendix 9 for detailed description of training regimen.)

On each experiment day, twenty-four combinations of independent variables were
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presented in an order shown in Table 3.1. The sequence was designed to balance out the
effects of presentation order of the scenes, hence no scene appeared twice in a row. The
posture variable, however could be similar twice (only once it appears three times) in a
row. In the table, the independent variables occurred as evenly as possible throughout the

experiment.

3.5 Subjects

The experimental protocol was approved by the MIT COUHES. Subjects were recruited
by advertisement, and all were naive as to the purpose of the experiment. Subjects were not
allowed to participate if they had serious medical conditions that could be aggravated by
becoming motion sick. Subjects were given an information packet and questionnaire (see
Appendix: Recruitment and Training) that they were to read and fill out. The questionnaire
was used to determine the suitability of the subject and to record biographical information
relevant to the study. The experiment design required 16 subjects to participate in the
experiment. Twenty-one people were recruited but 5 of them developed motion sickness
symptoms and chose to withdraw. Eight of the sixteen subjects were male, 3 had
previously had dizzy spells, 8 had experienced motion sickness before, 9 had dominant
right eyes (6 left, 1 even), 12 were right handed, 5 were “cross-wired” -- having dominant
eye and hand on different sides, all but one had normal peripheral vision and depth
perception. 11 subjects have used corrective lenses. The ages ranged from 18 to 54 years,
with a mean of 22.9 years and standard deviation 8.7 years. All of the subjects said they
had normal hearing and balance. Most people who required corrective lenses either wore
contacts or did not wear glasses during the experiment. One subject very near-sighted

subject wore glasses underneath the HMD.
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Run# Scene Posture Direction

1 FR erect CCwW
2 SR supine Ccw
3 DR erect CcCw
4 SR erect Cw
5 DR supine CCW
6 FR supine CCw
7 DR erect Cw
8 FR supine Cw
9 SR supine CCW
10 FR erect CCW
11 SR supine Cw
12 DR supine Ccw
13 SR erect CCwW
14 FR supine Cw
15 DR erect cCw
16 FR erect Ccw
17 DR erect CCwW
18 SR supine Cw
19 DR supine Cw
20 SR erect CCW
21 FR supine Cw
22 SR erect CCW
23 FR erect CCw
24 DR supine Cw

Table 3.1: Schedule of Stimulus
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4. Dependent Variables

This chapter discussed the selection of dependent variables that would best elucidate the
cognitive processes that a person would undergo during this experiment. First, some
principles related to subjective and objective measurements were laid out to guide the
process of the variable selection. The next few sections describe a set of variables that were
used in the experiment, and the last section will laid some groundwork for the

interpretation of subjects’ responses.

4.1 Objective versus subjective measurements

It was desirable to design the least intrusive, yet most flexible reporting system for the
subjects. This involved a consideration of subjective and objective forms of measurements.
When performing experiments on animals, researchers have been limited to objective
forms of measurement by the inability to communicate effectively with their subjects.
When performing experiments on humans, however, researchers were able to make
subjective measurements (which allowed monitoring of subjects’ perceptions). The

objective and subjective measurement processes were diagrammed in Figure 4-1.
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Figure 4-1: Objective and Subjective Measurement Block Diagram.

Both subjective and objective measurements have been suitable for different
perception-related research-goals. In Anderson and Dyre [1989], researchers used objective
measurements to study the frequency response of human sway to optical-flow stimuli.
Their results showed that optical flow excites natural sway according to the optical-flow
frequency. They also showed that excited sway tapers off at higher frequencies. This kind
of result could only be obtained from using explicit objective measurements of sway. One
could not ask the subject “what frequency and magnitude are you swaying at?” and expect
accurate results. Further, the usefulness of the objective measurements depended on an
unconscious transformation of optical-flow (sensory input) into muscle-activity (output)
causing the sway. The sway was a by-product of the body’s internal postural control
system. The subjects in that experiment were not told to sway with the room, but were
unconsciously responding to a change in the perceived environment.

A subject’s perceptions cannot be directly measured by experimenters, thus
they must be reported in some subjective and cognitive way by the subject herself. In many
experiments, for example, researchers have been interested in perceptual effects or events

that have no known manifestation in unconscious physical activity. For example, the onset
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of vection in virtual environment experiments has not persistently produced common
muscle activity in all humans. Also, the intensity, or saturation of vection cannot been
measured without the subject’s cooperation. They inherently must be determined through
some sort subjective report. Researchers have depended on the subjects to consciously give
reliable reports on their vection, and, at the same time, hoped that the act of inspection and
reporting would not distract the subjects, thereby tainting the results.

One cannot always be sure that objective measurements were not in fact
subjective measurements. To a person who is not familiar with natural sway in humans,
the sway in Anderson and Dyre [1989] might have been interpreted as the subjects’
actively trying to maintain their upright orientation in the face of visually-induced
acceleration sensation. Orientation-control was something we have learned to do
unconsciously. Walking on a ramp, most people have automatically slanted themselves so
that they were walking upright. Were the subjects’ natural sway really subconscious or
were subjects completely aware of the posture corrections they were performing? Both
objective and subjective measurement types involved a mapping of senses to action. They
differed in that subjective measurements were more sensitive to the subjects’ cognitive
processes. On the other hand, a subject’s reporting actions could become almost like
reflexes if she was trained long enough.

In any case, the experiments occurred under the assumption that the
subjects were operating in the region where their act of reporting had a minimal effect on
their perceived state. Ideally, the subjects reported their senses accurately and promptly.
Thus, it was desirable to have all subjects reporting with as little cognitive activity and as
much reflex as possible without reducing the validity of their report. It became important,
therefore, for all subjects to undergo symmetric and sufficient training. The regimen that

was used can be found in Appendix 9. It was also important to design the reporting
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methods so that they had the smallest impact on the subject’s accuracy. The next section

describes such a system in detail.

4.2 Reporting of event data

The experiment was divided into runs in which a virtual scene appeared to make 3 full
rotations in 36 seconds. Data were collected during and after a run. The onset of vection,
cessation of vection, and the feeling of being reoriented were events that can occur more
than once in a given run. They were described by the time and angle (of the virtual image)
at which they occur, and the subject pressed a joystick button that caused the data to be
recorded.

After the run, the subjects described the overall sensations they had during
it. Previous research on conflicting visual-vestibular stimuli asked subjects to choose
among pre-defined categories to report what they felt [Howard and Childerson, 1994],
[Allison, Zacher, and Howard 1995] [DeSouza 1995]. This experiment used an improved
categorical approach described below.

Since subjects needed a simple but sure way to specify when an event
occurred, protected against inaccuracies and human error, they required a peripheral device
connected to the computer running the virtual environment. The experimental software

could then accurately record the time and angle at which the event occurred.

4.2.1 Vection and latency

Subjects pressed an index-finger trigger button while they are feeling vection. The software
recorded the pertinent data at the moments the button was pressed down and then released.
The descriptive events for vection were the onset (“drop-in”) and cessation(”drop-out”) of
vection. This ensured that the window of vection is documented. The first drop-in was
called the latency of the vection. It tells how soon after the visual stimuli (virtual rotating
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scene) starts, that it had overcome the cues from the other senses. Latency of linear vection
had been attributed to the absence of an acceleration cue to the body’s gravireceptors at the
onset of scene motion [Dichgans and Brandt, 1978; Henn, et al 1980]. A drop-out was
hypothesized to indicate that the visual input is coming into strong sensory conflict with
other senses or internal state representations. This could happen either because the visual
cues were no long as compelling as they were previously, or because the CNS had

increased its weighting of vestibular or haptic senses.

4.2.2 Reorientations

The illusion of reorientation was also reported using a single-click of the top joystick
button. Reorientations were expected to occur when the scene was oriented such that the
subject begun to reinterpret the surfaces of the room (e.g., wall as a ceiling). In order for
this to have happened, the new interpretation of the surfaces must have been more
compelling than the previous one. Even though subject’s were asked to “look at the whole
scene,” most people are accustomed to watching where they walk (i.e., looking down), or
looking straight ahead. The most common reorientation illusion, therefore, was expected to
be due to the subject believing that the surface closest to their feet was a floor. Thus it may
be useful to speak of a reorientation illusion as a subject’s “reorienting to a new floor”.
Even though it was not known by the experimenter that the new floor was causing the
reorientation, one can still assume, and pilot studies supported this, that the surface lowest
(or approaching the lowest) in the visual field was the becoming a new floor. To analyze all
reorientation events consistently among subjects, the reorientation angles can then be
referenced from the floor.

It was believed that reorientations would be randomly distributed about a

certain mean angle from a reference surface, and that the subjects would reorient sooner for

Page -36-



orientations of the scene that are easily interpreted as upright (i.e., highly polarized
orientations of the scene). A scene orientation was more polarized than others when mono-
oriented objects were aligned with the subject’s head to foot axis. The most polarized
orientation for the FR, for example, occurred when the reference surface was the floor.
Preliminary research showed that nearly all reorientations occurred between
-60° and 30° from the reference surface. All reorientations between -60° and 30° from a
surface, therefore, were initially assigned to that surface. In Figure 4-2, reorientations for
surface n are denoted R, . In a few cases, a subject might have pressed the button so lightly
that it switched back and forth between the on and off state, recording several reorientations
very quickly. A filter removed the surplus button presses by looking at how far apart they
were: if two reorientation occurred within 30° of each other, and they were both on the
same side of a cutoff angle at 0°, then the later one was ignored (Figure 4-2b and c). If the
two reorientations were on opposite sides of the cutoff angle, then the first was counted for
current surface, n, and the second for the next surface, n+/ (Figure 4-2d). This was for the
case in which a subject reorients before the surface reaches the horizontal (0°), and again,
for the next surface, just after the previous surface passes the horizontal (but is less than
30° from it). For the FR, a subject might have reoriented to the wall exactly when just
before 0° but then again for the floor soon after. The software correctly interpreted the
reorientations in this case. If the subject, however, had pushed the button just before 0°
and, inadvertently, again just after 0°, the algorithm would incorrectly assign the accidental
reorientation to the next surface. Fortunately the subjects never did this. After the few runs
in which a subject reported two reorientations close to 0°, the subject was asked which
surfaces she was reorienting too. The implementation of the algorithm can be found in the

functions find_wall () and performstats2_1 () in statmod.c on page 152.
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Reorientation Angle

4.2.3 Single and mixed presentation block design

It was believed to be confusing for the subject to report on both vection (V) and
reorientations (R) in a single run. Therefore, the experiment included both single (V or R)

- and mixed (VRV or RVR) protocols . This design should have found (or ruled out) an
effect of V-runs on R-responses on the same day. Then further research could focus
efficiently on one or the other in a single experimental day. In each design, subjects
underwent one day of training, immediately followed by two consecutive days of
experiments with 24 (plus 3 warm-up) runs on each day. For both days, the order of scene,

posture and direction followed the same factorial design described previously, but single
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and mixed subjects reported on different events at different times. In the pure design,
subjects concentrate on vection (V) events on one day and reorientation (R) events on the
other day. Subjects who focused on vection events on the first and reorientations on the
second day were called VR subjects (vection-reorientation). Subjects who reported on
reorientation events on the first and vection on the second day, were called RV subjects.

Mixed subjects alternated RVR (or VRV) on a single day. To balance the
combinations of the independent variables across the two days, the 24 runs were split into a
9-6-9 set. Subjects therefore reported on vection events for the first 9 runs, reorientation
events for the next 6 runs and vection events (again) for the last 9 runs. The following day,
they reported on reorientation first, then vection and then reorientation again. Hence this
subject was called a VRVRVR or (VR)’ subject, and her complement would be the
RVRVRV or (RV)® subject. Thus there were two presentation orders for each type, single
and mixed. Care was taken to ensure that the subject pool (including gender) was split

equally into single and mixed designs.

4.3 Categorizing of sensations

Previous experiments have relied on the subjects’ categorization of their dominant
sensations [Howard and Childerson 1994], [Allison, Zacher and Howard 1995], [DeSouza
1995]. This constrained the subjects’ responses to a limited pre-determined set. This
situation was analogous to the projection of a 3-dimensional environment on 2-
dimensional plane. While it’s simpler to create a lower dimensional surface (i.e.
photographs as opposed to holographs), the ability to describe accurately what was actually
happening was lost. In DeSouza’s experiments, subjects often described their sensations in
ways that did not fit his pre-set categories. To accommodate this, DeSouza was forced to

reclassify his subjects according to a new set of expanded categories. In this thesis, a new
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framework was suggested for describing the subject’s experience. The main purpose of the
new system was to allow maximum flexibility in the subject’s description of their senses

without making the recording process and eventual statistical analyses unmanageable.

4.3.1 An improved system

Ideally, it was desired to have a reporting system which could classify any possible
sensation, but it also had to be manageable and its data analyzable. A close inspection of the
previously used categories showed that subjects are describing four aspects of their
perceived orientation. Table 4.1 shows a new set of categories that are described below.

Angular vection, the sensation of moving at a angular velocity was the first
mode of motion. The second mode was tilt, and consisted of constant and alternating tilt.
Tilt and vection had to be reported independently, because in preliminary runs, subjects
could (paradoxically) experience limited tilt and vection simultaneously. Choosing vection
and tilt categories separately, subjects could report a richer variety of sensations.

The first two categories, (left-right) vection and tilt, occurred in the subjects
perceived frontal-plane. In several cases subjects reported that their perceived frontal-plane
was at different orientations with respect to gravity. Thus, the third and fourth modes of
motion describes the inclination of the frontal-plane itself with respect to gravity. Subjects
could report whether their frontal-plane seemed horizontal or vertical with respect to
gravity, and they could modify this a little by specifying whether they felt slightly tilted
forward to or backward from the rolling scene. Thus mode 4 was a modifier of mode 3.

In this new design, subjects had more flexibility in characterizing what they
felt. Subjects can combine categories from the four groups to come up with over 36
possible descriptions. Typically, a subject would choose one category from each of the 4

groups, but they did not actually see Table 4.1; instead, they were asked 4 questions after
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every run: “Did you feel vection?”, “Did you feel alternating or constant tilt?”, “Did you
feel vertical or horizontal with respect to gravity?”, and “Did you feel tilt toward or away
from the scene?”. In cases where subjects felt tilt, they were asked for its maximum
magnitude. In order to ensure the categories and modifiers were understood by the
subjects, a mannequin was used to demonstrate them.

To clarify the categorization system, some examples of subjects’ sensations
and how would they report them are presented. A subject who felt like she was rolling
360° around a horizontal axis (full-tumbling) would specify that she felt vection with no
tilt, and that her frontal-plane was vertical. A subject who felt that she was having constant
tilt, and that she was in a supine position with respect to gravity would specify that she felt
no vection, constant tilt, and her frontal-plane was horizontal. A subject who felt that she
was laying down watching the scene above her spin, and that her head was closer to the
scene then her feet might report that she felt no vection, no tilt, and her frontal-plane was
nearly horizontal with a slight forward tilt. A subject who felt like they were floating and
looking down at the scene may have reported that she her frontal-plane was horizontal and
that she was looking down. A subject feeling frontal-plane tilt 45° had several options. If
the subject felt like she was nose-up 45° tilted back from the vertical, she might also report
it as feeling horizontal with 45° tilt up. In this ambiguous case, the subject becomes the tie-

breaker, deciding whether to specify tilt from the vertical or horizontal.
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Rolling Motion in the perceived Inclination of perceived Frontal Plane with
Frontal Plane respect to gravity
1 2 3 4
Vection Alternating tilt Vertical Forward tilt
No vection Constant tilt Horizontal Backward tilt
No tilt No tilt

Table 4.1: A New Paradigm for Reporting Sensations.
The improved system was easy to learn and use, but it was also powerful in its descriptive
ability. There were now 36 possible categories of perceived motion, but not all categories
needed to be explained individually. Subjects only had to learn the four groups describing
perceived motion, each with only 2 or 3 possible categories. The simplicity was critical for
this experiment, since the subjects could only recall a limited number of categories while
trying to focus on their own feelings. It was also advantageous to separate subjects’
sensations into various characteristics of their perception. The various groupings could then
be analyzed independently of one another: how many subjects experienced vection for a

given set of conditions, and how many felt horizontal in another set of conditions?

4.3.2 Subjects' Responses

Subjects were expected to interpret their visual, vestibular and idiotropic cues using an
internal state representation, which had been implicated as part of a large heuristic
mathematical model of the dynamics of space sickness [Oman, 1982]. (The idioptropic
effect was hypothesized by Mittelstaedt [12]: when asked to indicate the vertical, subjects
have a tendency to bias their subjective down so that it is more aligned with their
longitudinal axis.) Subjects, however, depended not only on sensory stimulation, but also

on memories of previous experiences. Encountering strange conflicting stimuli, subjects
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tried to interpret them according to what they had experienced before, or they might even

have discovered new ways to interpret their perceptions (and resolve conflict). In the next

chapter data was presented in terms of this theory, which was depicted in Figure 4-3.
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Figure 4-3: Internal State Representation Model of Sensory Conflict with Past

Experience

If adaptation trends were exhibited in the results, this would support an

internal-state-representation theory that included past experience. If the subjects started to

feel one sensation more often than before, it could mean that their CNS’ had learned a

“new path” to resolve their sensory conflict. Some subjects, for example, may have

discovered a new way of interpreting a scene that minimized the sensory conflict present.

The SR and DR could potentially be interpreted in different ways depending on the

subject’s perceived orientation. This theory would suggest that a subject’s CNS would

continually try to minimize sensory conflict by revising its internal-state-representation of

its body.

At a first glance, one may have believed that viewing the DR when supine

would have elicited different results than viewing it when erect, because vestibular-visual
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interaction was different for each posture. Using the model described recently, however, an
idiotropic-visual interaction, which was present in a supine subject viewing the DR, could
have the same effect as a vestibular-visual interaction in an erect subject. Thus, an idiotropic
down might have mimicked gravitational down under some conditions, and this could
have lessened the sensitivity of the independent variables to posture. If there was little
difference between the erect and supine results for a given subject, it would have meant
either that the subject was insensitive to gravitational cues and was relying more on visual
cues (probably feeling stronger vection or tilt sensations), or that the subject was relying on
her idiotropic down to determine her orientation (subject was probably feeling weak

illusions).

4.3.3 Predicted effects of scene content on orientation.

The dimensions of each room were identical, therefore any difference in a subject’s
responses for the scenes must be due to scene content. Based on Howard and Childerson’s
[1994] results, this research assumed that the strength of vection will depend strong visual
down cues (i.e., polarity) in the scene. In that experiment, more subjects felt complete 360°
tumbling in a furnished room than in a similarly framed dotted room.

It was further believed that the room orientation at which certain illusions
occur will depend on the symmetry of the room. In some strongly symmetric
compartments of the space shuttle, astronauts experienced reorientation-illusions at 180°
intervals. When in these symmetric environments, they sometimes reached the wrong way
for an object usually found in one direction. Many astronauts have tended to carry their
“down” with them, using their head-to-feet vector for orienting themselves to their tasks.
When in an unfamiliar or non-polarized area of the épace-shuttle, astronauts would feel that

the surface nearest to their feet is a floor [Oman, 1987]
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Subjects were expected to exhibit similar behavior with virtual rotating
rooms. Even though the subjects were actually stationary, they would feel reoriented to
various walls, ceilings and floors in the virtual environment as it moved around them.
Subjects in the erect posture might believe the surface closest to their feet is the floor, the
one closest to their head a ceiling, or those closest to their sides walls. A subject in the
supine posture might also feel reorientations because her idiotropic vector is still imposing
a head-to-foot down cue.

A reorientation in a rolling virtual room, therefore, is akin to a sudden
reinterpretation of its surfaces (i.e., wall, ceiling or floor). A reinterpretation might draw on
several senses (e.g., visual and gravireceptic), and thus be influenced by both scene content
and head orientation. When a virtual room rotated, its surfaces spent only a finite amount
of time “under” the subject’s feet. A surface might be reinterpreted as a wall shortly after it
moved off to the side. At that point, the surface moving to the lower part of the visual
display might be reinterpreted as a floor. Before the event, the subject felt as if she was
rolling off the floor to one side, but afterwards, as if she was rolling toward the “new”
floor. In this example, the subject may also have felt an alternating-tilt to accompany the
reorientations.

If and when a subject reorients in a scene might be related to the polarity in
it. The visual polarity of a scene was a property of the scene itself. The polarities of
individual objects combine with the room symmetry to produce a scene polarity which
changes as a function of viewing angle. Even as the subject watches the FR floor roll
around herself, she might still believe it is the real floor, but she might still feel reoriented
when she detects a wall moving underneath her feet. This is because the surface below us,
or lowest in the gravitational field, is usually a floor, and the CNS might interpret the wall

as such. Thus, there was competition occurring the CNS between the recognition that the
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surface is a wall, and the belief that the surface beneath us is usually a floor. As the subject
sees the FR wall moving around their feet (the surface moving away is the floor), then she
might either still believe it is the wall or she might, at some point, reinterpret it as the floor
(thus feeling reoriented). The angle of the surface (from the horizontal) which the subject is
reinterpreting as the floor is called the reorientation angle. The subject’s reorientation to the
FR floor might occur sooner than those for the walls since it is easier to believe (based on
visual polarity cues) that the FR floor is actually the floor. Similarly, the subject might
reorient sooner for the FR ceiling than for its walls, since it is easier fo.r the subject to
believe that the FR wall -- which was previously reinterpreted to be a floor -- is a wall
again.

For the SR, both ceiling and floor (which are identical), are more easily
interpreted as floors than are the SR’s walls, especially since the walls have windows --
which are very rarely found on floors. Again, there is there is also the possibility that,
because of the windows, the subject might not even reorient for the walls of the SR. If
subjects do reorient for the SR’s walls, they would probably wait until the walls are exactly
“beneath their feet”.

In the DR, all surfaces are almost identical. Subjects should not exhibit any
difference in reorientation angle for the surfaces, since each surface is equally believable
(based on visual cues) as a floor, wall or ceiling. The DR -- a room without any polarity --
should serve as a control for the reorientation data. The contrast of reorientation results
between the FR, SR and DR will present, if any, a significant effect of visual polarity on

the occurrence of and/or angles of reorientations.
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4.3.4 Predicted effects of posture on orientation.

The posture variable provided two different types of sensory conflict. The three vectors that
represent the three determinants of orientation -- gravity, vision and idiotropic perception --
and their direction for each posture were depicted in Figure 4-4. These vectors represented
three “votes” that the CNS uses to determine the orientation of the subject. They could
conflict, or they could reinforce one another by being “coherent” in a sensory manner. The
CNS -- the vote-counter -- might even have weighed one vote more heavily than another if
it felt the other senses were providing unusual, strange, or incomplete data. This theory was
consistent with astronauts' increased reliance on visual cues in the absence of strong
gravireceptic cues. A visual-down cue was generally stronger in the presence of greater
scene polarity, such as in the FR. In this experiment the idiotropic-down cue was relatively
constant. Subjects could not see the rest of their body while wearing the HMD, but the
screens rectangular shape can provide a relatively weaker replacement for the head-to-feet
vector. The idiotropic vote might have been weaker because the CNS was not accustomed
to the absence of its body in the visual field.

As shown in the diagram, the visual vector, which represented the direction
of the polarity generated by the virtual room, rotated with the room. The visual vector
might or might not revolve 360°, depending on the scene, subject and her past experience.
For the SR, for example, the visual vector might rotate 180° and then return to the 0°
orientation since the room was visually symmetric about 180°. For the DR, the visual
vector might rotate only up to 90° because of its four-way symmetry. The subject may,
however, keep track of the original floor; in that case, the visual vector would revolve
completely around 360°. The FR has a visual vector oriented strongly toward the floor, but

when this angle gets beyond 90°, in some subjects, the visual vector might flip over and
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point toward the ceiling, albeit more weakly. This is because, when viewing the FR when it
is inverted, subjects may see the FR ceiling as a floor.

The visual vector rolls around a horizontal axis when the subject was erect
and a vertical axis when the subject was supine. The idiotropic vector was along the body
axis, so it was vertical when the subject was erect and horizontal when the subject was
supine. Gravity remains fixed in the vertical direction. In the erect posture, for example, the
subject's vestibular (gravitational) input was aligned with the visual input only at certain
intervals; in the FR, at 0°; in the SR at 0° and 180°; and in the DR it 0°, 90°, 180° and
270”.

\\“Q
\~—

Figure 4-4: Visual, Gravitational, Idiotropic Vectors
A scene’s polarity was measured by the number and potency of the mono-

oriented objects in it. An object’s potency varied with its size and ambiguity. The strength
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of vestibular-visual alignments (coherence) in a room should be weaker if it has less
polarity. By definition, a room that has more ambiguous orientations (such as the DR) has
weaker polarity. Using the "voting" analogy presented previously, one could have said "the
visual vote from a less polarized room was hypothesized to be weighted less than a visual-
vote from a highly polarized room." The FR’s single alignment, therefore, was more
compelling than any alignment in the SR or DR. Nonetheless, viewing a rotating scene
from an erect posture usually caused sensory conflict mixed with moments of coherence.

A supine subject--oriented perpendicular to the gravitational field-- had a
different kind of visual-vestibular interaction. There were no periods of acute sensory
coherence (when all three sensory votes coincided), and the sensory conflict was usually
not as strong since gravity did not have any components in the plane of the visual polarity
and idiotropic vector. With the symmetric scenes (DR and SR), where the visual polarity
was not as strong, it was even hard to convince the subject that she was not horizontal with
respect to gravity. The gravitational vector perceived by the erect-oriented vestibular
system, however, actively conflicted with the rotating scenes visual polarity, except when
the two were precisely aligned. To one in the supine posture, however, the physical gravity
vector was along the line of sight. Since the rotation axis of the virtual scene was then
parallel to gravity, the vestibular input did not actively impose its own polarity onto the
visual scene.

The above discussion assumed that the subject was not imposing a strong
idiotropic “down”, for her doing that would have explained similar behavior in both the
erect and supine postures. To an erect subject, gravity imposed a “down” that corresponds
with the idiotropic vector. When supine, however, the subjects may have imposed their
idiotropic down on their visual input. The rotation axis of the virtual scene was always

perpendicular to the idiotropic vector, therefore the idiotropic vector corroborates the visual
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polarity at least once for the FR (twice for the SR and four times for the DR). These
moments of coherence might have caused a supine subject to feel instantaneously vertical
instead of supine, and could explain why subjects might feel reorientations equally as often
in both the erect and supine postures.

The conflicts and coherence may also have varied from room to room. In
the SR, for example, a subject may feel she was looking up at a skylight, while lying down
on a rotating platform. If the subject was supine while experiencing this, she would have
had near continuous sensory coherence, since all her senses were confirming this. The
illusion of lying down on a rotating platform, a horizontal-plane rotation, was also possible
with the DR, which had no strong mono-oriented objects. Since this scenario has not
commonly experienced by the CNS, it was more readily open to reinterpretation. Yet, with
the FR, the subject was receiving strong visual “down” cues, making it difficult to feel a
horizontal-plane rotation. Thus, various combinations of scene and posture provided a

potential exploration of the way our CNS resolves sensory conflict.
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5. Results

In this chapter, vection, tilt, and reorientation were in reported in separate sections. In the
last section learning effects among subjects were examined. Most of the analyses were
based on the general linear model (GLM) as realized in Systat 5.21 software on a 601-
based Power Macintosh. Data was presented as fitted least-square means (LSM) unless
otherwise noted, and “p” levels were Bonferroni-adjusted t-tested means-comparisons
marked as “p*” to distinguish them from uncorrected values, “p”’s. All F-ratios were
calculated from analyses of variance (ANOV As) tabulated in Appendix B. When the
Wilcoxon Signed Ranks Test (WSRT) was used, all subjects were included. This may not
be apparent from the description of the results, since the WSRT by definition ignores

subjects which do not exhibit any effect.

5.1 Vection

This section describes results related to the sensation of vection. The expanded category
system allowed subjects to report two types of full-tumbling: full-tumbling horizontally
and vertically with respect to gravity. Thus the full-tumbling analysis was broken down
into to parts. Scene did not have the expected significant effect on full-tumbling. The
interactions between scene and posture were more complicated than previously thought.
On the other hand, scene -- but not posture -- significantly affected the reported latency of
vection. Finally, scene content contributed significantly to increased saturation, while

posture did not.
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5.1.1 Full-Tumbling

When an erect subject experienced the illusion of “vertical full tumbling” (VFT), her visual
input was dominating her vestibular cues. She believed she was rolling through 360° about
a horizontal axis (i.e., gravitationally vertical plane) despite the vestibular report that she
was not rotating at all. Unfortunately, the new categorization system provided subjects no
direct way to report the sensation of full-tumbling. Instead, when subjects reported vection
with neither constant-tilt nor alternating-tilt, it was inferred that they were feeling a
continuous rolling without any angular limits, i.e., full-tumbling. In pr;esenting the full-
tumbling results, a distinction was made between horizontal-frontal-plane full-tumbling
(HFT) -- the sensation of full 360° tumbling in a gravitationally horizontal plane -- and
VFT. This was because, while VFT illusions indicated a dominance of the visual input
(i.e., visual polarity over otolith stimulus), HFT illusions represented the HCNS weighting
of the vestibular over visual input.

In DeSouza’s experiment, 9/12 (75%) of the subjects reported feeling VFT
in the furnished room when they were erect, but only 6/16 (33%) of them felt it when
supine.[1995] In the present experiment, but not in DeSouza's, conditions were repeated.
One way to compare the present full-tumbling results with DeSouza's is to look at the
number of subjects in this experiment who felt VFT at least once for the FR. In the present
experiment, 9/16 (56%) felt VFT at least once in the erect position, whereas (38%) did
while supine. From this viewpoint, DeSouza's results were not that different from that of
the current experiment. Based DeSouza's single trial experiment, however, one might
hypothesize that over repeated trials, a subject will feel VFT while viewing the FR more
often when erect than supine. The results of the current experiment, however, which

compared each subject's response in the two different orientations, were not consistent with
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this interpretation. As will be shown, while a given subject viewed the FR they did not feel
VFT more often when erect than supine.

In the present experiment, subjects felt full-tumbling more often when
supine than when erect. Figure 5-1 and Figure 5-2 summarize the subjects’ frequency of
VFT illusions. Three subjects (19%) indicated that they did not feel full-tumbling in any of
their 48 runs, hence they were omitted from these charts. The charts report the number of
subjects indicating full-tumbling a given number of times. Taller columns on the left mean
fewer reports of full-tumbling for a given set of conditions. Taller columns on the right
indicate more frequent reports of full-tumbling. Since there were 8 runs for each of the six
scene and posture combinations, the subject could report up to 8 instances of full-tumbling

for a given combination.
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Figure 5-1: Number of Subjects Feeling VFT “N’’ Times (Erect).

Number of Subjects Feeling Vertical Full
Tumbling N Times (Supine)

EFR (s):
# SR (s);
®DR (s)|

0 1 3 5 7 8

| ENEN BN BN BN
2 4 6
N

Figure 5-2: Number of Subjects Feeling VFT “N”’ Times (Supine).
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When viewing the DR, subjects had a tendency to feel VFT more often
when erect than supine. In the DR, 9 subjects felt VFT more often (only 2 less often) when
erect (the others reported VFT equally often in both postures). By the Wilcoxon Signed
Ranked Test, this was significant (WSRT z = -2.28; p = 0.0221). When subjects were
viewing the FR and SR, their posture did not have a significant effect on their frequencies
of VFT. For the FR, only 5 felt VFT more often (3 less often) when erect (WSRT z = -
0.422; p = 0.673). For the SR, only 5 felt VFT more often (4 less often) when erect
(WSRT z = 0.357; p = 0.729). Note, the three subjects who did not feel full-tumbling in
any run are conveniently ignored by the WSRT. The FR result differed from DeSouza’s.
His subjects felt VFT in the FR more often when erect than supine.

The effect of posture much more dramatic on subjects viewing the DR, a

Number of Subjects Feeling Horizontal Full
Tumbling N Times (Erect)

2
_§ IWFR (e) !
5 '@ SR (e)|
o W DR ()|
*

Figure 5-3: Number of Subjects Feeling HFT “N” Times (Erect).
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stimuli that was devoid of polarity cues. This would be consistent with the hypothesis that
subjects use mono-oriented objects as reference points to determine their own orientation.
For the supine posture, 6 subjects felt VFT more often (1 less often) in the FR than DR
(WSRT z = -1.98; p = 0.048). The DR did not have any visual elements that provided an
“upright” cue to the subject, thus the subject became more dependent on her vestibular
cues in determining her orientation. The FR, however, provided polarity directed
perpendicular to the subjects’ visual axis induced, hence it induced (more often than did the
DR) supine subjects to feel as though their frontal-planes were vertical with respect to
gravity. The FR polarity, therefore, would lessen the effect of posture on the frequency of
VFT illusions. A similar argument can be made for the SR, which did not have mono-
oriented objects, but did have windows, floors, and ceilings, which provided a relatively
weaker, but still present, vertical cue. Thus the residual polarity in the SR masked the effect
of posture on the subjects’ frequency of reporting VFP illusions in that scene.

Subjects exhibited a different trend for HFT illusions. As depicted in Figure
5-3 and Figure 5-4, they reported HFT illusions less often in the erect than supine posture.
This trend was highly significant for each room. For the FR, 10 subjects felt HFT more
often, none less often (the rest as often), in the supine than erect posture (WSRT z = 2.82;
p = 0.005); for the SR, 9 more, 1 less (WSRT z = 2.40; p = 0.016); for the DR, 11 more, 1
less (WSRT z = 2.99; p = 0.0028). This trend was expected since, for subjects in the erect
posture, the combination of “vertical” otolith stimulus and visual polarity (in the case of the
FR and SR) made it difficult for the subjects to feel horizontal, much less HFT. If the
subject were to feel HFT when erect, she would have to discount her vestibular sense, but
when supine, she would not. When the subject was supine, it was much easier for her to
believe that she was feeling HFT since it would nedrly resolve all sensory conflict. If the

subject was feeling HFT when viewing the FR in the supine posture, it meant she was
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discounting the visual polarity that suggested here frontal-plane was gravitationally vertical.
In effect, she would believe that the FR was not a real room, but the image of one. The
subject might also be discounting the reality of the SR, but another possibility was that she
reinterpreted the surfaces to be something else. A few subjects mentioned that, when
viewing the SR in the supine posture, it seemed like they were spinning with a platform on
the floor of a room with a skylight. In this case, conflict was completely resolved. These
subjects reported similar illusions while viewing the DR although less often than for the
SR. Hence, HFT more often VFT illusions represented the resolving of conflict.

In their experiments, Howard and Childerson [1994] found an increase in
subjects reporting VFT in passing from their dotted-room to their furnished room.
Surprisingly, however, the scene content had, in this experiment, no significant effect on

the frequency of reports of VFT. The number of subjects in the erect posture reporting
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Figure 5-4: Number of Subjects Feeling HFT “N” Times (Supine).
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VFT did not significantly increase or decrease from the FR to DR: 4 subjects felt VFT
more often (3 less often) in the FR (WSRT z=-0.34; p = 0.732). In the supine posture,
however, subjects reporting VFT did significantly increase from the DR to FR: 6 subjects
felt VFT illusions more often (only 1 less often) in the FR than DR (WSRT z = -1.98;
p=0.048). Again, the polarity of the FR overcame the vestibular conflict in many subjects.
Between the FR and SR, however there was not a significant difference: 3 felt VFT more
often (1 less often) in the FR (WSRT z =-1.3; p =0.194). Thﬁs, this experiment neither
confirms nor disagrees with Howard and Childerson’s results.

There were several possible explanations for the small effect of scene on the
frequency of full-tumbling illusions. The limited FOV, for example, might have reduced
the impact of the visual stimuli. Previous multiple-scene studies of full-tumbling used real
rotating rooms with unconstrained field-of-view (FOV) [Kleint 1937], [Howard and
Childerson 1994]. In other research, the percentage of subjects reporting full-tumbling
increased 25% going from 90° FOV to an unconstrained FOV. Thus, the 90° FOV used in
the present experiment could have reduced the effectiveness of the visual stimuli, causing
the subjects to feel constant or alternating tilt rather than full-tumbling.

One might be tempted to somehow attribute this result to the multiple trials
used in the present experiment, since single trials had been used for each scene in previous
research. Howard and Childerson [1994] used only one repetition per subject for each
scene. To test whether subjects were more sensitive to scene content in earlier runs, the
subjects’ first and last runs for the FR and DR in the erect posture were compared.
According to Table 3.1, these were run #1 and #3 on the first day and, #17 and #23 on the
second day. The contingency table for these runs (shown in Table 5.2), however, did not
indicate any significant learning effects for subjects; Thus the result cannot be explained by

the increase in number of trials.
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Table 5.2: Full-Tumbling in the First and Last Runs of the FR and DR with

Subject in the Erect Posture ()’ = 0.881; p=0.83).

Full Tumbling | First FR Last FR First DR Last DR
No 11 11 12 14
Yes 5 5 4 2

Since, in this experiment, subjects indicated full-tumbling in ways that
differed from previous research, that may have caused the a different result. Subjects were
not given a direct method to specify full-tumbling. Instead, they decided whether or not
they felt limited tilt (i.e., constant tilt or alternating tilt). That would have indicated that they
did not feel full-tumbling. If, on the contrary, subjects reported no limiting tilt,
accompanied by a sensation of vection, that was taken to be a report of full-tumbling. This
difference might have made full-tumbling less sensitive to scene content, and more
sensitive to the same variables that effected tilt. Training subjects to be aware of and report
reorientation illusions may have made them more sensitive to the sensation of tilt, hence
they might have reported tilt more often than subjects who would not have been trained to
report on reorientation illusions. This could have greatly reduced the frequency of full-
tumbling in subjects and made it difficult to see any significant effect of scene and posture
on it.

To conclude the analysis, all instances of HFT and VFT illusions were
combined into one “overall” full-tumbling illusion. In the furnished room, 12 subjects felt -
full tumbling more often (only 1, less often) in the supine than erect posture (WSRT
z=2.99; p=0.0028). Similar results were observed for each scene: in the symmetric room,
12 of 12 felt full tumbling more often in the supine posture (WSRT z=3.08; p=0.0021); in

the dotted room 12 of 13 (WSRT z=3.02; p=0.0025). Overall, there were nearly twice as
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many reports of full-tumbling in the supine as in the erect posture. This followed a trend
noticed by Young[1975] that subjects’ visually induced self motion increased as their

heads were tilted away from the vertical axis.

5.1.2 Latency of Vection

The apparent rolling of objects, that are usually stationary, provokes vection. A scene with
more mono-oriented objects should therefore have provided more opportunities for
inducing vection, and thus produce shorter average latencies. As shown in Table 5.3, the
scene’s content did have a significant effect on latency (F(2,351)=149.3 p=0.0003).
Subjects had shorter latencies in the FR (p* = 0.0004) and SR (p* = 0.0059) than they did
in the DR. Subjects had slightly shorter latencies for the FR than the SR, but this was not
significant (p* = 1.0). Supine latencies were slightly--but not significantly (p* = 0.59) --
longer than erect.

Table 5.3 Fitted LSM Vection Latency Averaged Across Subjects

Posture Furnished Symmetric | Dotted Room | Combined
Room Room

Erect 7.12s 7.36s 9.15s 7.88 s

Supine 724 s 7.76 s 9.33s 8.11s

Combined 7.18 s 7.56s 9.24s 7.99 s

The weak effect of posture on vection latencies suggested that latency was
driven by scene content, rather than the subject’s posture. This result suggested, but did not
conclusively prove, that the presence of mono-oriented objects induces vection sooner.
Subject’s CNS may have been discounting its vestibular information sooner because it

conflicted with strong visual cues that advertised self-motion. Returning to the voting
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analogy, one could say that, when viewing the strong visual stimuli, the CNS did not lend
credence to the vestibular system’s input.

It was surprising that the subjects’ latencies for the DR were significantly
longer than those for the SR, even though the SR did not have any mono-oriented objects.
One subject noted that her vection was strongest when she was looking at the tiled surfaces
of the floor and ceiling in the SR (and the ceiling in the FR). This suggested that, in
addition to polarity, the CNS used frame and spatial frequency of the visual stimulus to
determine when they began self-motion. That the FR latency was not much shorter than the
SR latency suggested that scene polarity might not have effected latency as much as the

other scene characteristics. The latency relationship could be written as

Equation 5-1 T,

wency = Ty = P(6) = F(8) - £(6)
T, is a maximum latency corresponding to the weakest possible visual stimulus. P, F, and
f, are respectively the polarity, frame and spatial-frequency effects on latency. Since roll
velocity might effect latency, it was included as a parameter in Equation 5-1.

There was significant amount of latency variation between subjects
(F(15,351) = 14.05; p<0.0001). Figure 5-5 plots the subjects’ mean latencies with error
bars (using the standard deviation of the mean). The large variation between subjects

suggested that each subject had a characteristic P, F, f, and T,. Future research should

explore this possible relationship.
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5.1.3 Saturation of Vection
Saturation was defined as the percentage of the scene’s velocity of roll that was perceived
as self-motion. The average saturation was expected to increase with the number of mono-
oriented objects in the scene, i.e., the average vection saturation should decrease from FR to
SR to DR (SAT > SATg:> SAT,,). This followed the assumption that the apparent
rolling of (usually stationary) mono-oriented objects, helped convince the subjects that
they, and not the scene, were moving.

The results (Table 5.4) supported this theory. Scene had a significant effect

on saturation (F(2,746)=35.8; p<0.0001). The FR induced significantly higher average
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saturation than those of both the SR (p* = 0.0093) and DR (p*<0.0001). The SR also

induced higher saturation than did the DR (p*<0.0001).

Table 5.4: Reported Vection Saturation (%) by Room and Posture

Furnished Symmetric | Dotted Room | Combined
Room Room
Erect 45.3% 42.7% 34.5% 40.1%
Supine 49.1% 43.1% 35.6% 42.6%
Overall 47.2% 42.9% 35.1% 41.7%

While it was expected subjects would report higher saturation in the supine
than in the erect position, posture was not a significant main effect (F(1,746)=2.22;
p=0.1365). When exposed to contradictory sensory information, subjects may (as
suggested) have given greater weight to visual cues than to their haptic and vestibular cues.
This would increase the effect of the scenes’ visual content, and reduce the effect of the
subjects’ posture.

The idiotropic down may also have reduced the effect of posture on
saturation. While supine, the subjects might have been weighting their idiotropic vector
more than their visual and vestibular cues. Thus the idiotropic cue might have taken the
place of gravity, and maintained a similar level of conflict that was present in the erect
subject. Since full-tumbling was effected by posture, it must have been more dependent
than vection saturation on actual gravireceptor cues (as opposed to idiotropic cues).

During the vection blocks, subjects are concentrating more on it than on
reorientation, and may be inducing stronger vection, and therefore, higher reported
saturation. Indeed, (Table 5.5) block had a significant, although not very dramatic, effect on

saturation (F(1,746)=8.5; p=0.0037).
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Table 5.5: Vection Saturation by Block

"V-Block .
— 44.2%

39.3%

As with full-tumbling, variation between subjects was large (F(15,746) =
41.33; p<0.0001). Figure 5-6 plotted the subjects’ mean latencies with error bars (using the
standard deviation of the mean). This plot suggested that subjects had characteristic
saturation functions, just as they did for latency. Although subjects may have varied
significantly in their mean saturation, they still followed the trends related to scene and

posture mentioned earlier.
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Figure 5-6: Mean Saturation for Each Subject with Standard Error Bars
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5.2 Reorientations

Reorientation angles were specified by citing the angle to the horizontal made by the
relevant surface of the scene (i.e., the surface that the reorientation was assigned to using
algorithm described in section 4.2.2). Each scene had 4 surfaces because they shared a
common frame. The surfaces are numbered O to 3, with (0,1,2,3) representing (original

“floor”, first wall, original ceiling, second wall to appear under foot)’ as in Figure 5-7.

5N R

3 1 1 % 3

0 0

Figure 5-7: Coding of Surfaces in a Room Depends on Rotation Direction
A reorientation angle of 0° indicated that it occurred when the relevant
surface was exactly horizontal and beneath the subjects feet. Negative angles indicated a

reorientation before (positive angles after) the surface reached this position (Figure 5-8).

- NN

6<0 6=0 6>0

Figure 5-8: Reorientation Angle (6) and Surface of
Reorientation (darker line)

2 Note that for the DR surface 0 = 1 =2 = 3, for the SR 0 = 2, and 1=3, but for the FR, 0£1#2+3. For
the SR and DR, both rotation directions provide identical stimuli, but for the FR, CCW provides a
different stimuli than CW, since for CW, the left wall is surface 3, but for CCW the left wall is
surface 0.
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5.2.1 Polarization effects: Early and On-Time Classification

Since reorientations were expected to occur earlier for highly polarized orientations of the
scene (Section 4.2.2), mean reorientation angle was expected to be more negative for these
surfaces. Specifically, mean reorientation angles were expected to be more negative when
the FR’s floor and the SR’s floor and ceiling were subjective floors (reference surfaces).
Only subjects who had very negative mean reorientation angles when the FR floor was a
reference surface exhibited this expected behavior. The others, while not showing
significant sensitivity of reorientation angle to the orientation of the scene, did exhibit a
significant sensitivity of reorientation frequency to the orientation of the scene.

Two patterns of behavior in the reporting of reorientations were recognized.
Subjects were classified into two subgroups, based on their average reorientation angle for
the floor of the FR (Figure 5-9). The FR floor was chosen because all subjects had at least
5 reorientations for it, and also because it theoretically corresponded to the most polarized
scene and orientation in the experiment. Subjects were classified as (early, on-time) if their
mean angle of reorientation for the FR floor was (less than, greater than) -22.5°. This angle
was chosen because the Figure 5-9 seemed to suggest two distinct response groups, and -
22.5° was the value which best split the groups. Subject 1, for example, had 14
reorientations for the FR floor, averaging 8.13°, and was classified as on-time. Subject 3
had 24 reorientations for the FR floor, averaging -32.7°, and was classified as early. Nine
subjects were classified as early and seven as on-time. Even though the subjects’ mean
reorientation angles for the FR floor fell clearly on one side of -22.5°, their standard errors
of the means may have overlapped. In the ensuing discussion, subjects are called early or
on-time based the criteria explained above. Subjects who have been classified as early
might have exhibited on-time behavior for surfaces.other than the FR floor (e.g., the FR
ceiling.
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Figure 5-9: Determination of Early or On-Time Behavior.

Figure 5-10 through Figure 5-12 reveal that a subject’s early or on-time
behavior was consistent for the floors and ceilings of the FR and SR. The figures show that
early subjects -- subjects who reoriented early (i.e. mean less than -22.5°) for the FR floor -
- also reoriented early for the FR ceiling. These subjects reoriented early for the floor and
ceiling of the SR as well. Despite this, early subjects tended to exhibit mixed early and on-
time behavior for the walls of the FR and SR. For the walls, some subjects continued to
reorient early, but others on-time. In some cases a subject had only one or no reorientation
for a given surface of a room, and was excluded from the corresponding plot. The two

reorientation patterns are summarized in Table 5.6 and Table 5.7.
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Figure 5-11: Symmetric Room: Early and

On-Time Mean Reorientation Angles.

Page -69-



Number of Subjects

Distribution of Mean Reorientation Angle for DR Surfaces

"early" "on-time"
[ 4 % 3
- % g Surface 0 ’
L R
2 / %
1 %’ %
90 60 3 0 30 90 60 30 0 30
[ 3 7% Surface 1 [3
| % |
2 z Z 2
! A .
1 7 % / % 1 727
90 60 -30 0 30 90 60 30 0 30
Surface2 |3
2 74747 -
. i
o !
i
90 60 30 0 30 %0 60 30 0 30
[ 4 % Surface 3 [3
) Z i
. /
| / =
90 60 -30 0 30 90 60 30 0 30
Mean Reorientation Angle

Figure 5-12: Dotted Room: Early and

On-Time Mean Reorientation Angles.
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Table 5.6: Patterns Within Early and On-Time Reorientation

Reporting.
Scene Early (A)) On-Time (B,
Furnished Room A =A,<A =A, B,=B,=B,=B,
Symmetric Room Ay=A,<A =A, B,=B,=B,=B,
Dotted Room Ay=A,=A =A, B,~B,=B,=~B,
Number of Subjects 9 7

Table 5.7: Patterns Between Early and On-Time Reorientation
Reportini(A, ,B;).

Furnished Room A,=A,>B,=B, ;
A,=A,>B, =B,

Symmetric Room | A;=A,>B;=B, ;
A;~A;2B,~B,

Dotted Room A,=A,2B =B, ;
A;=A;2B,=B,

Although early subjects reoriented earlier in the FR and SR when the
subjective floor (reference surface) was either a floor or ceiling than when it was a wall,
they reoriented at similar angles for all four DR surfaces. The SR and DR result was to be
expected, but it was odd that early subjects also reoriented early when the FR ceiling was a
subjective floor. The dotted room did not have one particular orientation which seemed
more believably upright than the others. Two orientations of the SR were more believably
upright than the others (when the identical floor and ceiling were below and above the .
center of the visual field), and it was these scene-orientations that the “‘early” subjects
reoriented earlier for. Yet the FR arguably had only one “upright” orientation due to the
large number of aligned mono-oriented objects in it. Despite this, early subjects reoriented
almost as early when the subjective floor was the céiling than when it was the floor. Early

subjects may have become used to believing that the FR ceiling was a floor because the SR
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floors were identical to it, hence they would reorient just as early when the FR was inverted
than when it was upright in the visual field.

It was also possible that these subjects may have used the “walls” to
reference their orientations from. A “competing-walls” model , where the two pairs of
parallel surfaces compete to “become” walls, could explain the observed behavior of the
early-subjects. As these subjects observed the scenes’ real walls approaching their
appropriate positions (on the side of the visual frame), they would reorient sooner than
when the floors and ceilings were approaching the same positions. This was because the
walls of the FR and SR were more “believably” walls. Note that each surface in the DR
was identical, hence the competing-walls model would predict that subjects would reorient
at identical angles from all reference surfaces. Yet it was still possible that reorientations are
“floor” driven. A “competing-floor” model, where the two surfaces lowest in the visual
frame compete to “become” a floor could explain the observed behavior of the early
subjects. The competing-floor model would clearly predict that the real floor would induce
reorientations sooner than a wall as it moved toward the subjects feet. Also, since they may
have felt the wall was disturbing as a subjective floor, early subjects may have tried to
reorient as soon as possible after the wall moved out from under the their feet. This could
explain why the inverted FR (with the ceiling as a subjective floor) still induced early
reorientations from early-subjects. It should be noted that we cannot know whether the
subjects in this experiment were attending to the floors or the walls, and so we cannot
distinguish between a "competing floors" model and a "competing walls" model on the
basis of the present experimental results.

A “competing-ceiling” model might explain why subjects would reorient
sooner when the real ceiling approached its appropriate position, but it would not explain

why this happened for the floor as well (as it did for the FR and SR). A “competing-
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frame” model -- where all the surfaces compete simultaneously to become a floor-ceiling-
walls set -- might have some credibility in explaining the observed behavior in early
subjects, but it was more likely that subjects followed a competing-floor or competing-
walls strategy (or maybe even a mixture of the two). Consider that many people, when
sitting or walking upright, pay no attention the ceiling of a room, but instead, they regard
the walls and floor. They watch floor sometimes because they have to watch where they
are stepping. When they are not watching their step, they are probably looking straight,
where the walls are in plain sight.

On-time subjects, however, did not exhibit much difference in mean
reorientation angle between any particular upright orientation of a room. This implied that
the early subjects were more actively seeking out particularly strongly polarized
orientations of the scene to reorient to, whereas the on-time subjects were more passively
reorienting, waiting until the scene was almost exactly “upright” before feeling reoriented.

Table 5.8 summarizes the range of mean reorientation angles for each
reference surface for early and on-time subjects. It lumps the mean reorientations to walls
of the FR and SR into one set, and to floors and ceilings of the FR and SR in another.
Mean reorientations to surfaces of the DR are lumped into a third set since they were very
similar. For the FR and SR, early subjects’ mean reorientation angles for the walls had a
much larger range than for the floors and ceilings. For on-time subjects, the mean
reorientation angles for the FR and SR floors and ceilings were offset approximately 10°
earlier than for the walls’. Individual subject means for all surfaces of each scene are
plotted with their standard errors in Figure 5-13 and Figure 5-14 for early subjects, and in
Figure 5-15 and Figure 5-16 for on-time subjects. Each point represents one subject’s
mean reorientation angle for a reference surface in the respective scene, with a different

symbol used for each subject. In Figure 5-13, for example, there are four pentagons, each
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representing one subject’s mean reorientation angle when the reference surface was the FR

or SR floor or ceiling.

Table 5.8: Range of Mean Reorientation Angle for Early and On-Time Subjects.

FR and SR Walls FR and SR Floors and All surfaces in DR
Ceilings
# Subjects 9 of 9 (36 means) 9 of 9 (36 means) 8 of 9 (32 means)
reon'enting (#12 did not reorient for any
(who didn’t) surface.)
Minimum | Maximum | Minimum | Maximum | Minimum | Maximum
Early -55.4° 26.6° -61.2° -21.3° -44.5° -22.8°
# Subjects 6 of 7 (18 means) 7 of 7 (26 means) 6 of 7 (24 means)
reorienting (#4 did not reorient for any (#4 did not reorient to SR (#4 did not reorient for any
(who didn’t) walls. #1 did not reorient to floor and FR ceiling.) surface.)
SR walls. #2, #11 reoriented
for one wall in SR and FR.)
Minimum | Maximum | Minimum | Maximum | Minimum | Maximum
On Time -19.5° 23.2° -32.7° 12.3° -14.9° 13.0°
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Figure 5-13: Early Subjects’ Mean Reorientation Angles for the Floors and Ceilings
of FR and SR.
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Figure 5-14: Early Subjects’ Mean Reorientation Angles for the Walls of the FR and
SR.
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Figure 5-15: On-Time Subjects’ Mean Reorientation Angles for the Floors and

Ceilings of FR and SR.
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Figure 5-16: On-Time Subjects’ Mean Reorientation Angles for the Walls of FR
and SR.

Table 5.8 also presents an account of subjects who did not reorient for
certain surfaces. One on-time subject (#4) did not reorient for any surface except for the FR
floor and SR ceiling. Another on-time subject (#1), did not reorient to any walls of the SR.
Two on-time subjects (#2 and #11) reoriented only a few times on various walls of the SR
and FR, but many times for the surfaces of the DR. The early subjects had reorientations
for every surface of the FR, SR, and DR (except for #12 who did not reorient for any
surface of the DR).

ANOV As of reorientation angle were performed separately for each
subgroup. The most salient difference was that early subjects’ reorientation angles
(F(3,1811) = 108.05; p<0.0001) were more sensitive to surface than on-time subjects

(F(3,971) = 1.84; p=0.1388). This was consistent with the previously mentioned result that
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early-subjects were reorienting earlier for floors and ceilings than for walls, whereas on-
time subjects were not reorienting at significantly different angles for surfaces in room.

Although on-time subjects’ reorientation angles were not sensitive to
surface, their frequency of reorientations was. An ANOVA done on frequency of
reorientations for a given scene and surface showed that subgroup (i.e., early and on-time)
was a significant main effect on reorientation frequency (F(1,168) = 20.3; p<0.0001), and
that subgroup * surface was a significant cross effect (F(3,168) = 4.12; p=0.0075). Table
5.9 lists this ANOVA’s fitted LSM frequencies of reorientation for each subgroup. For
each scene, on-time and early LSM reorientation frequencies are given by surface. On-time
subjects reoriented, on average, more than twice as often for the FR and SR’s floors and
ceilings than walls, but for the dotted rooms, they reoriented equally as often for all
surfaces.

On-time and early subjects reacted to polarity cues in different ways. The
(early-subjects, on-time subjects) were reorienting (earlier, more frequently) for polarized
than non-polarized surfaces. This explained why early-subjects were not significantly
sensitive to scene (F(2,1811) = 0.6151; p=0.54), but on-time subjects were (F(2,971) =
14.5; p<0.0001). As shown in Table 5.10, on-time subjects reoriented more frequently
when the subjective floors were floors and ceilings of the FR and SR, hence their mean
reorientation angles for the FR and SR were influenced more by the highly polarized
orientations of the room than by the non-polarized. The early-subjects, on the other hand,
reoriented equally as often for walls, ceilings and floors, hence their mean scene
reorientation angles for the FR and SR were equally influenced by polarized and non-
polarized orientations. This made on-time subjects’ mean reorientation angles for a scene

more sensitive to polarity.

‘Page -79-



Table 5.10 through Table 5.13 lists the by-scene-and-surface fitted LSM

reorientation angles which were calculated for the ANOV As. For on-time subjects, the

mean reorientation angles (including all surfaces) for the furnished (p* = 0.0035) and

symmetric (p*<0.0001) rooms were significantly different from the dotted room. This

supported the previous paragraph’s explanation that the on-time subjects’ more frequent

reorientations for the FR and SR’s floor and ceiling were making their FR and SR mean

reorientation angles more negative.

Table 5.9: Fitted LSM of Frequency Reorientations per Reference Surface

(out of 24 passes).

Scene Subgroup | Surface O | Surface 1 | Surface 2 | Surface 3 |
Furnished Early 18.4 17.6 16.2 17.1

Room On-time 19.0 6.7 12.7 6.9
Symmetric Early 14.6 16.8 14.1 17.7

Room On-time 16.6 6.6 16.6 73

Dotted Early 17.2 17.8 17.0 194

Room On-time 133 113 124 12.6

Table 5.10: Fitted LSM Reorientation Angle by Subgroup and Scene

(All Scenes).

On-Time

0.3°
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Table 5.11: Fitted LSM Reorient Angle for Furnished Room

Surfaces.

On-Time

Combined

Table 5.12: Fitted LSM Reorient Angle for Symmetric Room Surfaces.

Early -40.1° -12.8° -38.6° -15.0°
On-Time -10.6° -4.0° -10.1° -3.8°
Combined -26.0° -4.3° -25.0° -6.0°

Table 5.13: Fitted LSM Reorient Angle for Dotted Room Surfaces.

Subgroup ~ [Walll (0) [Wal2(1) [Wall3(2) [Wald(3) |
By | 274 |36 |27 |21
On-Time 09° 12 0.0° T0°
Combined | -14.7° 17 16.0° 122°

Since on-time subjects reoriented roughly 2/3 as often as the early-subjects,
they might have been feeling full-tumbling more often. Indeed, the three subjects who did
not feel full tumbling in any of their runs were early subjects. The average frequency of
horizontal full-tumbling (HFT) among the on-time subjects was 11.6 and among the early
subjects 7.4. Interestingly, the frequency of vertical full-tumbling (VFT) was slightly
greater for early subjects (7.8) than for on-time subjects (6.6). Overall, however, on-time
subjects experienced vection without any tilt (i.e., full-tumbling in either vertical or

horizontal planes) in, on average, in 8 more runs than early subjects
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5.2.2 Posture and Perceived Frontal Plane Effects

Since early and on-time subjects were behaving differently with respect to polarity, it was
natural to believe they would respond differently to other independent variables. While
posture was a significant main effect on early-subjects’ reorientation angles (F(1,1811) =
5.01; p=0.0253), it had no effect on those of the on-time subjects’ (F(1,971) = 0.089;
p=0.92). Early subjects reoriented on average 2.9° sooner (p* = 0.0253) when erect than
supine.

While posture had no significant effect on on-time subjects’ reorientation
angle, it may have indirectly influenced their reorientations through the perceived frontal-
plane orientation. Some on-time subjects, when they were supine and felt gravitationally
horizontal, tended to feel reorientations only when a surface was exactly horizontal below
them. They momentarily felt vertical but then reported a return to a horizontal plane of
perceived motion. It’s possible that subjects did not feel reoriented until the surface was
just “beneath” them because they were not expecting a reorientation while they felt
horizontal. Unfortunately, this alternating vertical-horizontal sensation was not recorded
accurately, which precludes any extended analysis. It seems, however, a reorientation
during perceived horizontal-plane rotation will, in at least some subjects, bring a sudden

sensation of being vertical with respect to gravity.

5.3 Tilt Illusions

The model outlined at the end of the previous chapter accounts for tilt in several ways. A
constant physical tilt will obviously send a “tilt” message to the CNS. When in the erect
posture, a subject might actually tilt in order to correct the virtual tilt simulated visually by
the virtual room. In that case, the subject would repért a illusory tilt in the direction that she

actually tilted. In fact, 12 (75%) subjects exhibited physical tilt from postural-adjustments
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in at least 5 (21%) the runs in which they were in the erect posture. Not surprisingly, when
subjects in the erect posture made postural adjustments, 90% of the time they would report
some form of tilt sensation, nearly always corresponding to the posture adjustments they
actually made. For runs in which subjects in the erect posture did not exhibit postural
adjustments (real tilt) they reported illusory tilt, on average, only 60% of the time.
Eventually, the experimenter was able to predict what kind and magnitude of tilt subjects
were feeling just by watching them move in the erect position.

When subjects maintained a steady physical tilt, they tended to report
constant tilt, but when they oscillated they often reported alternating tilt. Several subjects
would tilt their heads slightly forward (probably due to neck fatigue), and later report they
felt they were “looking down” at the scene. Often, the subjects’ oscillation would coincide
with the passing of a floor underneath, as if they were trying to orient themselves so that
their feet were pointed to the “current floor” (see Figure 5-17). Two subjects exhibited
extreme posture adjustments to counteract the rolling visual field, oscillating 10° about the
vertical. It was not a surprise that these subjects tended to report alternating-tilt during these
episodes.

Not all the tilt sensations could be attributed solely to automatic postural-

> //:* N
]

A B C

Figure 5-17: Subject Making Postural Adjustments During the Passage of a

Surface.
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adjustments. The supine posture constrained most of the postural adjustments, but twelve
(75%) subjects still reported at least S instances of tilt when they were supine (out of 24
runs). Despite the fact that most of the subjects were able to feel tilt while supine, most of
the instances of tilt sensation occurred in subjects in the erect posture. Subjects experienced
tilt sensations while supine less frequently (45.1% of all supine runs across subjects) than
when erect (74.7% of all erect runs across subjects). All subjects felt tilt more often in the
erect posture, except for one, who felt tilt equally as often in both postures. These results
suggest its easier to induce a tilt sensation in subjects who are erect.

While these previously mentioned thirteen subjects were supine, eight
tended to feel constant tilt more frequently than alternating tilt, two feit both constant and
alternating tilt equally often , and three tended to feel alternating tilt. This ratio of supine tilt
tendencies (constant-tilt: both: alternating tilt = 8:2:3) was not much different from the
overall (both postures) tilt tendencies (9:4:3). This suggests that subjects’ assumption of
the supine posture does not radically alter the type of tilt they feel. Instead, it evenly
diminishes the frequency with which they feel any kind of tilt. One of the two subjects who
exhibited extreme postural-adjustments and felt alternating-tilt most of the time she was

upright, also felt alternating-tilt when she was supine.

5.4 Perceived Frontal Plane Orientation

Subject’s sensations (i.e., full tumbling) could be classified as either vertical or horizontal.
The subjects’ haptic, vestibular, and gravireceptic senses were believed to play an important
role in inducing vertical-frontal-plane illusions (VFPI) -- the sensation of being in a plane
that is vertical with gravity. A subject had a VFPI whenever she specified a “vertical” (with
or without forward or backward tilt) as the dominaﬁt frontal-plane orientation for the run,

even if the subject did not report any other illusions (i.e., vertical with no vection and tilt).
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The following stimuli should induce VFPI in subjects: strong gravitational or haptic down
cues directed along the subjects’ idiotropic vector, or the rolling of visually mono-oriented
objects in a plane perpendicular to the subjects’ visual axis. In this experiment, the
probability of a subject having a VFPI was more sensitive to her vestibular and/or haptic
than visual cues

Four types of VFPI behavior were noted among subjects (See Figure 5-18
and Figure 5-19). The first group (1,2,3,9,12,14) tended to have VFPI’s every time they
were erect, and never when they were supine. Hence, with respect to ml’s, this group
was highly sensitive to posture, but highly insensitive to scene content. The second group
(10,11) exhibited the opposite of this. They exhibited a slight sensitivity to scene content
and a relative insensitivity to posture. The third group (4,6,7,8,13,16) exhibited a mixture
of both posture and scene sensitivity. The fourth group consisted subjects 5 and 15, who
reported no VFPI’s, feeling horizontal-frontal-plane illusions for every run. Thus, with
respect to VFPI’s, the fourth group exhibited no sensitivity to either posture or scene
content. The reader must be reminded, however, that several of the subjects also reported
brief moments in which they felt an instantaneous VFPI during a run, usually when they
were having a reorientation (this result was anecdotal, so it was not clear whether this
behavior was unique to any group). Thus, while a subject might be reporting a dominant
horizontal-frontal-plane orientation, she might feel brief moments of VFPI due to the

strong visual cues that caused the reorientation.
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Frequency of VFPI per Subject in Erect Posture
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Figure 5-18: Frequency of VFP per Subject (Erect).
Frequency of VFPI per Subject in Supine Posture
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Figure 5-19: Frequency of VFP per Subject (Supine).

The most significant effect on perceived plane of rotation was, not
surprisingly, posture. Only one subject ever felt vertical more often in the supine than erect
posture. Table 5.14 lists the number of subjects reporting differences in frequency of VFPI
between the two postures. By the WSRT, subjects reported significantly more frequent
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VFPT’s in the erect than supine posture for the FR (WSRT z =-3.11; p = 0.0018), SR
(WSRT z = -2.9; p = 0.0037), and DR (WSRT z = -3.3; p = 0.0009). This was expected,
and it suggested that it was harder to induce in a horizontal subject the illusion of being
vertical in a gravitational field. On the other hand, it showed that at least some subjects will
experience a VFPI when they are supine, despite the conflicting vestibular input.

Table 5.14: Number of Subjects Feeling Vertical More Often in

One Posture.

erect posture

supine posture 0 1 0

Although subjects reported horizontal sensations more often when supine,
several (as described earlier) felt instantaneously upright (with respect to gravity) at the
moment they underwent a reorientation. Subjects felt this combined reorientation-upright
sensation with reorientations roughly close to 8=0° (based on discussions with subjects).
While this phenomenon was not reported by all subjects, nor was it recorded in detail, it
seemed to occur more often with the furnished and symmetric room, than with the dotted
room. This suggested that the reorientation-vertical illusions were due to a momentarily
strong visual-down cue caused by polarity of the scene, and that this polarity made subjects

feel “upright” for a moment, despite their really being supine.
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6. Conclusions

The development of the flexible experimental control software used for this research makes
completion of future experiments related to visual-vestibular interaction easier. Another
researcher [Markmiller, 1996] in the laboratory in which this experiment was conducted
recently finished his experiments, using the experimental control software developed for
this study. Markmiller’s research was on perceived linear self-motion under conflicting
visual, haptic and vestibular stimuli. Markmiller spent around one week designing the
scenes for his experiment, using 3D Studio by Autodesk, and then imported the 3D Studio
model into World Tool Kit for use in his experiments. He spent only one more week
expanding the experimental control software to allow linear as well as rotational motion.
The modular design of the software made it necessary for him to modify only a small
portion of the C source code. The software was provided to NASA at its request, and is
being evaluated by NASA as a possible way of controlling experiments on the NASA
Virtual Environment Generator which is to be flown on the 1998 Space Shuttle mission,

Neurolab.

6.1 Vection

When erect and viewing the FR, 9/16 (56%) subjects eventually felt vertical full tumbling
(VFT) but when supine only 6/16 (38%) did. These percentages were roughly comparable
to the ones DeSouza observed in his subjects. In this experiment, however, it was not
possible to show that individually subjects did feel VFT more often when they were erect
than supine while they were viewing the FR. Posture had a significant effect on frequency

of VFT only for the dotted room (DR), where polarity was completely absent. When

Page -88-



viewing the DR, 9 subjects felt VFT more often (2 less often) when erect than when
supine. Subjects were dependent on vestibular cues when the visual field was not saturated
by mono-oriented objects (e.g., as in the DR).

Consistent with the above explanation, 6 subjects when supine felt VFT
more often (1 less often) when viewing the FR than DR. For subjects in the erect posture,
however, there was no significant increase in frequency of VFT from the DR to the FR.
Subjects, when supine, will therefore feel vertical more often when exposed to a highly
polarized visual field perpendicular to their visual axis than when exposed to a non-
polarized visual field. When viewing the FR and symmetric room (SR), subjects did not
feel VFT more frequently in any one posture, probably because they were exposed to
visual polarity that compensated for the lack of vestibular down cues aligned with their
head-to-toe axis.

While VFT illusions were generally due to the dominance of highly
polarized visual cues, horizontal full-tumbling illusions (HFT) -- the illusion of full 360°
rotation in a gravitationally horizontal plane -- were more often driven by vestibular
dominance. HFT illusions were reported very infrequently among the runs in which
subjects were erect, suggesting that vertical vestibular cues were keeping subjects from
feeling horizontal. It was easier for a subject to feel horizontal when she was actually
supine, but when viewing highly polarized scenes, like the FR and the SR, she would
additionally need to discount the polarity of the scene in order to feel HFT. When supine,
the subject might also reinterpret the surfaces of the SR and the DR so as to resolv