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Abstract

When spatial updating tasks are performed in a real-world setting, participants
usually complete it with ease (e.g., Klatzky et al., 1998). However, in virtual reality (VR),
when tasks are presented using optic flow, participants tend to exhibit one of two response
patterns, with some participants correctly updating their headings (“turners”) and others
pointing consistently in the opposite direction (“non-turners”) (e.g., Gramann et al., 2005).
While research has looked at the stability and pointing characteristics of these two groups
(e.g., Gramann et al., 2012; Riecke, 2008), we still do not know why non-turners exist. The
following thesis studied two potential sources of cue conflict—stationary versus central
visual information and sensorimotor interference—that could impact participants’
strategies using the Starfield task (Gramann et al., 2012). Occluding stationary peripheral
information increased pointing errors, especially for turners. It is thus possible that turners
require the peripheral information to correctly parse and process the central optic flow.
Alternatively, manipulating body orientation to decrease sensorimotor interference seemed
to decrease error and increase strategy consistency for both turners and non-turners. It is
possible that the orientation changes allowed participants to ignore the stationary body-
based cues, thereby improving spatial updating. Although these manipulations did not
remove the non-turner group altogether, they provided important insights into how cue

conflicts may play a role in spatial updating for VR tasks.
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1 GENERAL INTRODUCTION

Imagine running errands downtown. After getting off the subway, we travel to three
different stores before heading home. But how do we get back to the subway station? All
of us have innate navigational abilities and a reasonable capacity to update our current
direction and orientation when travelling through a given environment. This process,
termed spatial updating, is the integration of spatial information during travel to form a
holistic representation of the environment (e.g., Rieser et al., 1994). Successful spatial
updating leads to path integration, the process of combining various travel segments to
create a representation of one’s current trajectory relative to their starting location (e.g.,
Etienne & Jeffery, 2004; McNaughton et al., 2006). The combination of spatial updating
and path integration therefore allows us to travel back to the subway station without much

conscious effort.

1.1 Cues in Navigation

Navigation involves the integration of numerous sensory cues and cognitive
processes. These sensory cues could be interoceptive (i.e., body-based) or exteroceptive
(i.e., environment-based). Two important body-based cues for navigation arise from the

vestibular and proprioceptive systems.
1.1.1 Interoceptive Cues

The vestibular system is located within the inner ear and provides us with

information about head positioning and spatial orientation (e.g., Purves et al., 2001). It is

1
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important for maintaining balance and posture during motion. Within the vestibular system,
the otolith organs respond to changes in linear motion. Hair cells within the otolith organs
can be transiently displaced based on changes in linear accelerations. Segments of hair cells
can respond to changes in both the horizontal and vertical plane, thus providing a three-
dimensional field of linear change information. The semicircular canals, on the other hand,
are responsible for detecting changes in angular acceleration (e.g., Purves et al., 2001). The
hair cells are contained in a structure called the cupula which is encased in endolymph fluid.
Any angular change of the head creates disturbances in the endolymph and therefore
displaces the hair cells. This physical displacement then is transduced into neural signals

that are sent to the brain.

While the vestibular system provides cues about linear and angular acceleration, the
proprioceptive system provides information about the positioning of the body in the local
environment (e.g., Proske & Gandevia, 2012). Proprioceptive receptors can be found across
the body in the muscles, joints, and skin. The afferent receptors constantly provide neural
information about where each limb is and the velocity each part of the body is moving at.
The proprioceptive system provides an intuitive sense of where each of our limbs are.
Importantly, the proprioceptive system can work without visual input, allowing us to touch
our hand to our nose, even with our eyes closed. The maturation of the proprioceptive
system is closely linked to motion imitation via the mirror neurons, which begins shortly
after birth (Proske & Gandevia, 2012). The sensitivity of the proprioceptive system is

therefore established very early on.
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1.1.2 Exteroceptive Cues

While interoceptive cues are extremely salient and important, exteroceptive cues
also provide information about travel. In humans, environment-based cues arise in the form
of visual cues. In the case where someone is a passenger in a car, there is very little
vestibular or proprioceptive information during travel. Most of the time, the body is
stationary relative to the vehicle. Despite the lack of body-based cues, the passenger is still
aware that they are travelling, and can use visual cues such as optic flow to maintain a sense

of relative direction.

Visual cues can either be monocular, binocular, or external to the navigator. One
salient form of visual information is the use of landmarks, also called recognition-based
navigation (Loomis et al., 1993). Landmarks can be distal or proximal to the observer.
Interestingly, these are also processed in different brain regions. Distal landmarks are
processed by the hippocampus and entorhinal cortex (Save & Poucet, 2000; Parron et al.,
2004). Distal landmarks are encoded by place cells (O’Keefe & Dostrovsky, 1971; Moser
et al., 2007), grid cells (Hafting et al., 2005; Moser et al., 2007), and head direction cells
(Taube, 2007), which collectively support a global orientation and allocentric processing.
Navigation using distal landmarks—piloting—uses external environmental features to
determine one’s current position. The landmarks act as a point of reference for other, less
salient, items in the local environment. For instance, the CN Tower is often used as a salient
point of reference in Toronto. For travelers new to Toronto, the CN Tower is a structure

that is easily visible from many parts of downtown. Then, as individuals become more
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familiar with an environment, the landmarks they choose may change. Having more
landmarks allows for more points of reference within a given environment. Piloting is

therefore typically used more for long-range navigation in larger environments (Loomis et

al., 1993).

In contrast, proximal landmarks are used for stimulus-response strategies and
building up an egocentric representation of the environment. Proximal, or local, landmarks
are processed by the associative parietal cortex (APC) (Save & Poucet, 2000). An
individual travelling to a new restaurant might be told to “turn left at the fountain”.
However, this fountain is only visible at a specific range, and is therefore less useful for
local travel. Distal and proximal landmarks are therefore both used during wayfinding.
When one landmark type is unavailable, we are able to effortlessly switch to using the other

(Steck & Mallot, 1997).

During travel, navigators also receive visual information through optic flow,
defined by the motion of the environment across the retina as the navigator moves. The
direction and magnitude of optic flow allows the individual to determine the extent of their
travel and relative direction they are headed. Interestingly, optic flow alone, when
integrated across time, is sufficient to allow for successful spatial updating of information
about the extent and relative direction of travel over time and therefore can be used to study

navigation (e.g., Gramann et al., 2005; Riecke et al., 2002).

1.2 Cue Weighting in Navigation
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To aid in navigation, environmental information is simultaneously gathered via
myriad sensory modalities. Body-based and visual cues can be used holistically or
individually. However, certain cues appear to take precedence. In determining one’s travel
direction and velocity, cue weighting occurs. When both visual and body-based cues are
available, individuals integrate both information sources but rely on the cues perceived to

be more reliable (Chen et al., 2017).

Cue weighting in navigation differs depending on whether the traveler is
experiencing linear or rotational motion. During linear motion, body-based cues are
weighted more heavily than optic flow cues (Campos, Byrne & Sun, 2010). This is
supported by findings that spatial updating can also occur without any history of visual
input (Rieser et al., 1994; Wang, 2004; Klatzky et al., 1990). In studies of blind and
blindfolded-sighted individuals, both groups of participants can successfully travel back to

their origin after being led through a travel path (Loomis et al., 1993).

Even though certain cues appear to have greater importance, information from other
cues are not ignored. This is especially apparent when cues are in conflict. Evidence for
cue conflict comes from spatial updating experiments, where competing information can
result in decreased accuracy (e.g., May, 2004). Sensorimotor interference occurs, for
example, when the visually simulated motion and body-based information are in
competition (May, 2004; Kesler et al., 2010; Wang, 2005), thereby increasing the error of
heading updates or preventing spatial updating altogether. Research from EEG even

supports that there are individual differences in the relative weighting of cue stimuli. In

5
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fact, some participants are unable to ignore visual cues when they are in conflict with

vestibular or proprioceptive cues (Townsend et al., 2019).

1.3 Cues Used in Spatial Updating
1.3.1 Spatial Updating and Body-Based Cues

Exteroceptive cues appear to take greater precedence when determining relative
position (Mou & Zhang, 2014). When participants received conflicting visual rotation
information to disorient them, their knowledge of their current position was unaffected.
However, large degrees of heading error were found. Participants also made larger errors
when they were in a visually simulated motion condition than a self-locomotion condition.
It appears that updating one’s position does not necessarily require body-based cues and is
a process that is resistant to disorientation. On the other hand, heading updates are much
more accurate when body-based cues of self-locomotion are available. But heading updates
are also more susceptible to disorientation from conflicting visual information (Mou &

Zhang, 2014).

When all visual information is occluded, body-based cues allow for seemingly
effortless heading updates (Wang, 2004). Wang (2004) tested participants in a physical
environment while simultaneously asking them to imagine themselves in a familiar
environment such as their kitchen. Participants were told to point to the locations of various
objects in the environment with their eyes closed. The reaction times and accuracy for

pointing to objects do not differ between the physical and in the imagined environment
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(Wang, 2004). Conscious, imagined spatial updating was also as successful as physically
updating. When asked to picture themselves rotating to face a new direction in their
imagined environment (e.g., their kitchen), their direction in their real environment was

also updated despite no physical rotation.

Although spatial updating in the absence of physical cues is possible, it may not be
as successful. Grant and Magee tested participants’ ability to transfer information learned
from a virtual environment into a real-world one (1998). Groups were instructed to learn
the floorplan of a building in virtual reality (VR). To move around the virtual space, one
group used a joystick while the other had to physically walk. When tested in the actual
environment, participants who were in the walking-VR condition outperformed those in
the joystick condition, reaching their destinations faster. In comparing these participants to
those who were both trained and tested in the real-world environment, those who trained in
VR made more disorientation errors. Information transfer is thus more enhanced when

participants are given proprioceptive feedback (Grant & Magee, 1998).

1.3.2 Spatial Updating Through Visual Cues — Point to Origin (PTO) Tasks

Spatial updating can occur when any visual information is available (Gramann et
al., 2005; Riecke et al., 2004; Richardson et al., 1999). However, when motion information
is only provided visually via optic flow, more response errors are found, with some
participants getting disoriented and greater degrees of error than in real-world tasks (Riecke

et al., 2002; Gramann et al., 2005; Riecke, 2008).
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PTO tasks are one way that the efficacy of visual cues in spatial updating can be
measured. The Tunnel task is a modified PTO paradigm using a desktop VR paradigm in
which participants watched simulated motion through a tunnel displayed on a computer
screen (Gramann et al., 2005). In a typical condition, motion included (1) one straight
traversal (moving in the direction perpendicular to the surface of the computer screen), (2)
a simulated turn using a combination of translation and rotation (i.e., left or right), and (3)
another linear motion. To vary task difficulty, participants experienced either 1, 2, or 3
turns during motion and the eccentricity of each turn varied from 15 to 60 degrees. At the
end of the travel, an arrow appeared, and the participant was asked to rotate the response

arrow so that it pointed towards their origin location.

Interestingly, participants tended to respond in one of two distinct ways. One group
of participants successfully pointed back to their origin location with the mean vector
matching that of the direction of origin (i.e., pointing left when experiencing left turns). In
contrast, another group of participants pointed in the opposite direction, which would be
predicted if they were to not rotate their body orientation during travel (Riecke, 2008) (i.e.,
moving “into” the screen). It appears that this second group can successfully update their
position, but not their relative orientation, thereby exhibiting a left-right reversal during the
response phase (Gramann et al., 2005; Riecke, 2008). This second group was categorized
as “non-turners”, as they appear to be unable to update their heading during the simulated
motion, while the first group was categorized as “turners”. A small subset of participants

seemed to switch between both strategies and were termed “switchers”. Both turners and
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non-turners were consistent in their strategy selection, pointing consistently in opposite

directions, despite viewing the same simulated path of motion.

1.3.3 Spatial Updating via Solely Optic Flow — The Starfield Task

In addition to the Tunnel task, another PTO task has been used with similar findings.
In the Tunnel task, participants could predict the movement direction for the immediate
future as the approaching tunnel structure is visible. The Starfield task, instead, displays
many stationary dots of random sizes dispersed in a 3D space (Gramann et al., 2012). There
are no landmarks in this environment, nor is there a relative “ground” for participants to
travel on. Instead, participants appear to be suspended in space. The location of the dots
themselves do not provide a hint to the future direction of travel. Only during simulated
self-motion, different dots exhibit different movement speed and directions, simulating
their unique locations in a 3D space. For example, the as the viewpoint moves forward, all
the dots formed a pattern of movement in a radial direction. Therefore, the Starfield task

produces a much more select representation of navigation using only optic flow.

The Starfield task was used to measure the efficacy of optic flow during spatial
updating in both the yaw (left/right) and pitch (up/down) planes (Gramann et al., 2012).
While species that fly or swim may travel equally in both planes, humans mostly experience
changes in only left or right. Humans therefore have a gravity-based orientation, in which
we expect the force of gravity to always be below our feet. When rotating in the pitch plane,
the direction of gravity relative to our bodies is thus altered, producing greater errors.

Furthermore, although humans do experience slight changes in altitude, these are typically

9
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gradual (e.g., hiking up a hill) and rarely are combined with rotational motions. They
therefore expected to find faster and more accurate point-to-origin responses in the yaw
plane. Therefore, it is likely that both planes would produce a visuo-vestibular conflict,
since the information provided visually conflicts with the lack of body-based motion cues

(Gramann et al., 2012).

Results showed almost perfect dichotomous split in response strategy, which could
again be separated into turners and non-turners. Most participants were consistent in their
response patterns in both yaw and pitch. However, 18% of participants switched from a
turner strategy in the yaw plane to a non-turner strategy in pitch trials (Gramann et al.,
2012). It is possible that this shift in strategy revealed the increased difficulty in spatial
updating in an unfamiliar plane rather than a complete loss of orientation. Both turners and
non-turners also experienced errors that increase with an increase in turn angle. However,
these errors were significantly larger for non-turners. Errors were also significantly larger
in pitch than in yaw. Similar to the Tunnel task (Gramann et al., 2005), they found that

participants tended to overestimate small turn angles and underestimate larger ones.

1.4 Present Study

Across the studies described above, findings from both the Tunnel task (Gramann
et al., 2005) and the Starfield task (e.g., Gramann et al., 2012) demonstrated that motion
simulated via optic flow can be sufficient for spatial updating in the laboratory setting.
Spatial updating can therefore be possible even in the absence of body-based motion cues.

However, spatial updating via optic flow seems to only be successful in less than half of a
10
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given sample of participants. If we assume that these tasks effectively revealed individual
differences in spatial updating ability, we still do not know which aspects of the task led to
the different pointing responses seen in turners and non-turners. Furthermore, both groups
of participants appear to be highly consistent in their response strategies (e.g., Gramann et
al., 2005). Thus, one might wonder why only one group of individuals, the non-turners,

appear to be disoriented and continuously fail to update their heading.

Identifying the aspects of the task that prompt the dichotomous response patterns
might provide insight into the critical factors that determine individual differences in cue
weighting during spatial updating. As previously discussed, when observers are exposed to
visually simulated travel, they need to effectively process the extent of linear and rotational
motion from optic flow. At the same time, they need to ignore the interference from the

conflicting visual and body-based information about lack of self-motion.

One potential explanation for the lack of heading updating could be a difference in
processing the turns themselves or recognizing the overall trajectory. In particular, the final
heading direction of a travel path requires idiothetic body-based cues and suffers when only
visual rotation is provided (Mou & Zhang, 2014). However, it has been shown that if
participants are asked to select from different configurations when shown a birds-eye view
(view from directly above) of potential trajectories, both turners and non-turners can
correctly identify their trajectory (Wong et al, unpublished work). Importantly, this shows
that both groups of participants can correctly identify whether they made a left or a right

turn and can also recognize the orientation of their last heading relative to their initial

11
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heading. Participants are likely able to process the optic flow information in a way that
generates correct heading information prior to making a homing response. Thus, it rules
out the possibility that the participants cannot process information about the optic flow.

The difference between the two groups is likely found in the response phase.

The next logical step is to examine the contribution of conflicting information that
prevents one group of participants from correctly updating their heading. There are two
possible sources of confusion. Unlike real world self-motion, the Starfield task presents
optic flow over a limited field of view surrounded by a stationary background. Furthermore,
motion information presented from optic flow conflicts with the vestibular and

proprioceptive cues that tell the participant they are stationary.

An important factor of note is that in desktop virtual reality (VR), participants view
a simulated environment through a computer monitor (e.g., Riecke et al., 2002; Gramann
et al., 2005). A caveat to using desktop VR is that it inherently produces a significant
amount of cue conflict (Riecke et al., 2002), which has not been extensively examined in
navigation paradigms. In this thesis, we examined the contribution of two potential sources
of cue conflict to spatial updating using the Starfield task (i.e., Gramann et al., 2012). The
response patterns of the non-turners suggest that they make responses as if they do not
update their heading. At the time of response, they point as if they are maintaining the
heading direction which is the same as their heading during initial travel. Their perceived

heading is also their physical heading relative to the visual surround (e.g., perpendicular to

12
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the frame of computer monitor in particular). In addition, maintaining such a heading is

also congruent with observers’ body orientation (facing the computer monitor).

Since the task is presented in desktop VR, optic flow can only be presented partially
across the retina. One source of conflict thus comes from the peripheral visual field, which
is stationary. Another source of cue conflict comes from sensorimotor interference. Since
proprioceptive and vestibular cues are so salient, it is possible that for some individuals,
these body-based cues override any visual cues provided. Therefore, despite viewing
rotations through optic flow, some participants may be unable to spatially update when they
are not receiving any body-based rotation cues. By comparing the same task when different
amounts of information are available, we can gain insight into the relative weighing of cues
during spatial updating. In each of those two tasks we examined whether each experimental
condition mentioned above would lead to (1) reduction of the proportion of non-turners and
(2) improvement in non-turners’ response accuracy in contrast to a control condition where

the Starfield task is typically administered in literature (Gramann et al., 2012).

13
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2 EXPERIMENT 1: Replication of Dichotomous Updating Strategy

The purpose of this experiment was to replicate the findings of Gramann et al.
(2005) to look for individual differences in strategy in a virtual point-to-origin task.
Participants completed the Starfield task, implemented similar to that described by
Gramann et al. (2012). The Starfield task was used since it provides pure optic flow without
any landmarks. The random dot configuration was chosen instead of a natural scene
because it allows us to present optic flow without other environmental information (e.g.,
the ground or sky). When Gramann et al. first presented the Starfield task, rotations were
completed in both the yaw (left/right) and pitch (up/down) planes (2012). The present study
uses only yaw rotations since it is the plane that is most familiar to us. Since rotational

errors can accumulate, all trials contained only one rotation.

While Gramann focused on categorization, one should also examine the extent of
strategy selection for a particular participant. While different cut-offs can be used for turner
or non-turner categorization, not all participants are 100% consistent in their strategy
selection between trials. It is also important to define different sources of error. Variable
error is an individual’s consistency in pointing response for a given turn direction. Constant
error is the amount of deviation from the theoretically predicted correct answer based on
the travel direction. In the Starfield task, the true correct answer is what the turners would
make. For non-turners, the theoretically predicted correct answer - if it is assumed that non-
turners do not update their heading - is of the same magnitude but opposite in direction

across the midline.
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2.1 Methodology

2.1.1 Participants

Forty undergraduate participants recruited from McMaster University completed
the study and received course credit for their participation. All participants reported normal
or corrected-to-normal vision. Their ages ranged from 18-23 (M=18.33). Two participants
were excluded from analyses as they exhibited direction reversals during the control trials

(N=38). This study was approved by the McMaster Research Ethics Board.
2.1.2 Materials and Procedure

Participants were seated in front of a computer monitor. Participants viewed motion
simulated through optic flow using a white dot cloud. Each trial contained three segments:
a straight motion, a yaw rotation/translation combination, and another straight segment.
Following the motion, a dart (homing vector) appeared with the tip pointing towards the
participant. Participants were told to use the left and right arrow keys to rotate the tip of the
dart to point towards their origin location. Following the dart rotation, participants pressed
the spacebar to begin the next trial. Prior to the experimental phase, participants were given
three practice trials in which there was no rotation. Participants completed 90 total trials
during the experimental phase, with 18 being control trials (no rotation). During the control
trial, a correct response would be to press the spacebar without any dart rotation, as the
starting location is directly behind the participant. Each trial contained one yaw turn (left
or right). Task difficulty was varied through the eccentricity of the turn (25, 50, 75, 90

degrees).
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2.1.3 Categorization

Responses were measured on a per-trial basis. To designate a trial as having a turner
response, the participant would have to point the dart in the same direction as the rotation
of the turn angle during the trial. Therefore, if the trial contained a right turn (+) and the
individual also pointed the homing vector towards the right, it would be categorized as a
turner response trial. If the individual exhibited a left-right reversal on a trial, it would be

categorized as a non-turner response trial (Figure 1).

To categorize individuals into turners or non-turners, participants had to respond
consistently with one strategy on >75% of rotation trials (ignoring the control trials).
Therefore, participants would have to respond with a consistent strategy for at least 44 turn
trials. Individuals who demonstrated inconsistent responses were categorized as switchers
and subsequently removed from analyses, as they appeared not to have a consistent

preference for a given spatial reference frame.
2.1.4 Measures

Per-trial and total response time as well as the angle of each dart response were
recorded. To compare the degree of error between turners and non-turners, the analogous
correct response for non-turners was defined as the angle magnitude a turner would make,
but opposite in direction. For example, for a 25-degree left turn, a correct response for a
turner is -12.8 degrees, while the analogous correct answer for a non-turner is +12.8
degrees. Therefore, measures of error are calculated using the two potential “correct”

pointing angles.
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Since the correct answer for each trial was determined by the participant’s pointing
direction, error was calculated relative to participant strategy categorization. Error was
calculated in three ways. For each pointing response, we can obtain a measure of absolute
error, signed error, or variable error. Absolute error is the absolute magnitude difference
between an individual’s pointing response and their respective correct answer. Signed error
takes into account the direction as well as magnitude of error, with positive values
signifying an overestimation of angle while negative values signified an underestimation.
Finally, variable error is the standard deviation of participant response angles for a given

turn angle.

Mixed-model ANOVAs were conducted with turn angle as the within-participants
factor and strategy categorization as the between-participants factor. Mauchly’s tests of
sphericity were conducted on all repeated-measures variables and adjusted p-values were
reported using Greenhouse-Geiser corrections. All post-hoc comparisons used Tukey-HSD
adjusted p-values. Data from experiment 1 was also used as the control group for

subsequent experiments (2a and 2b).
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Figure 1. Average participant pointing responses for a 90-degree right turn. Participants can be
grouped as responding either to the left or right of the midline. The red lines represent the two

respective “correct’” answers for a) turners and b) non-turners
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2.2 Results

2.2.1 Strategy Categorization

Participants were categorized as turners, non-turners, or switchers based on the
percentage of total turn trials they would respond with using a given strategy. However,
participants differed in their strategy consistency (Figure 2). A 2-sample test for equality
found no significant differences between proportions at the 60% or 75% cut-off levels, and
thus the 75% level was used for the remainder of the analyses. A 3-sample test for equality
of proportions was conducted across strategy groups and revealed a significant increase in
the number of switchers across categorization cut-offs. The proportion of turners and non-
turners did not significantly differ, meaning that the significant increase of switchers was

likely driven by changes in both the proportion of turners and non-turners.

2.2.2 Absolute, Signed, and Variable Error

Absolute error is defined as the average of the absolute difference between an
individual’s pointing response and the correct answer for their given strategy. A mixed-
measures ANOVA revealed a significant main effect of turn angle (F(3,105) = 45.0,
p<0.001). However, there were no strategy differences, with marginals means being 14.23

(SD=11.22) and 14.22 (SD=9.54) for turners and non-turners, respectively.

Signed error takes into consideration the magnitude and direction of error made
across trials and was averaged across participants for each angle magnitude. A mixed-

measures ANOVA revealed a significant main effect of turn angle (F(3,105) =5.5,=0.002),
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with both turners and non-turners tending to under-estimate turn angle magnitudes. The
average signed error was -3.04 degrees (SD=16.6) for non-turners and -4.86 degrees

(SD=17.6) for turners.

Variability in pointing responses was averaged for each participant. Left and right
turns were compiled for each angle to measure effects of angle magnitude. A mixed-
measures ANOVA revealed significant main effects of turn angle (F(3,105) = 3.19,
p=0.027) and strategy (F(1,35) = 7.31, p=0.010) qualified by a turn angle by strategy
interaction (F(3,105) = 18.8, p<0.001). While non-turners vary greatly in their response
variability across turn angles, turners’ variation in responses are comparable across turning

angles.
2.2.3 Reaction Time (RT)

Average trial RT was compiled for turners and non-turners. Trials were separated
into three blocks and average RT was calculated for each block to look for differences in
time-course across the experiment. Each block contained 30 trials and contained an equal
number of each turn angle type. A mixed-measures ANOVA was conducted and found
significant main effects of block (F(2,66) = 21.7, p<0.001) and strategy (F(1,33) = 6.80,
p=0.014). The block by strategy interaction was not significant. Non-turners were
significantly faster than turners for each block, and overall reaction time decreased across

the time course of the experiment.

2.3 Discussion
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We replicated the findings by Gramann et al. (2005) and Gramann et al. (2012) in
that the point to origin task effectively produced two distinct groups of participants with
opposite pointing responses. Some participants pointed in the correct direction back to
origin (turners), suggestive of successful spatial updating, while others did not (non-
turners). A small subset of participants did not exhibit a consistent pointing response and

were therefore categorized as switchers.

Like Gramann et al. (2012), we found a difference in pointing response variability
across turn angle. Non-turners had greater variability for larger turn angles while turners’
variability did not significantly differ. We also found main effects of turn angle for both
absolute and signed error. However, in contrast to the Gramann et al. (2012) findings, there
was no effect of strategy on signed error, both groups tended to under-estimate all angle
magnitudes. Finally, while Gramann et al. (2012) failed to find a significant effect of
strategy across RT, we found that non-turners were faster than turners across the entire
experiment, with both groups responding faster over time. The increased RT for turners
may be evidence for increased cognitive effort resulting from successful spatial updating.
Perhaps turners are taking more time to consider each rotation and fully integrating the cues

of each turn.

The Starfield task effectively separated participants into groups based on their
dominant pointing response. An interesting question is therefore why there is this disparity
in strategy despite all participants viewing the same stimuli. In experiment 2, we explored

two effects of cue conflict on turners and non-turners.
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3 EXPERIMENT 2: Cue Conflicts in Spatial Updating Via Optic Flow

3.1 Influence of the Stationary Surround (Experiment 2a)

It is typically presumed that the decline in accuracy during virtual spatial updating
tasks is solely due to the lack of body-based motion cues (Chance et al., 1999; May, 2004).
However, if this were true, all participants would show similar reductions in performance
during spatial updating when only visual information is provided. Yet what we find in optic
flow motion simulation tasks is that only about half of participants appear to fail to update
their headings (e.g., Gramann et al., 2005) . To further challenge this presumption, Riecke
et al. (2004) investigated the role of visual cues in real-world spatial updating using
peripheral blinders. When participants wore these blinders to limit their peripheral vision
in a navigation task, performance declined (Riecke et al., 2004). In this situation, both
visual and body-based motion cues were available. Perhaps, then, it is the lack of optic flow

in the visual periphery that is causing a performance deficit for the non-turners.

Optic flow is one cue which can be used to estimate one’s heading direction (Lappe
etal., 1999; Foulkes et al., 2013). Following retinal image stabilization, optic flow is parsed
into self-locomotion and object-locomotion components (Rushton et al., 2007; Warren &
Rushton, 2007). The self-locomotion components are therefore used to build up
representations of relative travel direction and velocity. In desktop VR tasks, the various
components of the visual field have conflicting levels of motion. Since participants view

simulated motion on a computer monitor, any motion cues provided through optic flow is
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only available to the participants’ central visual field. This central visual motion-
information might compete then with stationary peripheral visual information about the

environment outside of the computer screen.

One reason some participants appear not to update their heading may be due to the
inconsistent visual information between the central and peripheral visual fields. When we
are physically travelling, optic flow occurs consistently across the entire visual field. Any
other incongruent motion is then parsed as object-locomotion. The limits of presenting the
task using a laboratory computer screen are that it forces the optic flow to be restricted to a
small part of the participants’ central visual field. Perhaps when optic flow is not presented
across the entire retina, some participants cannot perceive the motion self-motion correctly.
Therefore, instead of sensing that they are travelling, participants may feel as if they are
stationary, and watching stars travel past them. It is possible that this conflict may
especially affect the non-turner group, thus preventing them from experiencing the

simulated rotation and updating their heading.

In Experiment 2a, we tested whether the stationary surround produces any cue
interference for the observer. We minimized the external visual information that was
available from the laboratory environment. Participants viewed the display through a large
circular aperture placed in front of the computer screen. A chin rest was used to ensure that
the only visual information would come from inside the aperture. Any conflicting visual
information outside the display was thus occluded. Instead of changing the size of the

screen itself, the aperture modification was designed to occlude conflicting information
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instead of altering the field of view. The optic flow was thus restricted to the participants’

central visual field.

If the cue conflict from the stationary surround is the only source of information
producing interference, the minimization of external visual information would produce
successful heading updates in all participants. We therefore would see a much smaller
proportion of non-turners in the aperture condition compared to the control condition.
Alternatively, non-turners may still be unable to update their headings, but the reduction of
cue interference would increase accuracy. Therefore, the second hypothesis is that the
aperture condition would reduce the amount of error (i.e., absolute, signed, or variable) for
non-turners (and maybe even for turners). Participants may maintain the same strategy but

experience less error and variability in their pointing responses.

3.2 Sensorimotor Interference (Experiment 2b)

While optic flow alone is a powerful indicator of one’s travel direction and velocity,
it may not be sufficient for successful spatial updating in all participants (e.g., Riecke et al.,
2007). Another reason non-turners may use this strategy is due to the cue conflict between
visual and body-based cues. When proprioceptive cues are missing during movement or
rotation, participants may fail to update their heading orientation (Klatzky et al., 1998).
This is because the lack of motion information from body-based cues causes greater
interference for rotations than translations (Presson & Montello, 1994; Chance et al., 1998).
Updating is still possible when imagining rotations (Easton & Sholl, 1995; May, 1996), but

it is susceptible to a high degree of error and requires conscious effort.
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When visual and body-based cues conflict, participants may experience
disorientation and inaccurate responses (Mou & Zhang, 2014). Interestingly, presenting
conflicting optic flow information seems to impact an individual’s heading but not their
position. Adopting a new perspective appears to be less effortful when disorientation occurs

(May, 1996).

Visual motion cues presented during the Starfield task conflict with proprioceptive
information since the participant’s body is not also physically travelling. When the
simulated motion is forward (i.e., into the screen), the information from the visually
simulated motion and stationary body-based cues are congruent. However, during a
simulated left or right turn, sensorimotor interference creates greater conflict, as the
rotational information presented visually now conflicts with body-based cues. Since
physical cues are more important for rotations than translations, the cue conflict during the

rotation may prevent spatial updating.

In Experiment 2b, we wanted to test whether participants were affected by
sensorimotor interference. The conflict between visual and body-based cues may explain
the decreased performance when spatially updating in virtual reality. We tested the effects
of sensorimotor interference using a within-subjects design, where participants experienced
three trial types of seating orientations while completing the task. One condition served as
the neutral control while in the other two, participants were seated oriented either 90
degrees to the left or the right of the computer monitor, with their heads turned towards the

monitor.
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If sensorimotor interference accounts for the existence of the non-turner group, we
would see a smaller proportion of non-turners in experiment 2b than in experiment 1. In
particular, non-turners’ body-based cues in Experiment 1 may be more heavily weighted
compared to that of turners, thus preventing spatial updating based on optic flow. Since the
body and head orientations are incongruent for two-thirds of the trials, this may decrease
the weighting of the body-based cues for non-turners because it is no longer perceived as a

reliable source of heading information, allowing them to perform as turners.

Alternatively, sensorimotor interference would affect accuracy for both turners and
non-turners instead of affecting strategy selection. Reducing this interference could
decrease the relative weighting of body-based cues, thereby decreasing the amount of error
(i.e. constant and variable) for both groups. The reduction in error would also be greater for

non-turners if they rely more heavily on body-based cues.

Finally, it is possible that the body rotations will increase confusion and that the
weighting of body-based cues cannot be altered. This may result in differences between the
three seating orientations. For example, when the participant is seated facing towards the
right, a visually simulated right turn would produce the highest amount of heading
congruency between visual and body-based cues. In contrast, a left turn would produce the
greatest amount of cue conflict. We would then see the degree of error for left and right

rotations vary depending on seating orientation.

3.3 Methodology
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3.3.1 Participants

Participants recruited from McMaster University completed the study and received
course credit for their participation. All participants had self-reported normal or corrected-
to-normal vision. A total of 49 participants (32 female) completed experiment 2a and 60
participants (39 female) completed experiment 2b. One participant was removed from
experiment 2b analyses as they exhibited direction reversals in the control trials (N=59).
Ages ranged from 18-24 (M=18.77). This study was approved by the McMaster Research

Ethics Board.

3.3.2 Materials

Participants were either seated in front of a computer monitor or in front of the same
monitor with a black circular aperture placed in front of it (diameter=12"). The aperture
was placed in a manner to reduce visibility of external stimuli such as the computer monitor
frame. In experiment 2a, a chin rest was used to ensure participants remained 60 cm away
from the monitor throughout the duration of the experiment. In 2b, chair rotations were

completed so their heads were maintained at a distance of 60 cm away from the monitor.

3.3.3 Procedure 2a — Aperture Experiment

Participants completed the same Starfield task as experiment 1, beginning with
three practice trials followed by 90 experimental trials. Task difficulty was varied through

the eccentricity of the turn (25, 50, 75, 90 degrees). The only difference from experiment 1
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was that participants viewed the experiment through the circular aperture. Data from

experiment 1 served as the control group.

3.3.4 Procedure 2b — Body Orientation Experiment

Participants underwent three within-subject conditions of the Starfield task. The
stimuli were identical to that in Experiment 1. In condition (N), the participant was seated
neutrally, or facing towards the screen, which is the same seating orientations as
Experiments 1 and 2a. Alternatively, the participant was seated at an orientation of 90
degrees to the right (condition R) or 90 degrees to the left (condition L) of midline. The left
and right body rotation conditions were counterbalanced with the neutral condition always
second. Each condition had a total of 60 trials: 24 left rotations, 24 right rotations, and 12
control trials with no rotation. Each participant experienced each condition once, for a total
of 180 trials. Task difficulty was varied through the eccentricity of the turn (25, 50, 75, 90
degrees); the 90-degree physical rotation encompassed the greatest potential heading
rotation. Each participant held a keyboard to make their responses and were instructed to
keep their back and shoulders against the chair with their head turned to face the monitor
for the duration of the task. Following each condition, participants were allowed a brief rest

while the chair was rotated. Again, data from experiment 1 served as the control group.

3.3.5 Analyses

All of the following analyses compared data across three experiments (i.e.,
Experiment 1, Experiment 2b, Experiment 2b). Data from Experiment 1 served as a control

group, while Experiments 2a and 2b served as the experimental groups. Participants were
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removed as outliers if they were two or more standard deviations away from the mean for

all angle magnitudes.

Mixed-model ANOVAs were conducted with turn angle as the within-participants
factor and strategy (i.e., turner versus non-turner) and experiment (i.e., Experiment 1, 2a,
2b) as the between-participants factors. Mauchly’s tests of sphericity were conducted on
all repeated-measures variables and adjusted p-values were reported using Greenhouse-
Geiser corrections. All post-hoc comparisons used Tukey-HSD adjusted p-values with an

alpha of 0.05. All participants categorized as switchers were removed from analyses.

3.4 Results

3.4.1 Proportions of Turner and Non-Turners

Participants were classified as turners if they displayed turning responses for >75%
of trials, or as non-turners if they displayed non-turning responses for >75% of trials. All
other participants were categorized as switchers. One participant, who demonstrated a
direction reversal during control trials, rotating the dart into the screen instead of towards
the participant, was removed from analyses since they seemed to not understand the task.

As was done in Experiment 1, switchers were removed from further analyses.

Figure 2 shows the relative proportions of participants categorized as each strategy
using three different consistency values as cut-offs. Independent sample t-tests for equality
of proportions were conducted to look for differences in categorization between the three

experiments as well as differences in strategy proportions across three arbitrary cut-offs.
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Values are summarized in Table 1. There were no differences in strategy proportions at the
60 % or 75% cut-offs. As seen in Figure 2, the proportion of participants between the
control and body orientation experiments were almost identical, with about half of
participants categorized as turners and about 40% categorized as non-turners. In the
aperture experiment, we see 36.7% of participants categorized as turners and 53.1% as non-

turners. However, this apparent increase in the number of non-turners was non-significant.

In Experiment 2b, the majority of participants (79.7%) maintained the same strategy
across all three viewing conditions. Twenty-seven participants were consistently
categorized as turners while 20 participants were categorized as non-turners. The remaining
twelve participants switched strategies between conditions. For the remainder of analyses,
only participants who were consistently turners or non-turners across all three orientation

conditions were used for analyses.
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60% Cut-Off 75% Cut-Off 90% Cut-Off
0.6 0.6 0.6
0.5 0.5 0.5
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03 03 03
02 02 0.2
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Figure 2. Comparison of participant strategy categorization proportions between experiments.
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75% Cut-Off

90% Cut-Off

Turners
Control Aperture  Body  Control Aperture Body
60% Control N.S. - -
Cut-  Aperture N.S. — * —
off Body - - N.S.
75% Control - N.S. N.S.
Cut-  Aperture — — * N.S.
Off Body - - -
75% Cut-Off 90% Cut-Off
Switchers
Control Aperture  Body  Control Aperture Body
* _ _
60% Control
Cut-  Aperture N.S. — ok —
Off Body - - -~
75% Control - N.S. N.S.
Cut-  Aperture — — * N.S.
Off Body - - -

Table 1. A summary of independent sample t-tests for equality of proportions. Significant values

are labeled as *<0.05 and **<0.01. There were no significant differences at the 60% cut-off. There

were also no significant differences in the proportion of non-turners.
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3.4.2 Strategy Consistency

Since categorization is classified using a cut-off, we can define participants’
tendency towards a certain strategy by the proportion of trials they used that specific
strategy (Figure 3). A factorial ANOVA was conducted and revealed a main effect of
experiment (£(2,122) = 8.67, p<0.001), quantified by a significant strategy by experiment
interaction (F(2,122) = 3.15, p=0.046). The simple main effect of experiment was only
significant for turners (p<0.001). Post-hoc tests of the strategy by experiment interaction
confirmed that turners in the aperture experiment were less consistent in their strategy
choice than turners in the control (p=0.040) and body orientation experiments (p<0.001).
In contrast, turners and non-turners’ strategy consistency did not significantly differ in the

body orientation (Exp. 2b) (p=0.997) and control experiments (Exp. 1) (p=0.999).
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Figure 3. Proportion of trials that participants use their dominant strategy across experiments with
median lines visible. The whiskers and outliers show the distribution of consistency among

participants.
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3.4.3 Effect of Viewing Conditions on Heading Response

The heading response for each turn angle was averaged across participants between
the three experiments, separated by strategy (Figure 4). A mixed-measures ANOVA using
absolute values for average heading responses found a significant main effect of turn angle
(F(8,967) = 84.7, p<0.001) quantified by the strategy by turn angle interaction (F(8,967) =
278.7, p<0.001). Both turners and non-turners across all three experiments displayed larger
pointing responses for larger turn angle magnitudes. The main effects of condition and
strategy were not significant. There were also no significant differences in mean heading

response between participants in the body and control conditions.
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Figure 4. Average heading response is plotted for each angle separated by strategy. The correct

homing response for turners (solid line) and non-turners (dotted line) is plotted against average

participant responses.
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3.4.4 Absolute Error

A mixed-measures ANOVA for absolute error using strategy and experiment as the
between-participants factors and eccentricity as the within-participants factor found a main
effect of turn angle (£(3,366)=70.73, p<0.001) (Figure 5a). The turn angle by strategy
interaction approached significance (p=0.058). Turners tended to make smaller degrees of

absolute error than non-turners.

We were particularly interested in whether the aperture or body orientation
experiments produced any significant differences from the control. A mixed-measures
ANOVA of absolute error comparing the body orientation and control experiments
revealed a significant main effect of turn angle (#(3,240)=56.68, p<0.001) and the ANOVA
comparing the aperture and control experiments revealed a significant main effect of turn

angle as well (£(3,231)=50.20, p<0.001) (Figure 5a).
3.4.5 Signed Error

A mixed-measures ANOVA for signed error (2x3x4) using strategy and experiment
as the between-participants factors and eccentricity as the within-participants factor found
a main effect of turn angle (F(3,366)=19.09, p<0.001) (Figure 5b). As seen in Figure 5b,
all non-turner groups had a tendency to under-estimate angle magnitudes across all turn

angles.

Again, we were interested in between-experiment effects between each

manipulation and the control experiment. A mixed-measures ANOVA of signed error
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comparing the body and control experiments found a significant main effect of turn angle
(F(3,240)=11.30, p<0.001). A mixed-measures ANOVA of signed error comparing the
aperture and control experiments confirmed a main effect of turn angle as well
(F(3,231)=13.06, p<0.001). Post-hoc tests of signed error found that a main effect of

strategy was marginally significant for the aperture experiment (Exp. 2a) (p=0.072).
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Figure 5. Average absolute (a) and signed error (b) was calculated for turners and non-turners.
For signed error, values above zero represent a tendency to over-estimate the angle magnitude,

while values below zero represent a tendency to under-estimate the angle.
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3.4.6 Variable Error

The standard deviation for each participants’ responses was calculated across each
angle magnitude and averaged as a measure of variable error (Figure 6). Two participants
from the non-turner group and one from the turner group in the aperture experiment were
removed from analyses as outliers. A mixed-measures ANOVA comparing across all three
conditions revealed a significant main effect of turn angle (F(3,357) = 60.2, p<0.001, n?
=0.160). Participants tend to have larger variability in their responses for larger angle
magnitudes. The main effect of strategy was also marginally significant (p=0.064). Post-
hoc analyses confirmed that the simple main effect of strategy was significant for the
control group (p=0.010) and marginally significant for the body orientation group
(p=0.063). Turners and non-turners in the aperture group were not statistically different
(p=0.255). However, Figure 6b does show a distinct pattern in the aperture experiment
where turners seem to display larger variations in pointing responses than non-turners,

which is opposite to the pattern found in the control and body orientation experiments.

The experiment by strategy interaction was significant (F(2,119) = 3.79, p=0.025,
n?=0.058) while the turn angle by strategy interaction was marginally significant following
sphericity correction (p=0.068). As seen in Figure 6b, turners and non-turners in the
aperture condition experienced similar patterns of variable error, with greater variation for
larger turn angles. In the control and body orientation conditions, non-turners displayed

more variation in pointing responses for a given angle than turners, who did not
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significantly vary in their variable error based on angle magnitude. However, these were

not statistically significant following pair-wise comparisons.
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Figure 6. Variation in pointing response for each experiment separated by turners and non-turners.
The average standard deviation per turn angle was plotted for each participant and averaged

across strategy groups.
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3.4.7 Reaction Times (RT)

The mean RT per trial across all participants was 3.60 seconds (SD=1.79s). The
average reaction time was 4.10s for turners and 3.11s for non-turners. A factorial ANOVA
revealed a significant condition by strategy interaction (F(1,77) = 6.16, p=0.015, 1*=0.058)
and main effects of condition (F(1,77) = 14.63, p<0.001, n?=0.138) and strategy (F(1,77)
=8.17, p=0.005, n>=0.077). The simple main effect of condition was significant for turners

(F(1,77) = 19.68, p<0.001) but not for non-turners.

RT for each participant were averaged across three time sections of trials (i.e., 0-
30, 31-60, 61-90) (Figure 7). A mixed-measures ANOVA was conducted comparing the
aperture and control conditions and revealed a significant main effect of time (£(2,156) =
54.3, p<0.001, n>=0.107), condition (F(1,78) = 5.63, p=0.020, n>=0.061), and strategy

(F(1,78) = 6.17, p=0.015, n2=0.067). No two or three-way interactions were significant.

A mixed-measures ANOVA using turn angle as the within-participants factor
instead revealed significant main effects of turn (F(3,366) = 54.06, p<0.001, n?=0.055),
condition (F(2,122) = 7.34, p<0.001, > =0.096), and strategy (F(1,122) = 6.46, p=0.012,
n? =0.042). These were quantified by significant interactions between turn angle and
strategy (F(3,366) = 5.21, p=0.004, n? =0.005), condition and strategy (F(2,122) = 4.52,

p=0.013, n>=0.059), and the three-way interaction (F(6,366) = 2.70, p=0.024, n?>=0.005).
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Figure 7. Reaction time is separated into three time blocks for the aperture and control conditions.

The aperture and control conditions saw a significantly slower response for turners compared to

non-turners. This response was not found in participants in the body orientation experiment.
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3.4.8 Additional Analyses — Body Orientation (2b)

During the first condition (counterbalanced facing left or right across participants),
5.4% of participants were categorized as switchers, while only 3.3% of participants were
switchers during the final condition of the task (Figure 8). For participants who were
categorized as the same strategy across conditions, a repeated-measures ANOVA revealed
a significant main effect of condition number (F(2,90) = 5.80, p=0.009) but not strategy.
The Greenhouse-Geiser corrected p-value was reported. Both turners and non-turners

become more consistent in their strategy across conditions.

A mixed-measures ANOVA was conducted with turn angle as the within-
participants factor and strategy and seating orientation as the between-participants factors.
The ANOVA revealed a main effect of turn angle (£(3,405) = 85.7, p<0.001) quantified by
a turn by strategy interaction (#(3,405) =8.52, p<0.001). Post-hoc tests confirmed that non-
turners made larger errors than turners at the 90-degree angle magnitude (p=0.039). There
were no significant differences in signed error across the three conditions (Figure 9).
Mixed-model ANOVAs were conducted with turn angle as the within-participants factor
and either condition number or viewing direction as the between-participants factor. No

significant main effects or interactions were found.
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Figure 8. Strategy categorization across three trial types in the body orientation experiment. The
left, centre, and right viewing conditions were counterbalanced across participants. A) Proportions
were corrected for the participants’ respective first viewing trial type, second, and third. The
number of switchers decreased across trial types. B) Proportions plotted based on orientation.

There are no significant differences in strategy across the three viewing orientations.
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Figure 9. Signed error separated by the three trial types of experiment 2b. Since orientation was

counterbalanced, the two sets of graphs show error by a) seating orientation and b) trial type order.
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3.5 Discussion

3.5.1 Measures of Strategy Consistency

While it is clear that participants seem to prefer one of two distinct strategies, the
designation of participants into these two categories relies on somewhat arbitrary measures.
Most groups (e.g., Gramann et al., 2012, Riecke et al., 2008) use percent cut-offs as a way
to separate participants into turners or non-turners. We see from Figure 2 (pg. 32) that the
relative proportions of participants in each category vary based on the value we choose for
this cut-off. When comparing proportions between 60% and 75% cut-offs, there were no
significant changes between the experiments. At the 90% cut-off, we see a huge increase
in the number of “switchers” across all experiments, and the relative proportions for each
experiment now look very different. Therefore, we need more precise measures of strategy

differences to truly look at individual differences in spatial updating.

One way we can accomplish this is by looking at an individual’s tendency towards
a particular strategy. Since each trial is categorized as a turner or non-turner trial based on
pointing direction, we can calculate an overall proportion of trials for each strategy. When
looking strategy consistency, we can see that participants’ averages vary across
experiments (Figure 3, pg. 35). In the body orientation and control experiments, turners and
non-turners exhibited similar levels of strategy consistency. However, turners in the
aperture experiment had less strategy consistency than non-turners. It appears that
occluding peripheral vision caused only the turners to question their strategy, while

manipulating body orientation may have caused both turners and non-turners to favour their
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strategy more strongly. One explanation is that manipulating body orientation reduced the
weighting of body-based cues, decreasing the amount of confusion and strategy switching

in all participants.

3.5.2 Error Measurements

Within each strategy group, participants also differed in terms of their constant (i.e.,
absolute error and signed error) and variable error (variance of responses within
individuals) across experiments. Since spatial updating is considerably more difficult
without vestibular cues, we naturally expect greater amounts of error for larger turn angles
(Klatzky, 1998). This is also in line with studies of sensorimotor interference, which
support that larger simulated turn angles would produce more interference with the current
body’s heading orientation (May, 1996). When comparing absolute error across
experiments, turners exhibited comparable levels of error across experiments (Figure 5, pg.
40). However, non-turners in the aperture group appeared to have greater degrees of error

than the control or body orientation groups.

The pattern of turner responses in the aperture condition is what we expect for
participants who understood the task. Plots of signed error revealed a pattern of over-
estimation for small angles and under-estimation for larger angels, which is also found in
other studies (e.g., Gramann et al., 2012). Although non-significant, non-turners in the
aperture condition appeared to perform worse than those in the control condition, showing
a pattern of larger errors and a tendency to under-estimate all angles. However, sign error

also has another important implication, in that a tendency to continuously under-estimate
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angles means that participants are starting to behave more like those in the other strategy.
Therefore, the pattern of under-estimation for non-turners in the aperture group may signify

a tendency for them to begin behaving like turners.

When measuring variable error, Experiment 1 revealed a main effect of strategy for
those in the control condition. Non-turners experienced greater variability in pointing
responses for larger angle magnitudes, while turners’ variability remained relatively
consistent. This consistency suggests that turners’ heading updates are less affected by
angle magnitude. This pattern was also found in the body orientation experiment (Figure 6,
pg. 43). However, for the aperture condition, turners also exhibited this effect of turn angle.
Although non-significant, it appears that the non-turners now have less variable error,
becoming more like turners in the control group. This provides another piece of evidence

that the aperture non-turners are now behaving more like turners.
3.5.3 Reaction Time (RT)

We expect all participants to respond faster across the course of the experiment.
Interestingly, turners tend to be slower in their RT than non-turners. While all groups get
faster over time, turners consistently respond slower than non-turners, with those in the
aperture condition responding faster than those in the control condition. It is possible that
this increase in response time is reflective of increased cognitive effort in imagining correct

heading updates, translating into accuracy differences.

Since participants make responses by rotating a dart on-screen, we naturally expect

to see a main effect of turn angle in RT, with higher RTs for larger angle magnitudes. This
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effect was seen in non-turner averages across all three experiments, but only in the aperture
experiment for turners. Surprisingly, we do not see this effect in turners for the control
group or body orientation group, but rather there are no significant differences in RT for
turn angle (Figure 7, pg. 45). This would only occur if participants were spending longer

thinking about smaller angles to make up for the time required to rotate the dart.
3.5.4 Changes Across Body Orientation

Unlike other iterations of point-to-origin tasks, Experiment 2b allowed us to see
changes in strategy over time. Each participant completed the Starfield task three separate
times in three different seating orientations. Although each condition can be categorized as
either favouring the turner or non-turner strategy overall, analyses of the proportion of
turner trials in each condition also revealed changes. For participants who were consistently
categorized as turners or non-turners across all three conditions, there was a significant
increase in the percentage of trials using their preferred strategy across conditions. Thus,
they became more consistent in their strategy over time. Furthermore, participants who
switched strategy across the conditions were likely to end up as turners in the final

condition.
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4 GENERAL DISCUSSION

It is clear that participants perceive and interpret the rotation in different ways.
Individuals experiencing a left turn trial will consistently point in either the left (turners) or
right (non-turners) directions back to origin. Furthermore, participants can correctly
interpret the optic flow patterns to discriminate between various magnitudes of turning
angles, since all groups display a positive correlation between turn angle and dart response
angle. This supports the findings from Gramann, Sharkawy, and Deubel (2009) in that

individuals who prefer different frames of reference do not differ in the encoding of motion.

4.1 Central vs. Peripheral Cue Conflict

In Experiment 2a, we measured whether the occlusion of the stationary surround
could impact the proportion of turners and non-turners. Participants viewed the task through
a black circular tunnel that blocked peripheral visual information. The proportion of
turners, non-turners, and switchers were similar to those found in Experiment 1, suggesting
that the existence of the non-turner group is likely not due to the cue conflict between the
central and peripheral visual fields. Interestingly, however, occlusion of the periphery
visual information increased the variable error for only the turners while increasing

absolute error and decreasing variable error for non-turners.

Previous findings suggest that successful spatial updating can be generated through
optic flow alone. However, when the peripheral environment was occluded, turners
experienced more pointing error than those in the control condition. One potential
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explanation is that the turners were more likely to use the stationary environment as a
reference point to compare against the magnitude of the simulated turn. During travel, optic
flow allows us to gather information about velocity and direction of our motion by parsing

object-locomotion and self-locomotion (Warren & Rushton, 2007).

In a PTO experiment, we expect participants to correctly parse the motion on screen
as self-locomotion and the surrounding stationary environment a lack of object-locomotion.
Alternatively, we can process the stationary environment as an extension of self-movement.
For example, when we are driving a car, the dashboard and steering wheel are not in motion.
This stationary aspect of the environment is expected because of the nature of our self-
motion. We thus expect to only see optic flow in one part of our visual field. Perhaps this
illusion is stronger for turners than non-turners and they can therefore successfully update
with only central optic flow. When we occluded the stationary surround, that information
was no longer available, which may have hindered turners’ ability to effectively process

the turns.

4.2 Visual vs. Body-Based Cue Conflict

Experiment 2b tested whether sensorimotor interference had any effect on strategy
selection or performance (i.e., accuracy and/or consistency). Sensorimotor interference has
a greater effect on rotations than translations (May, 2004). The Starfield task thus uses a
rotation/translation combination to see if participants can correctly interpret the turn angle

despite the cue conflicts. The methods of this study allowed us to compare turners and non-
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turners across the entire experiment as well as across each condition, looking for differences

in performance at different body orientations.

In the control study (Experiment 1), non-turners made larger absolute error
magnitudes for each angle than turners, replicating findings from Gramann et al. (2012). In
the body orientation experiment, turners tended to make larger magnitudes of errors for
smaller angles while non-turners made larger errors for bigger angles (Figure 9, pg. 48). In
comparing pointing responses (Figure 4, pg. 37), both turners and non-turners consistently
underestimated the angle magnitude in the control group. However, we found that turners
as a group in the body orientation experiment tended to over-estimate the angle. Absolute

error for turners was also reduced across all turn angles compared to the control.

One explanation is that since the experiment always began with participants seated
at an angle to the screen, perhaps the relative weighting of body-based cues was reduced,
allowing some participants to ignore their body orientation. It is also possible that this
unnatural seating arrangement served as a form of disorientation for the viewers, supporting
research that adopting a new spatial heading is easier when disorientation occurs (e.g., May,

1996).

Turners in the neutral condition (i.e., facing the monitor) appeared to perform the
worst. When participants are seated facing the screen, their initial travel direction is the
same as their current body orientation. This initial congruence between visual and body-
based orientation may then cause problems during the rotation phase of the trial, where the

vestibular cues no longer match the visually presented motion cues. The manipulation of

55



M.Sc. Thesis — L. Jin; McMaster University — Psychology, Neuroscience & Behaviour

body-based cues seemed to increase strategy consistency for both groups, therefore
reducing the amount of strategy switching that participants tended to engage in. This is in
support of the notion that sensorimotor interference affects all participants, regardless of

strategy.

4.3 Why Do Non-Turners Exist?

This study tested whether cue conflicts had any effects on spatial updating. When
only optic flow is available, participants must effectively overcome conflicting information
to successfully spatially update. It appears that turners are more impacted by experimental
manipulations in both Experiments 2a and 2b. When peripheral information was occluded
(Experiment 2a), turners were less consistent in their strategy selection and had greater
variability in their pointing responses. Turners also exhibited highly accurate pointing
responses when their seating orientation was rotated (Experiment 2b) and an improvement

in strategy consistency.

The measures of RT revealed important differences between turners and non-
turners. The control group (Experiment 1) demonstrated a distinct difference between these
groups. While non-turners’ RTs vary by angle magnitude, turners’ RTs do not.
Furthermore, while both groups get faster over time, turners consistently respond slower
than non-turners across the duration of the experiment. One explanation could be that this
reveals another difference in task strategy between the two groups. Perhaps turners are
putting more cognitive effort into the task and updating their heading correctly. On the

other hand, non-turners may be comparing the time of simulated rotation against the time
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it takes to rotate the dart. Longer turn angles thus translate into longer dart rotations. We

therefore see less absolute and variable error for turners than non-turners across all angles.

This is supported by findings when sensorimotor interference was manipulated. In
Experiment 2b, participants began the experiment either facing the left or right of the
monitor. Since the participant’s physical heading is initially incongruent with the visual
travel direction, it may have caused increased awareness of the cue conflict and therefore
allowed participants to ignore body-based cues entirely. This may have led to the lack of

RT differences between strategy groups across the course of the experiment.

When peripheral visual information was occluded (Experiment 2a), we also saw no
differences between turners and non-turners across the time course of the experiment.
However, we now see that both groups’ RTs vary by turn angle (Figure 7, pg. 45). One
explanation is that the removal of peripheral information actually reduced turners’ ability
to spatially update, causing them to use another strategy. They may rely less on heading
updates and more on the time it takes to rotate the dart, much like the non-turners. This is
further supported by findings that turners in the aperture group had larger variable error as

well as less strategy consistency.

4.4 Future Directions and Limitations

Since the present study had a between-subjects design across three experiments, we
cannot draw any conclusions about the potential individual strategy changes when different

cues are available. It is entirely possible that participants who performed as non-turners in
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the control experiment would choose a turner strategy in the aperture or body orientation
experiments. It is also possible that we would see individual differences in response error

if using a within-participants design.

The use of the circular aperture to block environmental information was also
problematic in that it inherently also narrowed the available field of view. Therefore, while
it occluded peripheral information, it also occluded some optic flow information that would
have been available in the control (Experiment 1). A potential solution would be to project
the Starfield onto a wall in a completely dark room with no other objects. This would still
allow for the minimization of stationary peripheral information, without changing the field
of view and amount of optic flow available. This could then be compared to a group that
views the Starfield through an aperture, to test the effects of occluding peripheral vision

versus increasing the congruency between central and peripheral vision.

A limitation for Experiment 2b is the method of participant rotation between each
condition. Since participants had to be rotated to a specific orientation and distance away
from the monitor, it required an experimenter to physically rotate the chair between
conditions. Since the participant had to stand up sit back down in a new orientation for each
condition, it is possible that this transition caused them to re-orient themselves within the

laboratory, thereby influencing their headings representations.

Finally, an important assumption we held was that the apparent failure to spatially
update by the non-turner group was caused by unconscious cognitive differences. To gain

further insight into why this group exists, a qualitative questionnaire about participant
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strategies may be useful. It is possible that turners and non-turners simply employ different
conscious strategies to complete the task. When participants are trained to respond using a
particular strategy, they are able to complete the task using their non-preferred strategy
(Gramann et al., 2005). However, it appears that participants who are categorized as turners
are better able to engage in strategy-switching, producing smaller magnitudes of errors
using the non-preferred strategy than non-turners. Therefore, the difference in groups may
not be entirely due to a difference in cognitive ability, but rather of a combination of task

strategy and individual differences.

S CONCLUSIONS

This thesis sought to understand why some individuals appear to fail to spatially
update when only optic flow motion information is presented. We examined the effects of
two sources of cue conflict in virtual reality (VR) point to origin (PTO) experiments using
the Starfield task (e.g., Gramann et al., 2012). One source of conflict was the stationary
visual information in the peripheral field, which was hypothesized to impact parsing of
object versus self-locomotion information. The other source of cue conflict we manipulated

was body-based cues of orientation.

While the manipulations to reduce two types of cue conflict did not alter the overall
proportions of turners and non-turners within the sample, Experiments 2a and 2b did reveal
important differences in the degree of error participants make when different types of cue

conflict do occur. While reducing peripheral visual information (2a) decreased
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performance, especially for turners, manipulating body orientation improved performance
for turners and caused both strategy groups to respond more consistently. New reaction
time analyses corroborated these findings. Perhaps the difference between strategy groups

is not of updating ability, but rather cognitive strategy used to complete the task.
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