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Figure 12 — Scene recognition performance as a function of magnitude and mode of viewpoint
shift in Experiment 3a. The external environment was visible. Black line — observer locomotion;
dark gray line — active scene rotation; light gray line - disorientation. (A) Scene recognition
accuracy; (B) Reaction time on correct trials. Error bars represent between-subjects + 1 standard

error of the means (SEMs) computed from data points in each condition submitted to the

analysis of variance.

Reaction Time

For reaction time of correct judgments, there was a significant main
effect of mode of viewpoint shift, F(2, 26) = 28.24, MSE = 6.67, p < 0.001.
Additionally, there was a nearly significant main effect of magnitude of viewpoint
shift, F(3, 39) =2.73, MSE = 2.95, p = 0.057, but the interaction between mode
and magnitude of viewpoint shift was not significant, F(6, 78) = 2.02, MSE =
4.65, p =0.073.

Since there was a significant omnibus test for mode of viewpoint shift,

we examined the pairwise differences between active scene rotation, observer
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locomotion, and disorientation. A direct comparison of active scene rotation and
observer locomotion revealed that locomotion was significantly quicker than

. active scene rotation across all tested viewpoint shifts, #(13) = 3.071, p = 0.009,
two-tailed. Also, locomotion resulted in significantly quicker scene recognition
compared to disorientation, #(13) = -2.85, p < 0.001. Active scene rotation was
also significantly quicker than disorientation, #(13) = -3.65, p = 0.003.

We then performed a linear trend analysis to evaluate the hypothesis that
reaction time increases as the magnitude of viewpoint shift increases for active
scene rotation, observer locomotion, and disorientation. Reaction time increased
linearly as the magnitude of active scene rotation increased, #(13) = 1.78, p =
0.049, one-tailed. There was also a significant linear increase in reaction time as
the magnitude of observer locomotion increased, #(13) = 1.96, p = 0.036. There
was no apparent increase in reaction time for disorientation, #(13) =-0.362, p =
0.638. These results are plotted in Figure 11B.

Discussion
We should first note that the results of this experiment are consistent with
our previous findings with respect to viewpoint-dependency and performance
trends. Specifically, scene recognition was more accurate and quicker when no
viewpoint shift was experienced compared to any magnitude of locomotion,
active scene rotation, or disorientation. This suggests that scene recognition is
viewpoint-dependent. Also, scene recognition accuracy declined linearly, and

reaction time increased linearly, as the magnitude of viewpoint shift increased for
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both locomotion and active scene rotation. This result parallels our previous
contention that scene recognition difficulty increases as the magnitude of
viewpoint shift increases.

The primary aim of this experiment was to determine whether body-based
cues available during locomotion facilitate scene recognition by an amount that
exceeds simply having active control over the viewpoint shift. First and foremost,
we employed a novel verbal report feature which required participants to indicate
the magnitude and direction of the viewpoint shift after undergoing any amount of
locomotion, active scene rotation, or disorientation (but before viewing the scene).
Analyses of these verbal reports showed that participants were equally proficient
at estimating the magnitude and direction of the viewpoint shift in the locomotion
and active scene rotation conditions. This suggests that the knowledge participants
acquired regarding the viewpoint shift was approximately matched in the
locomotion and active scene rotation conditions. Recall that active control over
the viewpoint shift provides participants with knowledge regarding the magnitude
and direction of the shift (see Experiment 2b). Therefore, since participants’
knowledge about the shift was matched across the locomotion and active scene
rotation conditions, we are confident that the degree of active control they had in
each of those conditions was relatively equivalent. Given similar levels of active
control over the viewpoint shift, we examined whether locomotion still conferred
a scene recognition advantage compared to active scene rotation. Results showed

that recognition performance following locomotion was both significantly more
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accurate and quicker than active scene rotation across a wide range of viewpoint
shifts. This suggests that body-based cues acquired during locomotion facilitate
scene recognition beyond actively controlling the viewpoint shift alone.
Therefore, while active control over the viewpoint shift may be one component of
the facilitative effect of locomotion (see Chapter Two), a second component of
that effect seems to be receiving body-based cues that promote updating of spatial
relations. On the other hand, the proprioceptive and somatosensory cues gained
during active scene rotation do not appear to be as effective in promoting
efficacious spatial updating.

The second function of this experiment was to confirm the importance of
body-based cues for spatial updating by making those cues unreliable/unusable.
We accomplished this by employing a set of disorientation conditions which were
meant to disrupt the body-based cues that are usually available during locomotion.
First, our verbal report data shows that participants were unable to accurately
indicate where they were in the testing environment following disorientation.
Participants were significantly less precise at predicting the magnitude and
direction of the viewpoint shift following disorientation than in both the
locomotion and active scene rotation conditions. Since participants were far less
accurate at predicting the viewpoint shift following disorientation compared to
locomotion (i.e. when those cues were intact), this suggests that we successfully
disrupted participants’ body-based cues in the disorientation conditions. Similarly,

performance in the standard-control condition was significantly more accurate and
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faster than in the disorientation-control condition. This further strengthens the
claim that we successfully disrupted participants’ body-based cues during
disorientation. However, this may also be indicative that the disorientation
procedure was foo arduous for participants and may have affected their ability to
retain or accurately recall spatial relationships. This is accounted for in
Experiment 3b.

An examination of participants’ actual scene recognition performance
revealed that recognition was both more accurate and faster following locomotion
than it was following disorientation across our selected viewpoint shifts. When we
removed 160° - an angle close to 180°, which is known to result in inflated
recognition performance - from the analysis, the difference in scene recognition
accuracy between locomotion and disorientation became even more substantial. In
fact, scene recognition accuracy following disorientation was no better than that
following active scene rotation. Another important result comes from the reaction
time data. Reaction times following disorientation were significantly longer than
both locomotion and active scene rotation. This result makes sense if we consider
the nature of the disorientation conditions. Recall that during the locomotion and
active scene rotation conditions participants were receiving information regarding
the magnitude and direction of the viewpoint shift during the retention phase. On
the other hand, in the disorientation conditions participants did not receive any
information regarding the viewpoint shift during retention; they were simply

being disoriented. The only time participants received any knowledge about the
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viewpoint shift in the disorientation conditions was after they removed the
blindfold to view the scene. The high reaction times in the disorientation
conditions suggest that participants may have been taking additional time to figure
out where they were in the testing room - and hence the magnitude and direction
of the viewpoint shift - once they removed the blindfold. Nevertheless, this “re-
orienting” was not sufficient for improving scene recognition accuracy.
Collectively, these results suggest that body-based cues available during
locomotion do indeed facilitate scene recognition ability; and when those cues are
unreliable/unusable, scene recognition suffers. Critically, re-orienting with the
learning direction does not appear to alleviate the scene recognition deficit
following disorientation. This highlights the importance of receiving online body-
based information during viewpoint shifts. The latter abstraction is explored
further in Experiment 3b.

The notion that body-based cues available during locomotion are
important for facilitating scene recognition is consistent with the results of studies
which have used paradigms similar to ours (e.g. Simons & Wang, 1998; Simons,
Wang, & Roddenberry, 2002; Wang & Simons 1999). However, as far as we
know, we are the first group of researchers to systematically show that locomotion
facilitates scene recognition after controlling for the level of active control that
participants have over the viewpoint shift. Most past studies have ignored the
influence of active control on spatial performance due to findings that suggest

active control alone does not confer any benefit (Wang & Simons, 1999). We
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have successfully shown that active control itself may improve scene recognition
(Chapter Two), but that body-based cues gained during movement are particularly
important to facilitate recognition performance. Similar findings have been
reported by Wraga, Creem-Regehr, and Proffitt (2004). These researchers used an
immersive virtual reality setup to compare updating performance during observer
movement and scene movement conditions when optical information was
continuously present. In their task, participants were required to search for objects
(e.g. “Find the chicken”) in a virtual room either by rotating themselves about the
display, or by using a joystick to rotate the room. Results showed that participants
responded faster and made fewer errors in the observer movement condition than
in the scene rotation condition at all angles along a Cartesian axis (i.e. 0°, 180°,
90°, 270°). In line with the results of previous studies, this suggests that
proprioceptive inputs, as well as vestibular inputs specifying angular body
acceleration, are important for locating objects in the observer movement
condition. Alternatively, haptic information elicited from joystick rotation during
scene rotation was not as effective in allowing individuals to update the locations
of objects. In a second experiment, Wraga et al. (2004) tested whether active
control of observer movement resulted in superior spatial performance compared
to passive movement. In the active condition, participants sat in a rotatable chair
and searched the room by rotating the chair themselves. Participants in this
condition were afforded proprioceptive inputs from the soles of the feet, the legs,

and changes in pressure on the skin’s surface, as well as vestibular inputs and
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efference copies of motor commands. In the passive condition, seated participants
were rotated by the experimenters. Participants in this condition received
vestibular inputs, as well as some proprioceptive inputs relating to changes in
pressure on the skin’s surface. No efference copies of motor commands were
available in the passive condition. Results showed that passive rotation resulted in
significantly slower updating performance compared to active rotation. However,
error rates in the active and passive conditions were similar. These researchers
concluded that the proprioceptive and vestibular inputs common to both active
and passive movement play a more critical role in spatial updating than do
efference copies of motor commands (which are only available in the active
condition). The importance of body-based cues on spatial updating has also been
demonstrated by Simons and Wang (1998, Experiment 3), who showed that scene
recognition accuracy declines when proprioceptive and vestibular information are
disrupted in a rigorous and unpredictable disorientation procedure. Despite the
abovementioned findings, however, we present the first evidence that body-based
cues available during locomotion improve spatial ability compared to scene
rotation after equating levels of active control. Our results support the contention
that proprioceptive and vestibular inputs may be more influential to spatial
updating than efference copies of motor commands. In the context of our previous
findings, while active control can improve scene recognition by virtue of the

information it provides regarding the magnitude and direction of the viewpoint
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shift, body-based inputs from physical movement may be more important for
spatial updating.

In summary, the results of this experiment suggest: (1) that body-based
cues (i.e. proprioceptive, vestibular, somatosensory, etc.) acquired during
locomotion facilitate scene recognition performance beyond that which is solely
achieved with active control over the viewpoint shift (which may include
efference copies of motor commands, knowledge about the viewpoint shift,
increased attention, etc.); and (2) that those cues must be reliable and undisrupted,
and that re-orienting with the learning direction following a viewpoint shift is not
sufficient for improving scene recognition. However, the latter result contains a
potential confound. It is unclear whether poor performance following
disorientation is actually a result of disrupted body-based cues, or due to a lack of
knowledge regarding the viewpoint shift. Recall that participants never received
any information regarding the magnitude and direction of the viewpoint shift
during the retention phase in the disorientation conditions. It could be the case
that receiving information about the viewpoint shift during retention (i.e. online
during a viewpoint shift) is critically important to the facilitative effect of
locomotion. This is the focus of Experiment 3b.

Experiment 3b
The results of Experiment 3a suggest that body-based cues available
during locomotion must be intact and reliable in order to confer a scene

recognition advantage when experiencing a viewpoint shift. However, it is
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possible that the performance deficit in the disorientation conditions was not a
result of disrupted body-based cues per se, but rather a consequence of not
receiving any information regarding the magnitude and direction of the viewpoint
shift during the retention phase. More specifically, while re-orienting with the
learning direction following a viewpoint shift may not be sufficient to facilitate
scene recognition (Experiment 3a), it is possible that remaining oriented via
continuous online information about one’s position and orientation could mitigate
the performance deficit for disorientation. Alternatively, remaining oriented with
the learning direction in the absence of reliable body-based cues may still be
insufficient for updating spatial relations.

Evidence for the benefit of a continuous, online updating process comes
from studies that examine the automatic, reflex-like nature of spatial updating
during movement (e.g. Farrell & Robertson, 1998; Rieser, 1989). For example,
Farrell and Robertson (1998) used a design similar to Rieser (1989) to explicitly
examine the automaticity of spatial updating. In their task, participants learned the
spatial locations of objects in a room. Participants were then blindfolded and
underwent a viewpoint shift that was caused by either physical rotation (updating
condition), imagined rotation (imagined condition), or physical rotation with
instructions to ignore that rotation (ignoring condition). Participants were then
required to point to surrounding objects. Results showed that there was a linear
increase in pointing error as the angular deviation from learning increased for the

updating condition. More importantly, in both the imagined and ignoring
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conditions there was a curvilinear increase in error as the angular deviation from
learning increased. This suggests that individuals have difficulty ignoring their
body cues when rotating, and thus that spatial updating is a rélatively automatic
process. Furthermore, Rieser (1989) has shown that response times for spatial
updating are independent of the magnitude of self-rotation. Collectively, these
results suggest that updating occurs in tandem with movement (see also Wraga et
al., 2004). These findings underscore the importance of receiving online body-
based information during locomotion.

Further support for the benefit of receiving continuous, online information
during viewpoint shifts comes from studies examining the dissociation of
egocentric and allocentric spatial representations. In a series of experiments by
Wang and Spelke (2000), participants learned the locations of objects in a room
and were subsequently required to point to them while blindfolded. Participants
pointed to these unseen targets either after remaining oriented or after
disorientation by self-rotation. Results showed that participants’ pointing
judgments were significantly impaired by disorientation. Importantly,
disorientation itself did not seem to degrade participants’ representations due to
vestibular disturbance since the same performance impairments were present after
an ample recovery period. The most interesting findings of Wang and Spelke
(2000), however, come from their examination of the factors that reduced pointing
errors (i.e. improved performance) during disorientation. Specifically, these

researchers showed that pointing errors were attenuated when participants were
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provided with a directional cue (a light) that enabled them to continually remain
oriented within the room during self-rotation. On the other hand, when the light
was only available after the disorientation procedure, participants’ pointing
responses were still impaired despite an ability to re-orient with the light.
Although there are obvious task differences between our design and that of Wang
and Spelke (2000), the results of our Experiment 3a are fairly consistent with
theirs. Like the results of Wang and Spelke (2000), our disorientation procedure
also reduced participants’ spatial performance (i.e. scene recognition ability).
Likewise, re-orienting within the room upon removal of the blindfold did not
improve scene recognition accuracy in our task, despite the fact that participants
attempted such re-orientation. It follows that — like the participants of Wang and
Spelke (2000) - participants in our experiment may benefit from receiving
continuous orienting information during disorientation.

In this experiment, we replicated the locomotion and disorientation
conditions from Experiment 3a with some important changes. First, we made the
disorientation procedure less rigorous. Participants were still wheeled to a new
position via a combination of rotations and translations, however this series of
movements was more gentle. The idea behind this was to still disrupt participants’
body-based cues, but not to overwhelm them with the complex motion
experienced in Experiment 3a. Second, we attempted to provide participants with
online knowledge about the viewpoint shift during the retention phase of the

disorientation conditions. Whereas in Experiment 3a participants were wheeled all
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over the testing area and could not determine their position or orientation, in this
experiment we restricted the direction of their movement to one side of the table.
This gave participants knowledge about the direction of the viewpoint shift during
the retention phase. Also, we enabled participants to remain oriented within the
environment during retention. This was accomplished by mounting a fluorescent
light above participants’ heads at the learning position. To assure that this light
was salient, the entire experiment was conducted in the dark 10-sided room used
in our previous experiments. Participants also wore translucent goggles which
prevented them from seeing the spatial scene, but allowed them to detect
brightness gradients. When participants were wheeled around the room during
disorientation, they could continually remain oriented with the learning position
by virtue of the gradient provided by the fluorescent light. This allowed
participants to know their orientation and approximate location within the testing
room during the retention phase of the disorientation conditions. In that regard,
we believe that we closely matched the information participants received
regarding the viewpoint shift during the retention phase of locomotion and
disorientation.

By providing participants with online information regarding their
position and orientation during disorientation, we can determine whether the
performance deficits following disorientation in Experiment 3a are attributable to
disrupted body-based cues, or a lack of online knowledge regarding the

magnitude and direction of participants’ displacement in the room. If body-based
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cues available during locomotion are essential for updating spatial relations, we
would still expect to see a scene recognition advantage following locomotion
compared to disorientation (wherein those cues are disrupted despite an ability to
remain oriented). Alternatively, if the facilitative effect of locomotion is simply
attributable to an ability to remain oriented with the environment, we would not
expect to see a performance difference between locomotion and disorientation
conditions.
Method

Participants

Sixteen undergraduate students (4 males and 12 females, 18-23 years of
age [M =20, SD = 1.40]) from McMaster University participated in return for
course credit or monetary compensation. All participants reported normal or
corrected-to-normal vision, and none had previous experience with spatial
learning paradigms like the one presented here.
Materials, Apparatus, and Design

The materials and apparatus were similar to that of our previous
experiments. The experiment was conducted in the symmetrical 10-sided room
with the lights turned down. We used the same Styrofoam cups as spatial stimuli.
We also used the same swivel chair as in Experiment 3a for conditions in which
participants were wheeled to a new viewpoint. Additionally, there were a couple
of new features in this experiment. First, we mounted a fluorescent light tube (a

Globe® 12 T5 Fluorescent Utility Light) on the ceiling of the 10-sided room,
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right above the learning position. Also, instead of wearing a blindfold during
phases of the experiment where the scene was meant to be occluded, participants
wore goggles with translucent lenses. These goggles prevented participants from
seeing objects in the room (including the spatial scene) but allowed them to detect
brightness gradients. As the participant moved throughout the room, the changing
light gradient from the fluorescent light gave them information about their
orientation and approximate location within the testing environment.

MATLAB 7.0 was used to generate 124 (four practice and 120 test)
irregular spatial configurations wherein only two objects could be aligned with
each other during each trial. The trials were split across two days (60 trials on
each day, with the four practice trials on the first day only), such that participants
completed half of the trials one day and the other half exactly one week later.
Otherwise, the materials and apparatus were the same as that of Experiment 3a.
Procedure

Learning phase. This was the same as all of our previous experiments.

Retention Phase. First and foremost, as in all previous experiments, one
cup was moved to a previously unoccupied position on the table. Next, there were
three viewpoint shift modes: (1) No viewpoint shift. This mode included the same
two control conditions as Experiment 3a — that is, the standard-control condition
and the disorientation-control condition. (2) Observer Locomotion: this was the
same as our previous locomotion conditions, with the exception of the magnitudes

of viewpoint shift that were chosen (50°, 80°, 130°, 160°, and 180°). Locomotion
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could be in a clockwise or counter-clockwise direction on any given trial (3)
Disorientation: even though this mode was meant to be an extension of the
disorientation mode from Experiment 3a, it is not completely appropriate to call it
“disorientation”” anymore since participants can in fact remain oriented with the
environment throughout this experiment. For simplicity and consistency,
however, we will continue to call it disorientation. Similar to Experiment 3a,
participants sat in the swivel chair and were translated and rotated in a
predetermined path in order to disrupt the body-based cues that are typically
acquired during locomotion. However, there are a few important differences
between this mode and the disorientation mode of Experiment 3a. First, in this
experiment we restricted the participants’ direction of movement to one side of
the table. This gave participants knowledge of the direction of the viewpoint shift.
Second, we made the wheeling motion less rigorous than in Experiment 3a,
thereby decreasing any anxiety and/or dizziness that may have arisen. Finally,
instead of wearing a blindfold and thus being unable to gauge their position and
orientation in the testing room, participants in this experiment were able to use the
light gradient provided by the fluorescent light in order to remain oriented with
the learning direction during movement. This manipulation gave participants
knowledge about their orientation and approximate location in the room during

the retention phase (i.e. online during the viewpoint shift).

105



Master’s Thesis — Mark Wade McMaster — Psychology, Neuroscience, & Behaviour

Test Phase. Following the viewpoint shift (or lack thereof), the participant
identified the cup that they believed was moved during retention. The cups were
demarked with coloured circles as described in Experiment 1a.

Design. Each participant experienced 10 standard-control and 10
disorientation-control trials. They also experienced two viewpoint shift modes
(observer locomotion and disorientation) across five viewpoint shift magnitudes
(50°, 80°, 130°, 160°, and 180°), each of which were experienced in two
directions (clockwise and counter-clockwise), and all were repeated five times. In
total, there were 120 trials (20 control + [2 modes x 5 magnitudes x 2 directions x
5 repetitions]). Trials were arranged into five blocks, with all conditions presented
in a random order within each block. As mentioned above, trials were split across
two days, with each testing session lasting approximately one hour.

Results

Scene recognition (i.e. change detection) performance was measured as
the proportion of trials on which participants correctly identified which cup had
moved during retention. We also measured reaction time for correct responses. An
initial analyses including the sex of the participants as a between-subject factor
did not reveal any differences. There was also no effect of direction of rotation
(i.e. clockwise versus counter-clockwise). Therefore the data was collapsed across

these variables for all subsequent analyses.
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Preliminary Analysis with Control Condition
We first determined whether novel-view scene recognition was

viewpoint dependent following observer locomotion and disorientation. A series
of planned paired samples t-tests revealed that accuracy in the control condition
(M =0.84, SD = 0.13) was significantly more accurate than in any of the observer
locomotion or disorientation conditions (all p’s < 0.01). Reaction time in the
control condition (M = 5.16, SD = 0.90) was also quicker than in any of the
observer locomotion or disorientation conditions (all p’s < 0.05). After this initial
set of comparisons, we removed the control condition from further analyses and
focused on the differences between observer locomotion and disorientation across
the different magnitudes of viewpoint shift.
Observer Locomotion vs. Disorientation

A 2 (mode of viewpoint shift: observer locomotion versus disorientation)
x 5 (magnitude of viewpoint shift: 50°, 80°, 130°, 160°, 180°) repeated measures
ANOVA was conducted separately for the proportion of correct judgments and
reaction time.

Accuracy

For the proportion of correct judgments, there was a significant main
effect of mode of viewpoint shift, with participants responding more accurately
following locomotion than disorientation, F(1, 15) = 21.0, MSE =0.035,p <
0.001. The main effect of magnitude of viewpoint shift neared significance, but

did not reach it, F(4, 60) = 2.14, MSE = 0.023, p = 0.087. Also, the interaction
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between mode and magnitude of viewpoint shift was not significant, F(4, 60) =
0.079, MSE =0.039, p = 0.998.

We then performed a linear trend analysis to evaluate the hypothesis that
the scores decrease linearly as the magnitude of viewpoint shift increases for both
observer locomotion and disorientation. There was a not a significant linear
decline in change detection accuracy as the magnitude of observer locomotion
increased, #(15) = -1.04, p = 0.158, one-tailed, or as the magnitude of viewpoint
shift increased for disorientation, #(15) = -0.758, p = 0.230, one-tailed. Each of
these results is plotted in Figure 13A.

Reaction Time

For reaction time of correct judgments, there was a significant main effect
of mode of viewpoint shift, with participants responding quicker following
observer locomotion than disorientation, F(1, 12) =7.91, MSE = 1.17, p = 0.016.
Additionally, the main effect of magnitude of viewpoint shift was very close to
significance, F(4, 48) = 2.52, MSE = 1.16, p = 0.053. The interaction between
mode and magnitude of viewpoint shift was not significant, (4, 48) = 0.656,
MSE =1.17, p=0.625. |

We also performed a linear trend analysis to evaluate the hypothesis that
reaction time increases as the magnitude of viewpoint shift increases for both
observer locomotion and disorientation. Reaction time increased linearly as the
magnitude of locomotion increased, #(14) = 1.83, p = 0.044, one-tailed. There was

also a significant linear increase in reaction time as the magnitude of viewpoint
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shift increased following disorientation, #(12) = 2.19, p = 0.024. These results are

plotted in Figure 13B.
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Figure 13 — Scene recognition performance as a function of magnitude and mode of viewpoint
shift in Experiment 3b. The external environment was removed and a fluorescent light was
mounted above the learning position. Black line — observer locomotion; gray line —
disorientation. (A) Scene recognition accuracy; (B) Reaction time on correct trials. Error bars
represent between-subjects + 1 standard error of the means (SEMs) computed from data points

in each condition submitted to the analysis of variance.

Discussion
This experiment extended the findings of Experiment 3a by resolving the
ambiguity surrounding the performance deficits following disorientation. In
particular, we examined whether poor scene recognition performance following
disorientation was a result of disrupted body-based cues, or whether it was
attributable to receiving insufficient online information regarding the viewpoint

shift. We first substantiate our previous results which suggest that scene
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recognition is viewpoint-dependent. The results of this experiment also support
our previous findings which show that scene recognition accuracy declines, and
__reaction time increase, as the magnitude of viewpoint shift increases. This
supports the notion that scene recognition becomes progressively more difficult as
the magnitude of viewpoint shift increases. Most importantly, however, the results
show that scene recognition performance following locomotion was significantly
more accurate and quicker than disorientation across our selected viewpoint shifts.
Therefore, even when participants were afforded online knowledge regarding their
orientation and approximate position in the environment, their scene recognition
ability was still worse following disorientation compared to locomotion. Since
participants’ body-based cues were still unusable for spatial updating during the
disorientation conditions, these results suggest that those cues must be reliable
and intact during locomotion in order to facilitate scene recognition. These results
also suggest that remaining oriented within one’s environment during a viewpoint
shift is not sufficient for improving scene recognition; and by extension,
remaining oriented cannot account for the facilitative effect of locomotion. These
results highlight the importance of having accessible body-based cues during
locomotion in order to update spatial relations.

This experiment provides thorough support for the importance of body-
based cues (i.e. proprioceptive, vestibular, somatosensory, etc.) on spatial
updating during locomotion (see also Berthoz et al., 1995; Chance et al., 1999;

Grasso et al.,1999; Israel et al., 1997; Klatzky et al., 1998; Simons & Wang, 1998;
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Wang & Simons, 1999; Wraga et al., 2004). While this finding itself is not novel,
we provide some of the first evidence demonstrating that there is something
special about body-based cues beyond their impact on orientating that facilitates
scene recognition. Our results challenge the idea that updating of spatial relations
is simply a matter of remaining oriented with one’s environment (e.g. Rieser,
1989), or remaining oriented with a particular reference direction (Mou,
McNamara, Valiquette, & Rump, 2004). According to Mou et al. (2004),
individuals establish an orientation-dependent spatial reference system which 1s
comprised of a small number of dominant reference directions (usually two
orthogonal axes). During locomotion, observers update their orientation with
respect to the dominant spatial reference direction. Their model is as follows:
individuals represent inter-object spatial relations with respect to a specific
reference direction in the scene (Mou & McNamara, 2002; Mou Xiao, &
McNamara, 2008). When the arrangement of objects is random (like that used in
the current study), the dominant reference direction is the learning direction
(Shelton & McNamara, 2001; Mou, Liu, & McNamara, 2009; Mou, Zhang, &
McNamara, 2009). Mou et al. (2004) propose that individuals update their
orientation during locomotion with respect to the same reference direction used to
represent inter-object relations. In our experiment, this means individuals would
update their orientation with respect to the learning direction. However, our
results show that even when individuals are able to remain oriented with the

learning direction by using a brightness gradient that informs them of their
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position and orientation, scene recognition is still inhibited by the absence of
reliable body-based cues. In the framework of Mou et al. (2004), our results
suggest that it is the presence of body-based cues themselves that is required for
efficacious spatial updating, and not simply an ability to remain oriented with the
dominant reference direction.

Keep in mind that, in addition to remaining oriented with the learning
direction during the retention phase, participants in our study could also use the
light to re-orient with the learning direction upon removal of the blindfold. Since
the learning direction is the same as the dominant reference direction in our study,
re-orienting is functionally equivalent to recovering the spatial reference direction
(Mou et al., 2004). Mou, Zhang, and McNamara (2009) have recently proposed
that locomotion facilitates scene recognition since it enables individuals to
recover the spatial reference direction more precisely than scene rotation. In their
study (which was similar to ours) participants learned a random spatial
arrangement of objects on a circular table. Participants were then blindfolded and
one of the objects was relocated. Concurrent with this change, participants either
locomoted to a new viewing position, or they remained stationary and the scene
was rotated. After this viewpoint shift, the experimenters placed a chopstick in the
centre of the table which explicitly indicated the original learning direction (i.e.
the reference direction). Participants then removed the blindfold and indicated
which object had moved. The results showed that participants’ scene recognition

performance was equally accurate in the locomotion and scene rotation conditions
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when the chopstick was present. Basically, as long as individuals could recover
the spatial reference direction (i.e. the learning direction), scene recognition
performance was enhanced. Recall that in our study the fluorescent light tube was
mounted at the learning position. Like the chopstick use by Mou, Zhang, and
McNamara (2009), this provided participants with an explicit indication of the
learning direction. Despite this information, participants’ scene recognition ability
was still impeded when they were unable to use body-based cues during
disorientation. These results, in conjunction with those of Experiment 3a, suggest
that simply recovering the reference direction (or re-orienting with the learning
position) is not sufficient for improving scene recognition following a viewpoint
shift (see also Greenauer & Waller, 2008). One explanation for this divergence of
results is that our light may have been less salient than the chopstick used by
Mou, Zhang, and McNamara (2009) since it was located outside the actual spatial
scene. Nevertheless, it was plainly evident to the experimenters that participants
were attempting to use the light to re-orient with the learning direction upon
removal of the blindfold. Another possible explanation for the difference in
results between our study and those of Mou, Zhang, & McNamara (2009) is that
they used unique objects and a single viewpoint shift during experimentation. It is
possible that these experimental manipulations differentially influence scene
recognition in the presence of a cue indicating the learning direction (see General

Introduction). Further research is needed to determine the conditions in which
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recovery of the spatial reference direction is sufficient for improving scene
recognition ability.

General Discussion

The cognitive processes involved in the formation, maintenance, and
retrieval of spatial representations are essential for everyday functioning.
However, egocentric spatial representations are rarely static since individuals are
constantly moving through their environment (i.e. locomotion), or objects in the
environment are shifting in front of their eyes (e.g. scene rotation). Whenever an
individual undergoes a viewpoint shift - a change in angular viewing perspective -
the spatial relations between themselves and objects in the environment invariably
changes. The ability to recognize whether a spatial scene is the same or différent
from a novel viewpoint is reduced when an individual locomotes around the scene
and when the scene rotates in front of a stationary observer (e.g. Christou &
Bulthoff, 1999; Diwadkar & McNamara, 1997; Burgess et al., 2004; Finlay et al.,
2007; Mou, Zhang, & McNamara, 2009; Wang & Simons, 1999). However, the
cost of undergoing a viewpoint shift is less for observer locomotion compared to
scene rotation (e.g. Burgess et al., 2004; Mou, Zhang, & McNamara, 2009;
Simons & Wang, 1999; Wang & Simons, 1999). This difference in scene
recognition ability between viewpoint shifts caused by locomotion and scene
rotation is called the facilitative effect of locomotion. This dissertation aimed to
investigate the general characteristics associated the facilitative effect of

locomotion, as well as the potential mechanism underlying its existence.
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In Chapter One, we investigated whether the facilitative effect of
locomotion is robust across a wide range of viewpoint shifts. In contrast to recent
findings by Mou, Zhang, & McNamara (2009), the results of Experiment 1a
suggest that the facilitative effect of locomotion is indeed robust across both small
and large viewpoint shifts. The results also suggest that scene recognition is
viewpoint-dependent, and that scene recognition becomes progressively more
difficult as the magnitude of viewpoint shift increases. Next, in Experiment 1b we
explored whether visual cues in the surrounding environment improve scene
recognition ability, and if those cues exacerbate the facilitative effect of
locomotion. Our results showed that visual cues in the environment do not
improve scene recognition performance in general, although they may have the
effect of increasing variability in participants’ responses. Additionally, in contrast
to the results of Lehman et al. (2009), our results suggest that visual cues do not
exacerbate the scene recognition accuracy advantage for locomotion compared to
scene rotation. In general, it does not appear as though visual cues in the
environment contribute much to scene recognition in our paradigm.

Given that the facilitative effect of locomotion is real and robust, Chapter
Two began our investigation into the mechanism underlying that effect.
Specifically, we examined whether the facilitative effect of locomotion could be
attributed to participants having active control over the viewpoint shift. In contrast
to the results of Wang & Simons (1999), the results of Experiment 2a showed that

actively controlling the viewpoint shift alone (i.e. in the absence of locomotion)
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confers a scene recognition advantage compared to passively experiencing the
shift; and this advantage could not be attributed to a difference in processing
times. Experiment 2b then investigated the nature of the benefit of active control.
The results of Experiment 2b showed that when participants are provided with
knowledge regarding the magnitude and direction of the viewpoint shift in both
the active and passive conditions, the accuracy advantage for active control
disappeared. This suggests that the benefit of active control may involve receiving
knowledge regarding the magnitude of direction of the viewpoint shift.
Collectively, the results of Chapter Two suggest that one component of the
facilitative effect of locomotion may be actively controlling the viewpoint shift;
and more specifically, acquiring knowledge regarding the magnitude and
direction of one’s movement.

Chapter Three then aimed to determine whether body-based cues available
during locomotion facilitate scene recognition to a degree that exceeds actively
controlling the viewpoint shift. The results of Experiment 3a showed that, after
controlling for the level of active control that participants were afforded, scene
recognition was still more accurate and faster following locomotion than active
scene rotation. In addition, locomotion resulted in superior scene recognition
performance compared to disorientation, in which participants’ body-based cues
were disrupted. Collectively, these results suggest that body-based cues available
during locomotion are essential for updating spatial relations. Indeed, these cues

may be more important than efference copies of motor commands which are
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available during active control (see Wraga et al., 2004). Finally, Experiment 3b
explored a potential confound in Experiment 3a — that is, whether the performance
deficit following disorientation was actually a result of disrupted body-based cues,
or whether it was due to receiving inadequate online information regarding one’s
position and orientation within the environment. In contrast to the model of Mou
et al. (2004), our results showed that - even when participants were able to remain
oriented with the learning direction (i.e. online during the viewpoint shift) - scene
recognition performance was still worse following disorientation compared to
locomotion. These results suggest that remaining oriented with the learning
direction is not sufficient to improve scene recognition, which further highlights
the importance of body-based cues for spatial updating.

This thesis provides empirical evidence to explain the difference in scene
recognition ability between viewpoint shifts caused by locomotion and those
caused by scene rotation. We provide a unifying framework for understanding
how different modes of viewpoint shift affect humans’ capacity to recognize
scenes from novel viewpoints, and what specific aspects of those modes are
driving differences in recognition. However, these findings are not an exhaustive
account of the mechanism underlying the differences between locomotion and
scene rotation. For the remainder of this discussion, we address literature that
further helps to explain the difference between viewpoint shifts caused by

locomotion and scene rotation.
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First, it is worth mentioning that the facilitative effect of locomotion
reported here is not only robust across magnitudes of viewpoint shift, but it is also
robust across changes in set size. That is, the facilitative effect of locomotion
persists even when the scene is reduced to a single object; this is true for both
imagined movement (Wraga, Creem, & Proffitt, 2000) and real locomotion
(Simons, Wang, & Roddenberry, 2002) around a scene. Wraga et al. (2000)
propose that the fundamental difference between observer locomotion and
scene/object rotation is the manner in which corresponding reference frames are
transformed in the brain. They suggest that, irrespective of whether the scene has
one or many objects, the object-based (or scene-based) reference frame is
adversely affected due to a deficit in transforming that coordinate system as a
cohesive unit. On the other hand, the relative improvement in spatial ability in the
case of locomotion suggests that representations in the egocentric (i.e. body-
centred) reference frame are preserved by the unity of the human body. Simply
stated, performance differences between scene/object rotation and self-movement
critically depend on differences in transforming object-based and egocentric
reference frames, the latter of which is achieved more efficaciously (Wraga et al.,
2000).

As they are conceptualized, observer locomotion and scene rotation
involve fundamentally different types of mental transformations. Hegarty and
Waller (2004) have dichotomized locomotion and scene rotation in the following

way: locomotion - which can be thought of as a form of perspective-taking - is
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interpreted as the ability to make egocentric spatial transformations, whereby an
individual’s egocentric reference frame changes with respect to the environment,
yet object-based and environmental reference frames remain unchanged (see also
Thurstone, 1950). On the other hand, scene rotation - which can be thought of as a
form of spatial visualization — involves the ability to make object-based spatial
transformations, wherein the positions of objects move with respect to an external
reference frame, yet the egocentric frame remains unchanged. Indeed, a
dissociation between egocentric and object-based mental transformations is
supported by studies that show performance differences between locomotion and
scene rotation (e.g. Burgess et al., 2004; Mou, Zhang, & McNamara, 2009;
Simons & Wang, 1998; Wang & Simons, 1999). To further evaluate the
distinction between egocentric and object-based mental transformations, Hegarty
& Waller (2004) had participants complete numerous paper-and-pencil tasks that
required either egocentric (i.e. perspective-taking) or object-based (i.e. spatial
visualization) solutions. These researchers used a confirmatory factor analysis
(CFA) to investigate whether performance patterns are best supported by a two-
factor model that assumes distinctiveness, or a one-factor model that assumes the
two mental processes load onto a single spatial factor. The results showed that,
while highly correlated, egocentric and object-based spatial transformations are
dissociable in both small and large-scale environments (for similar results see
Kozhevnikov & Hegarty, 2001). Therefore, it appears as though viewpoints shifts

caused by locomotion and scene rotation rely on different mental transformation
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processes. This is consistent with the results of the current study, which show
clear performance differences between locomotion and scene rotation. To extend
the findings of Hegarty and Waller (2004), our results suggest that active control
over the viewpoint shift, in addition to body-based cues available during
locomotion, may be responsible for the facilitation of egocentric mental
transformations.

Further evidence for a dissociation between egocentric and object-based
mental transformations comes from literature suggesting that these
transformations rely on different neural structures (e.g. Kosslyn, DiGirolamo,
Thompson, & Alpert, 2001; Zacks, Rypma, Gabrieli, Tversky, & Glover, 1999).
For example, Zacks, Vettel, and Michelon (2003) used function magnetic
resonance imaging (fMRI) to directly compare local brain activity during
imagined object rotations and imagined observer rotations. In their task,
participants viewed a picture of a square board with a coloured cube in each
corner. Participants then imagined the board rotating a given amount (object-
based change) or imagined themselves moving around the board (perspective
change). In one experiment the participants were required to determine if a
particular cube was on their left or right; and in a second experiment they had to
indicate the colour of the cube immediately to their left or right. The results
showed that object-based transformations led to a selective increase in blood
oxygen level-dependent (BOLD) activity in the right parietal cortex and decreases

in the left parietal cortex. On the other hand, egocentric perspective
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transformations led to greater BOLD activity in the left parietal-temporal-occipital
(PTO) junction. Such a double-dissociation is suggestive of an updating
mechanism that contains unique neural units which are differentially responsible
for egocentric perspective taking and object-based transformations (Zacks et al.,
2003).

A recent study by Wraga, Shephard, Church, Inati, and Kosslyn (2005)
also used fMRI to investigate the neural mechanisms underlying imagined object
rotations and imagined egocentric perspective changes. In their task, participants
viewed abstract geometric objects (Shepard-Metzler-like objects) which were
located within a sphere. A T-shape prompt then appeared at different locations
outside the sphere. Participants in the object rotation condition had to imagine
rotating the object so that one end was aligned with the prompt. On the other
hand, in the perspective change condition, participants imagined themselves
rotating to the prompt. Participants then made a yes/no judgment as to whether or
not a textured portion of the object would be visible from the new viewpoint.
Results showed that there was increased activation in the left pre-motor area
extending to left primary motor (M1) cortex for object rotations, but not for
perspective changes. Alternatively, increased activity was observed in the left
supplementary motor area (SMA) for egocentric perspective changes. These
results support the notion that object-based mental transformations and egocentric

perspective changes are subserved by distinct neural structures.
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While there is a paucity of neuroimaging studies dissociating object-based
and egocentric mental transformations, a general rule of thumb seems to be that
object-based transformations recruit neural substrates in the right posterior
parietal, occipital, and superior temporal cortex, whereas egocentric perspective
transformations are directed by activity in the left parietal-temporal-occipital
(PTO) junction (Zacks et al., 2003; Zacks & Michelon, 2005) and/or the SMA
(Wraga et al., 2005). Recall that egocentric mental transformations are induced
during locomotion, whereas object-based mental transformations are instigated by
scene rotation. The results of the present dissertation suggest that active control
over the viewpoint shift and body-based cues (i.e. proprioceptive, vestibular, etc.)
available during locomotion may be responsible for facilitating the transformation
of egocentric representations. Interestingly, it turns out that the same brain regions
associated with the transformation of egocentric representations (i.e. the PTO
junction and the SMA) — which occur during locomotion — are also activated
during instances of motion processing, active control, and input of body-based
cues. For example, Zacks and Michelon (2005) suggest that activity in the
superior temporal sulcus of the PTO likely overlaps with activity in the medial
temporal complex. This area is believed to be homologous to the monkey medial
temporal and medial superior temporal areas, which respond selectively to visual
motion (see Huk, Dougherty, & Heeger, 2002). The PTO activation observed by
Zacks et al. (2003) may also include an adjacent area in the posterior superior

temporal sulcus, which has been shown to respond selectively to biological
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motion (Bonda, Petrides, Ostry, & Evans, 1996). These findings support the idea
that discrete neural structures respond to egocentric perspective changes, and that
neural firing in these structures may reflect general motion processing associated
with movement of one’s body (i.e. locomotion) (see Zacks et al., 2003). In
addition, Mima et al. (1999) have shown that the SMA receives input from
proprioceptors during active finger movements. Radovanovic et al. (2002) have
reported similar findings. Using positron emission tomography (PET), the latter
researchers showed that flexion-extension movements of the forearm resulted in
increased regional cerebral blood flow (rCBF) in the SMA. Likewise, Weiller et
al. (1996) have shown that there is increased rCBF in the SMA during active, but
not passive, movements of the right elbow. The fact that cortical regions
associated with egocentric mental transformations are also activated in response
to motion processing, active control, and proprioceptive inputs further strengthens
the present contention that active control and body-based cues are essential for
updating egocentric spatial representations during locomotion.

In conjunction with the results of the present dissertation, the above
reports on neural activity make it clear that egocentric mental transformations (via
locomotion) and object-based mental transformations (via scene rotation) are
characterized by different patterns of behavioural performance, different neural
correlates, and different psychometric properties. It is important to note that the
studies on neuronal activity mentioned above typically used tasks that are

fundamentally different from ours. This is, in part, a result of restrictions in how
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fMRI and PET scans can be used. More systematic inquiries, possibly with more
versatile imaging techniques, are needed in order to determine whether additional
aspects of locomotion aside from active control and body-based cues improve
spatial processing, and whether those aspects of locomotion share the same
underlying neural structure.

In summary, the results of this dissertation suggest that the facilitative
effect of locomotion may partially be attributed to active control over the
viewpoint shift, as well as the availability of body-based cues which promote
efficacious updating of egocentric spatial relations. On the other hand, it does not
appear as though the facilitative effect of locomotion can be accounted for by
visual cues in the surrounding environment, or simply by an ability to remain
oriented within one’s environment. Given the apparent advantage of active
compared to passive scene rotation, this dissertation encourages future researchers
who are investigating the facilitative effect of locomotion to account for the
degree of active control that participants are afforded during viewpoint shifts. The
results presented herein also promote the use of spatial scenes consisting of
random arrangements of identical objects, which provide a more sensitive test of
participants’ scene recognition ability. Finally, given the discrepancies that exist
within the literature regarding the role of body-based cues, active control, and
visual cues in the environment, future research should strive to settle these

ambiguities using more systematic, within-subjects experimental designs.
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