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Abstract

Four experiments varied the extent and nature of observer movement in a virtual environ-
ment to examine the influence of action on estimates of geographical slant. Previous slant
studies demonstrated that people consciously overestimate hill slant but can still accurately
guide an action toward the hill (Proffitt, Bhalla, Gossweiler & Midget, 1995). Related stud-
ies (Bhalla & Proffitt, 1999) suggest that one s potential to act may influence perception
of slant and that distinct representations may independently inform perceptual and motoric
responses. We found that in all conditions, perceptual judgments were overestimated and
motoric adjustments were more accurate. The virtual environment allowed manipulation
of the effort required to walk up simulated hills. Walking with the effort appropriate to the
visual slant led to increased perceptual overestimation of slant compared to active walking
with effort appropriate to level ground, while visually guided actions remained accurate.
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The phenomenon that what humans perceive is not always consistent with how they act
suggests that visual space may be represented differently by separable visual systems for specific
goals. In circumstances when conscious perception may be biased, actions directed toward a
stimulus often remain accurate. For example, to the everyday observer, hills appear to be steeper
than their physical slant. However, this bias in visual awareness is not revealed through a
visually guided action directed at the hill (Bhalla & Proffitt, 1999; Creem & Proffitt, 1998;
Proffitt, Bhalla, Gossweiler, & Midgett, 1995; Proffitt, Creem, & Zosh, 2001). Furthermore,
manipulations of behavioral potential (e.g., wearing a heavy backpack or going on a long run)
have been shown to increase conscious overestimations of slant (Bhalla & Proffitt, 1999; Proffitt,
et al., 1995) but not visually guided actions. In these studies, visual awareness of slant was
assessed by verbal report, as well as visual matching of a pie-shaped segment on a disk. The
visually guided action was the adjustment of a palm board (without vision of the hand) to
correspond to the slant of the hill. These results involving slant perception, along with recent
evidence of the influence of perceived effort on distance perception (Proffitt, Stefanucci, Banton,
& Epstein, 2003) suggest that the potential to act in an environment influences phenomenal
perception of space. The present studies addressed the relationship between action and
perception by examining the contribution of biomechanical information from walking on hills to
judgments of hill slant within a simulated mountainous environment.

Both real- and virtual-environment studies have demonstrated that perceptual estimates of
geographical slant are largely overestimated whereas haptic estimates are nearly accurate when
observers judged hills from a stationary point without walking on the hills (Bhalla & Proffitt,
1999; Creem & Proffitt, 1998; Proffitt et al., 1995; Proffitt et al., 2001). Geographical slant is
defined as the angle of a surface with respect to the horizontal ground plane (Gibson &
Cornsweet, 1952). The large-scale geographical slant perception findings are consistent with a
history of slant perception studies that surfaces are perceived to be closer in the frontoparallel
plane than indicated by the perspective geometry (e.g., Epstein, 1981; Perrone, 1982; Perrone &
Wenderoth, 1991).

One account for the distinction between verbal/visual and haptic responses with respect
to hill slant is that two independent visual systems function to transform the same visual
information using different frames of reference for different purposes (Milner & Goodale, 1995).
The “what” system works to process the visual stimulus for conscious perception, using multiple
frames of reference, for more long-lasting representations that may later inform actions. A
second “how” system works in the immediate to transform visual information in egocentric
coordinates for actions guided toward a specific spatial location. These two systems have been
broadly defined, both functionally by the goals that they subserve and anatomically with
projections from the primary visual cortex. The “what” or ventral stream projects to the inferior
temporal cortex, whereas the “how” or dorsal stream projects to the posterior parietal cortex.

Another related account (Glover & Dixon, 2002; Glover, in press) distinguishes between
planning, which is susceptible to the influence of context and consciousness, and a time-limited
unconscious motor control system. Defined in this way, two different action systems may be
subserved by the inferior and superior regions of the parietal lobe, respectively.

A number of studies with neurologically intact humans have demonstrated behavioral
dissociations that support accounts of separable visual representations for phenomenal awareness
or planning and direct motor control (e.g., Aglioti, DeSouza, & Goodale, 1995; Bridgeman &
Huemer, 1998; Bridgeman, Kirch, & Sperling, 1981; Burr, Morrone, & Ross, 2001; Glover,
2002; Haffenden & Goodale, 1998; Jackson & Shaw, 2000). In contrast, others have suggested
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specifically with the use of visual illusions, that a single representation informs both conscious
perception and visuomotor control (Franz, 2001; Franz, Fahle, Bulthoff, & Gegenfurtner, 2000;
Franz, Gegenfurtner, Bulthoff, & Fahle, 2000). These results can be interpreted in multiple ways
(see Carey, 2001). Franz and colleagues (2000; 2001) suggest that the apparent association
negates the existence of separate “what” and “how” visual systems. An alternative explanation is
that the systems are only “nearly separable” and that the dorsal stream operates independently
only in limited circumstances. Research has demonstrated that the dorsal stream may remain
independent only when actions recruit egocentric coordinate systems directed towards real
objects and are performed in real-time, without delays (Creem & Proffitt, 1998; Hu, Eagleson, &
Goodale, 1999; Hu & Goodale, 2000). Creem & Proffitt (2001a) have suggested that the
demonstrated interactions do not negate evidence for separable systems, rather they exemplify
how multiple visual systems work together to allow an organism to function adaptively as a
whole.

Although there is growing evidence for interactions between these systems, intuitively we
might predict the findings of Bhalla & Proffitt’s (1999) series of experiments indicating separate
representations for perception and action measures of slant. They found that manipulations of
one’s behavioral potential influenced perceptual reports of hill slant but visually guided motor
responses remained consistent with the visual information provided. Proffitt and colleagues
(Bhalla & Proffitt, 1999; Proffitt et al., 1995) have argued that conscious overestimation of slant
is adaptive. Humans’ perception of walkable slopes is influenced by their perceived effort of
traversing that slope. This conscious, pragmatic representation may influence choice of gait or
speed, as well as the decision about whether or not to traverse the hill at all. However, an
independent visuomotor system should transform the visual properties of the distal hill
accurately for immediate action. Creem & Proffitt (1998) demonstrated both dissociation and
interaction with geographical slant by implementing different temporal delays between viewing
and responding to hill slant. They found that when hills were remembered, the hills were
reported to be steeper than when they were perceived. However, the differential time delay
influenced whether or not visuomotor judgments remained independent from conscious
memorial judgments. After a short time delay, in the presence of the hill, motor adjustments of a
tilting board with one’s hand remained accurate. After a longer delay of 1 day, when judgments
were made from memory without the visual hill present, motor responses increased
proportionately to the perceptual response. These findings are similar to studies using illusory
displays (e.g., Bridgeman, Peery, & Anand, 1997) that have found an association between
perceptual and motoric responses when delays are implemented. Creem & Proffitt (1998)
suggested that without a direct visual stimulus to inform action, the visuomotor system relies on
information from a conscious perceptual system. These claims are supported by other recent
studies that have investigated the factors that influence an interaction between the two visual
systems (Bridgeman, Peery, & Anand, 1997; Creem & Proffitt, 2001b; Haffenden & Goodale,
2000; Hu et al., 1999).

Much of the research examining separable and interactive systems for perceptual
awareness and visuomotor control has asked how conscious perception influences action. The
present experiments investigated the contribution of acting on hills to both perceptual and
motoric judgments of hill slant. We asked whether biomechanical information resulting from
walking on hills would influence judgments of slant. We predicted that the information gained
from effortful walking would lead to an increase in conscious overestimation of slant. Despite
this predicted overt change in hill slant estimation, a motorically based estimation would be
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expected to remain accurate if it could be guided independently by the presence of the virtual
hill.

We used an immersive locomotion interface, the Treadport (Sarcos), which allowed us to
decouple biomechanical and visual information about slant. The Treadport consists of a large
treadmill surrounded by three projection screens. In all conditions, observers were attached to a
mechanical tether that tracked the observer's position on the treadmill, allowing participants to
control their own walking pace with the speed of the treadmill belt adjusting as necessary. The
tether is capable of applying a force to the observer that has the effect of simulating the added
efforts involved in walking up a slanted surface and in changing translational velocity
(Hollerbach et al., 2001). Four experiments varied the extent to which the observer experienced
self-movement information. Experiment 1 restricted the observer to rotational viewing of the
scene; no translational movement was allowed. Experiment 2 visually translated the observer
over each hill by updating the observer’s station point. Observers did not use any biomechanics
to change their viewing position. Experiment 3 allowed the observer to physically walk up each
hill, but they experienced forces corresponding to walking on a flat terrain. Experiment 4
replicated the walking method of the Experiment 3, but participants experienced forces that
systematically increased with increasing hill slant. Walking with forces appropriate to the visual
hill slant led to increased overestimation in phenomenal awareness compared to visual
movement or active walking without forces. Haptic estimates did not differ across conditions.

General Materials and Methods

Participants

Sixty-four psychology students (16 in each experiment, 33 male) participated for course
credit. Each had normal or corrected-to-normal vision and no locomotion impairments. The
experimental procedures were approved by the University of Utah Institutional Review Board
and all participants gave their informed consent before beginning the study.

Apparatus and Stimuli

The Sarcos Treadport (see Figure 1) has a 6 x 10 ft belt surface. The tether mechanism
applies forces to the observer via a torso harness worn by the observer (Hollerbach et al., 2001;
Hollerbach, Xu, Christensen, & Jacobsen, 2000). This force allows simulation of two aspects of
locomotion that do not occur in normal treadmill walking: the inertial effects associated with
changes in walking speed and the changes in effort associated with walking up or down hills.
The motorized belt speed is controlled by the speed of the moving observer.

The Treadport is surrounded by three 6 x 8 ft rear projection screens that span
approximately a 180 degree horizontal field of view. Participants stood in the center of the belt
and viewed a computer-generated environment presented on the three continuous screens. The
environment was a simulation of a 2 x 2 km portion of the Wasatch mountains outside of Salt
Lake City, Utah, based on United States Geological Survey data. The terrain geometry had a 30
m elevation resolution, with a 1 m texture resolution based on an orthonormal photograph that
was segmented and colorized (Premoze, Thompson, & Shirley, 1999). Close to the viewpoint,
the 1 m resolution ground texture was augmented with a higher resolution detail texture picturing
the rocky surface typical of the actual terrain. The computer-generated environment was
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rendered by an SGI Onyx2 R12000 with two IR2 rendering pipelines. The environment ran at no
less than 22 frames per second.

Ten hill sites were selected on the basis of the degree and uniformity of their slope. The
hill slants were 4.26, 5.39, 6.85, 7.83,9.65, 11.91, 13.13, 14.93, 16.80, 23.49 degrees. Two
additional hills (5.71 and 9.46 degrees) were presented as practice trials. Hemispherical markers
were placed on the terrain in order to designate the hill the observer was asked to judge. These
markers were randomly sized and randomly colored (one of 6 dark colors distinct from the
terrain coloring). For the first practice trial, 60 of these markers were placed on the terrain to the
left of the starting point so that the subject could see the range of sizes and colors. It was our
intention to minimize the possibility that the hill marker's size would be used as a distance or size
cue. The spheres were placed such that when the viewer was making judgments on the hill, the
hill marker was about 14 degrees below the viewer’s horizon line so that for any given hill, the
marker appeared in the same location in screen space. Thus, the distance between the observer
and the marker varied (3.2 to 8 m) based on the slope, but as the judgments were made, the
marker always subtended the same visual angle and was placed in the same place in the image
plane.

Procedure

In all experiments, participants were acquainted with the treadport and instructed on how
to adjust the harness and how to turn while standing in place. Participants stood on each hill,
facing a marker (see Figure 2), and gave three types of judgments: verbal, visual, and haptic,
with the order counterbalanced across participants. For the verbal estimate, participants were
instructed to give a number between 0 and 90 that reflected the slope of the hill. For the visual
measure, they adjusted a “pie-slice” on a hand-held disk to make the perceived cross-section of
the hill while holding it in the frontal plane (see Figure 3). For the haptic estimate, participants
placed the palm of their dominant hand on a tilting board which was sitting on top of a tripod
placed about waist high (see Figure 1). They were instructed to tilt the board backward to match
the slope of the hill without looking at their hand, as if they were placing their hand on the hill.
We have previously defined the haptic adjustment as one that recruits the visuomotor system
because it involves an egocentric adjustment of one’s hand to become parallel to the slant of the
hill. In contrast, the verbal and visual measures require knowledge of the environmental
horizontal to represent geographical slant (Creem & Proffitt, 1998). Participants were
encouraged to rotate their torso so that they could examine the regions surrounding the hill that
they were looking at. Rotating one’s torso while standing in place caused the visual world to
rotate in the opposite direction. For example, if the observer rotated to the right, the visual
display would continue rotating to the left until the observer straightened her torso back to the
facing-front position. In addition to this rotational movement, the amount of translational
movement over the hill varied in each experiment. After giving three judgments, the observer
was transported to a new hill site. Each hill site was repeated twice. Hills were presented in a
different random order for each subject. The entire experiment was completed in about 1 hour.
The same visual display and response measures were used in all four experiments; the only
difference was the extent and manner of locomotion experience.

Analyses
A 3 (measure) x 10 (hill) ANOVA was performed on mean responses for Experiments 1,
2, and 3 with measure and hill as within-subjects variables. A 3(measure) x 7(hill) ANOVA was
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performed for Experiment 4. Between-experiment analyses were also performed and are
described in subsequent sections.

Experiment 1: Stand at hills

Our first experiment aimed to establish baseline performance of geographical slant
perception on the Treadport without locomotion experience. We presented a visual environment
in which participants could rotate their bodies to look to the side and behind them, but they
experienced no translational flow information with respect to the virtual environment.

Procedure

Participants were transported visually to each hill site and were given no additional
movement experience other than rotation while standing in place. They responded to each hill
with three measures as described above.

Results and Discussion

Similar to previous findings of geographical slant perception, we found verbal and visual
overestimation of hill slant, but nearly accurate haptic estimates (see Figure 4). The ANOVA
indicated main effects of hill measure, F(2, 30) = 52.92, p <.001, hill, F(9,135) = 89.80, p <
.001, and a measure x hill interaction, F(18, 270) = 18.76, p <.001. Planned simple contrasts
revealed that both the verbal and visual measures were significantly greater than the haptic
measure (p <.001). As in previous findings (e.g. Creem & Proffitt, 1998; Proffitt et al., 1995), the
data was fit well by both linear and power functions (R* >.90 for both linear and power functions
for all measures). Unlike the previous studies’ finding of a compression function associated with
highest sensitivity within walkable-hill range, the exponent of the power function was greater
than 1 for all measures, indicating an increase in estimates with increasing hill degree (Verbal: y
=1.01x '*'; Visual: y = 2.18x "*; Haptic: y = .81x "%°. However, this distinction was likely a
result of our range of hills. Proffitt and colleagues presented hill angles that ranged from 2 to 60
degrees, whereas our hills were all within potentially walkable angles (maximum of 24 degrees).
It follows that observers would show maximum sensitivity to steep hills that approach the limits
of affording action.

In all, the results from the first experiment replicate the dissociation between phenomenal
awareness and visually guided action in a virtual mountainous environment. All previous slant
studies using this methodology (Bhalla & Proffitt, 1999; Proffitt et al., 1995; Proffitt et al., 2001)
had focused on grassy or paved slopes found in a university setting (or created in a similar
cartoon-like virtual setting). We have shown the same effects in a simulated mountain range
based on Geological Survey data. Furthermore, this experiment validates the use of the Treadport
for studies of large-scale slant perception. In the next experiment we assessed the influence of
perceived locomotion on the observers’ judgments by allowing them to “move” (visual
translation without physical locomotion) through the environment. It is possible that the
suggestion of walking on hills could lead to a greater potential for acting on the hills, and an
increase in conscious overestimation. However, we predicted that the passive, non-motoric
nature of the movement over hills would lead to little change in judgments compared to
Experiment 1.
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Experiment 2: Visual Translation

Procedure

Participants were transported visually to each hill site. They stood 25 to 30 meters away
from the position where they had viewed the hill in Experiment 1. They were told to signal the
experimenter when ready, and they would “move” up the hill (1 m/sec) until they reached the
marker (which was in the same position as in Experiment 1). The impression of moving was
created by translating the visual world; the observer did not physically move. Participants
translated to the marker for a total distance of approximately 33 meters on each trial. After
reaching the marker, they were transported back to a location on the hill (the same location as in
Experiment 1), and then made three judgments about the slant of the hill. The subject was
encouraged to rotate her torso to look around, as in Experiment 1, before making the judgments.

Results and Discussion

In all, visual translation through the world did not change slant estimates for any of the
measures. Slant judgments after visual translation replicated those seen in Experiment 1 (see
Figure 5). The ANOVA revealed effects of measure F(2,30) = 118.74, p <.001, hill, F(9,135) =
98.10, p <.001, and a measure x hill interaction, F(18, 270) = 30.26, p <.001. Planned simple
contrasts indicated that both the verbal and visual responses were greater than the haptic
estimates (p <.001). As in Experiment 1, both linear and power functions fit the data well (R?
>.91 for both linear and power functions for all measures). As in Experiment 1, the exponents for
the power functions were slightly less than or greater than 1, suggesting little compression
(Verbal: y = 1.75x"%; Visual: y = 2.90x”"; Haptic: y= 1.16x").

There was little difference between judgments given in Experiment 1 and Experiment 2.
This finding was important to establish for two reasons. First, it is possible that merely the
suggestion of traversal on hills would lead to changes in conscious overestimation. Second, it
was important to establish baseline data that involved visual translation without body-movement,
to compare to active walking conditions in Experiments 3 and 4. The next two experiments
investigated the influence of active walking on slant perception.

Experiments 3: Walk without forces

In Experiments 3 and 4, we took advantage of the Treadport’s unique ability to allow
active walking and at the same time, manipulate the forces applied to the observer using the
Treadport’s tether. The Treadport, unlike other virtual environments that use Head Mounted
Displays (HMDs) or desktop displays, allows an observer to actively locomote through large-
scale space. Our goal was to assess the effects of the effort of walking on hills on estimations of
slant. We explored two aspects of effortful walking; one involving only the effort associated with
locomotion over level ground (Experiment 3) and the other involving the increased effort of
walking up hills (Experiment 4).

Bhalla & Proffitt’s (1999) slant studies showed that observers with decreased
physiological potential gave greater conscious overestimations of slant, suggesting that hill slant
is perceived with respect to potential interaction. They found that hills were perceived as steeper
when people were encumbered by wearing a heavy backpack, when they were fatigued after a
long run, when they were of low physical fitness, or when they were elderly or in poor health.
Despite this increase in conscious overestimation, their visually guided actions, as reflected
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through the haptic response on the palm board, remained accurate. We predicted that the
additional cues resulting from the actual experience of effortful walking would lead to greater
conscious overestimations of hill slant. Based on an assumption of separable visual systems for
awareness and visuomotor control, we predicted that the haptic estimate would reflect an
independent visuomotor system informed directly by the visual hill, and remain accurate.
Experiment 3 questioned whether active walking alone, without changes in effort
corresponding to the visual hill slant, would lead to increased overestimation. Observers walked
to the target on the hill while the Treadport applied only the inertial forces associated with
changed in walking speed. No forces simulating walking up a slanted hill were applied.

Procedure

Before beginning the study, participants were given three minutes of practice walking
with slope forces appropriate to level ground in a different region of the environment, to become
comfortable with walking on the Treadport. They were then taken off the Treadport and
instructed to walk in the hallway of the building for three minutes before returning to stand on
the Treadport. This procedure attempted to account for any tendency for the observer to adapt to
a distinct mapping of optic flow and treadmill walking as has been found in recent studies
(Rieser, Pick, Ashmead, & Garing, 1995). After returning to the Treadport, participants were
transported visually to each site and placed at the same distance from the bottom of the hill as in
Experiments 1 and 2. They were instructed to walk in a straight path to the marker on the hill.
The ability to turn while walking was disabled, so that their straight path would more closely
resemble the visual movement in Experiment 2. Only forces simulating inertial effects associated
with changes in walking speed were applied. After stopping at the marker, participants were
visually transported to a position on the hill (in the same location as in Experiments 1 and 2).
They were encouraged to look to the sides before making their three judgments.

Results and Discussion

Active walking without slope forces led to overestimation in verbal and visual judgments,
but accurate haptic estimations, similar to the findings in the previous studies (see Figure 6). The
ANOVA revealed main effects of measure, F(2, 30) = 70.70, p <.001, hill, F(9, 135) =108.84, p
<.001, and a measure x hill interaction, F(18, 270) = 25.70, p <.001. Planned simple contrasts
indicated that the visual and verbal measures differed from the haptic estimate (p <.001). As in
the previous experiments, both linear and power functions fit the data well (R?>.91 for both
linear and power functions for all measures). Exponents for the power functions were close to or
greater than 1 for all measures, indicating the lack of compression seen in the other conditions
(Verbal: y = 1.31x '**; Visual: y = 3.05x *°; Haptic: y = 1.29x **%).

The estimations given after active walking in Experiment 3 did not differ from those
given after visual translation in Experiment 2. We conducted mixed between- and within-subject
2 (movement condition) x 10 (hill) ANOVAs to compare the two experiments for each measure.
There were no significant effects of experiment for any of the measures (Verbal: p = .40; Visual:
p = .66; and Haptic: p =.55) and no experiment x hill interactions (p > .1 for all measures).
Although participants’ estimations followed the normative pattern of results seen in the first two
experiments as well as previous real-world studies, there was no increase in overestimation as a
result of active walking. Experiment 4 examined the influence of systematic variation of effort
corresponding to hill slant on overestimation of slant.
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Experiment 4: Walk with forces

Experiment 3 demonstrated that active walking on hills with the simulated forces of a flat
terrain did not increase the standard overestimation seen in the earlier experiments. Although
walking involved additional effort and active interaction with the virtual environment,
estimations did not change. Our final experiment used the Treadport’s ability to simulate forces
corresponding to up-hill walking to assess the influence of increased effortful walking on slant
estimates. We predicted a change in verbal and visual estimates, but that haptic estimates would
remain accurate.

Stimuli

Seven out of the ten hills from Experiments 1-3 were used in the present experiment. The
three steepest hills (15, 17, and 24 degrees) were removed because the forces applied by the
Treadport made it too difficult for participants to begin walking at these higher degree hills.

Procedure

The procedure was the same as in Experiment 3 except that systematic forces
corresponding to actual hill slant were applied as the observers walked on the hill to the target.
These forces were based on previous measures of subjective reports involving matching tether
force with walking on a physically slanted treadmill, and biomechanical comparisons between
tether- and slope-walking (Hollerbach et al., 2001). The additional forces simulating inertial
effects associated with changes in walking speed were also applied.

Results and Discussion

Slant judgments made after walking with systematic forces on the hills replicated the
pattern seen in the first three experiments. We found large overestimation in verbal and visual
judgments, but nearly accurate haptic estimations (see Figure 7). The ANOVA for Experiment 4
revealed main effects of measure, F(2, 30) =45.61, p <.001, and hill, F(6,90) = 83.3, p <.001,
and a measure x hill interaction, F(12, 180) = 19.48, p <.001. Planned simple contrasts indicated
that the visual and verbal measures differed from the haptic estimate (p <.001). As in the
previous experiments, linear and power functions conformed well to the data (R* >.97 for both
linear and power functions for all measures). Similar to the previous experiments, the exponents
for the power functions were greater than 1, indicating a lack of compression (Verbal: y =
1.36x'’; Visual: y = 2.02x""°; Haptic: y = .71x ).

Notably, the verbal and visual estimates were greater than those seen in the walking
without forces condition of Experiment 3. A direct comparison between verbal, visual, and
haptic measures on the seven hills included in Experiments 3 and 4 was performed to assess the
effect of experienced forces, controlling for active walking, on hill estimates. As Figure 8 shows,
verbal responses were greater after effortful walking compared to walking without forces (Mean
difference = 5.36°, Mean percent overestimation = 30.38%)’, but haptic estimates (Mean
difference = .88°, Mean percent overestimation = 7.97%) were not different. A mixed within-
and between-subject 7 (hill) x 2 (walking condition: forces/no forces) ANOVA was performed
for each of the three measures. Verbal estimates were greater for walking with forces compared

! Percent overestimation was calculated as the difference between experiments 3 and 4 mean estimation for each hill
degree divided by the experiment 3 (no forces) mean estimation for each hill degree.
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to no forces, F(1, 30) =5.663, p <.05. For visual estimates, a hill x walking condition
interaction, F(6, 180) = 2.35, p < .05 demonstrated an increase in estimates when walking with
forces for the four largest hills®. Although the overall mean visual overestimation increased
(15.83%), the main effect of walking condition across all seven hills did not reach significance (p
=.14). For haptic estimates, there was no effect of walking condition (p =.59). The comparison
of Experiments 3 and 4 indicates that increased overestimation of slant did not simply result
from active exploration of the environment or the moderate effort associated with walking on flat
terrain experienced in Experiment 3. Experiment 4 suggests that the experienced effort of
walking with forces appropriate to hill slant modified observers’ perception of slant with respect
to their ability to traverse the terrain.

We found it necessary to exclude the three steepest slants used in Experiment 3 from
Experiment 4 due to the difficulty that participants had walking on the Treadport with the forces
associated with those slants. It is possible that the smaller range of slants in Experiment 4 could
have contributed to different relative judgments of slant, leading to greater overestimation. In all
experiments, participants were instructed to judge each hill independently, without regard to their
previous estimations. However, it is difficult to eliminate the possibility of relative scaling when
participants are presented with multiple trials. To reduce the contribution of relative judgments to
the overall effect, a random order of hills was presented to each participant so that the context of
previous and subsequent hills varied across participants and experiments. In addition, to address
the possibility that the context of the other hills had a significant effect, we performed a post hoc
analysis. We compared the mean estimates given in all of the trials in Experiment 3 that were
performed before observers saw the first of the three steepest hills to those that were performed
after observers saw the first of the steepest hills (the means excluded the three steepest hills).
There was no difference between the means in these two groups (p > .5 for all three measures).
In all, this additional analysis led us to conclude that trial order did not have a significant effect,
and reduces the possibility that the increase in overestimation seen in Experiment 4 was a
function of relative scaling.

General Discussion

Gibson’s (1979) theory of affordances suggests that space and objects are perceived with
respect to their potential for action. A locomotion interface and virtual environment allowed us
to examine the influence of both biomechanical and visual information on perception of
geographical slant. Four studies demonstrated large verbal and visual overestimation but nearly
accurate haptic responses for perception of slant in a simulated mountainous setting, replicating
findings seen in real and virtual urban settings. Judgments given after active, effortful
locomotion increased for visual awareness but not motoric responses. The results have
implications for (1) the influence of pragmatic action-based representations on perception, (2)
the nature of separable visual systems for perception and action, and (3) the use of large-scale
simulated environments for studies of space perception.

% A subsequent 2(walking condition) x 4 (hill) ANOVA confirmed the main effect for the four largest hills, F(1, 30)
=4.20,p<.05.
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Action Influences Perception

Bhalla and Proffitt (1999) demonstrated that changes in physiological potential, or the
potential to climb, influenced awareness of hill slant. This was reflected not only in purposeful
manipulations of heavy encumbrance or fatigue, but also in the differences in behavioral
potential associated with physical fitness, old age, and declining health. The present studies
extended this finding to overt action; the experienced effort of climbing influenced perceptual
awareness of slant. These findings are quite striking, especially in a comparison of Experiments
3 and 4, in which the exact same visual environment and walking procedure was implemented,
varying only the extent of forces that were experienced while walking.

These findings support the notion that visual perception is influenced by action-relevant
representations. With respect to geographical slant, not only is the slant specified by the visual
information provided (e.g. texture gradient, motion parallax), but also by the observer’s potential
to interact with the visual world. One’s potential to climb a hill, or one’s experience with
climbing a hill influences the awareness of the steepness of that hill. The effect of effortful
walking supports the claim of Proffitt et al. (1995) that what appears to be a large bias or error in
slant perception, has an important adaptive function. A hill that is judged to be larger than it is
serves to inform planning of gait, energy expenditure, and ultimately, whether or not to traverse
the hill at all.

The influence of both physiological potential and experienced effort on perception was
recently investigated by Proffitt et al. (2003) with respect to perceiving distance. In three
experiments, they demonstrated that perception of distance can be influenced by both distal
extent as well as one’s potential to perform an action. Similar to the backpack manipulation with
slant perception, their first experiment found that wearing a backpack increased the magnitude of
verbal distance estimations. Their second and third experiments involved treadmill-walking and
a recalibration of walking effort and optic flow. Participants walked on a treadmill while viewing
a virtual environment with appropriate optic flow, or with no optic flow (a stationary image).
After walking on the treadmill, distance estimations in the real world were made. Those who had
walked while viewing no optic flow estimated that distances were farther than those who had
received appropriate optic flow. Proffitt et al. interpreted these results as a change in the
calibration between optic flow and effort. Since the effort of walking produced no change in
optic flow on the treadmill, an increase in walking effort is needed to walk a certain distance.
Thus, they suggested that the change in effort-optic flow relationship influenced perceived
egocentric distance.

In our present studies, we found an influence of effortful walking on perception of slant.
However, a question exists as to whether the specific biomechanical cues to uphill walking
influenced slant judgments, or whether overestimation increased as a function of an overall
increase in effort and energy expenditure. In addition, our results suggest that observers combine
both biomechanical and visual information in estimating slant. With the same visual information
presented, estimations changed when slope forces were experienced. In order to examine the
weighting of biomechanical and visual information for slant further, future studies plan to
measure perceptual and motoric slant estimations that rely on biomechanical information alone.

Broadly, a theory of perception informed by action can be supported not only in space
perception, but in multiple domains of visual cognition. For example, Tucker and Ellis (1998,
2001) suggest that objects “potentiate” actions even when the goal of a task is not to directly
interact with the object. In one study, they found that the position of visual objects' handles had a
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significant effect on the speed of key-press responses, even though the handle position was
irrelevant to the task (deciding if the object was upright or inverted). For example, handle
orientation toward the right facilitated the key-press response made with the right hand. The
result that viewing an object in a certain position affected potential for subsequent action
suggests that action-related information about objects is represented automatically when an
object is viewed. Research from monkey neurophysiology and functional neuroimaging also
lends support to this claim (Chao, Haxby, & Martin, 1999; Chao & Martin, 2000; Grafton,
Fadiga, Arbib, & Rizzolatti, 1997; Grezes & Decety, 2002).

Separable but Interactive Visual Systems

Despite a significant increase in phenomenal awareness of hill slant in the walking with
forces experiment, the haptic measure remained unchanged. This dissociation supports the notion
that the motoric response could be directly informed by the visual information provided. These
results support a theory of separable visual systems in which visual-spatial information is
transformed differently for different purposes. Whereas conscious perception of space may be
influenced by one’s experience with action, a visually guided response remains influenced by the
visual information specified in the environment. These two types of perceptual responses can be
broadly placed into anatomically separable visual processing streams projecting from the
primary visual cortex. One stream projects ventrally to inferior regions of the temporal lobe
whereas the other stream projects dorsally to the superior parietal lobe. Tasks such as object
discrimination and recognition have been attributed to the ventral stream, and egocentric visually
guided actions (even those that have object-based goals) such as reaching, pointing, and grasping
are associated with the dorsal stream. An alternate model of separable systems could distinguish
between the phenomenal representation of hills as a conscious planning system subserved by
inferior parietal regions and the direct motoric response subserved by the superior parietal
lobule’s motor control system.

Previous studies with geographical slant have suggested that visually guided actions may
be either directly influenced by a visual stimulus or indirectly influenced by a cognitive
representation. Bhalla and Proffitt (1998) and Proffitt et al. (1995) showed a measure of internal
consistency between the awareness of slant and the action performed. For example, a person
looking at a 10 degree hill will say that it is about 30 degrees but set the tilt board to 10. Given
the verbal instruction to set the tilt board to 30 degrees, they will set it to 10. This internal
consistency suggests a mapping between an explicit awareness of what one believes to be 30
degrees (either an explicit instruction or the direct perception of the hill) and a motoric
adjustment of 10 degrees. Consistent with this reasoning, Creem and Proffitt’s (1998) memory
for slant studies demonstrated that without a visual hill present, the motoric adjustment was
indirectly influenced by a stored representation of the hill.

Research within the last 10 years has demonstrated both independence and interaction in
the functionally defined “what” and “how” streams. Studies have demonstrated that the dorsal
stream operates independently when using egocentric coordinate systems and when processing
visual information for action without time-delays. Interactions have been found when delays are
introduced between visual presentation of a stimulus and action (Bridgeman, Peery, & Anand,
1997; Creem & Proftitt, 1998; Hu, Eagleson, & Goodale, 1999), when binocular cues are
restricted (Marotta, DeSouza, Haffenden, & Goodale, 1998), when actions depend on learned
perceptual associations (Haffenden & Goodale, 2000; Haffenden & Goodale, 2002) and when
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semantic information is tied to the object to be grasped (Creem & Proffitt, 2001b). All of these
examples demonstrate that visual systems that can be defined as separable also interact in
functionally adaptive ways in the normal individual. The present studies demonstrated
independence between awareness of slant and visually guided action given sufficient visual
information in the graphical displays. With reduced visual cues we might predict an interaction
between the systems leading to the influence of experienced effort on both perceptual awareness
and visuomotor control. Future experiments will examine this prediction.

Utility of Virtual Environments for Studies of Perception and Action

The “real-world” performance found in the present studies supports the use of a virtual
environment comprised of large projection screens and a self-propelled treadmill for studies of
space perception. The Treadport is a unique locomotion interface that allows the visual world to
update continuously as an observer moves through large-scale space. Recent research with the
Treadport has assessed the validity of horizontal forces applied by the tether on simulating
gravity forces and biomechanical perception of slope (Hollerbach et al., 2001; Hollerbach et al.,
2000). However, the present studies are the first to assess visual perception of geographical slant
and the influence of biomechanical information from slope forces on this perception. Our
findings of large overestimation of slant in conscious perception and accurate visuomotor
responses in all four experiments are consistent with several other studies that have used similar
methodology but very different visual settings (Bhalla & Proffitt, 1998; Creem & Proffitt, 1998;
Proftitt et al., 1995).

The Treadport allowed us to vary the nature of the translational movement experienced in
each experiment. We examined whether the amount of active exploration with respect to the hills
would influence slant judgments. Mark, Jiang, King, and Paasche (1999) found that amount of
exploration in a real-world scene did influence action-relevant judgments about whether a gap
was crossable. Given a restricted viewing condition in which a gap in a surface was viewed
binocularly through a peephole in a reduction screen, observers underestimated their gap-
crossing abilities when directing their gaze to the bottom of the gap, and did not improve with
practice. With unrestricted viewing, the ability to move one’s eyes, head and body, gap-
crossability judgments improved. In the present studies, we found that the amount of active
exploration when systematic forces were not included (Experiments 1, 2, and 3) did not influence
slant judgments. However, all of the experimental conditions allowed rotational flow as a result
of head and torso movement. This information, comparable to the amount of active exploration
in Mark et al.’s studies, was sufficient to lead to normative slant judgments.

Manipulating one of the most notable features of the Treadport, the ability to simulate the
forces and effort associated with walking uphill while the observer is actually walking on a level
treadmill belt, led to an increase in perceptual slant estimations. These findings support the utility
of virtual environment interfaces that allow for realistic interaction with the environment.
Although previous studies had made a correlation between the potential for action and perception
of slant, the present methodology allowed us to assess perception of slant after varying the
amount and veridicality of experienced action. We provide confirmation that perception of
geographical slant is influenced by information provided by our own actions. In all, the past and
present studies of large-scale geographical slant have demonstrated independence and interaction
between perceptual and action-based estimations of slant. We add to the understanding of the
relation between perception and action by showing that effortful interaction with hill slant can
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change one’s phenomenological perception of that hill, while a visually guided action response
remains accurate, informed directly by the visual properties of the hill.



Perceiving virtual slant 15

References

Aglioti, S., DeSouza, J. F. X., & Goodale, M. (1995). Size-contrast illusions deceive the
eye but not the hand. Current Biology, 5(6), 679-685.

Bhalla, M., & Proffitt, D. R. (1999). Visual-motor recalibration in geographical slant
perception. Journal of Experimental Psychology: Human Perception and Performance, 25(4),
1076-1096.

Bridgeman, B., & Huemer, V. (1998). A spatially oriented decision does not induce
consciousness in a motor task. Consciousness & Cognition: An International Journal, 7, 454-464.

Bridgeman, B., Kirch, M., & Sperling, A. (1981). Segregation of cognitive and motor
aspects of visual function using induced motion. Perception and Psychophysics, 29, 336-342.

Bridgeman, B., Peery, S., & Anand, S. (1997). Interaction of cognitive and sensorimotor
maps of visual space. Perception & Psychophysics, 59(3), 456-469.

Burr, D. C., Morrone, M. C., & Ross, J. (2001). Separate visual representation for
perception and action revealed by saccadic eye movements. Current Biology, 11, 798-802.

Carey, D. P. (2001). Do action systems resist visual illusions? Trends in Cognitive
Sciences, 5, 109-113.

Chao, L. L., Haxby, J. V., & Martin, A. (1999). Attribute-based neural substrates in
temporal cortex for perceiving and knowing about objects. Nature Neuroscience, 2, 913-919.

Chao, L. L., & Martin, A. (2000). Representation of manipulable man-made objects in
the dorsal stream. Neuroimage, 12, 478-484.

Creem, S. H., & Proffitt, D. R. (2001a). Defining the cortical visual systems: "What",
"Where", and "How". Acta Psychologica, 107, 43-68.

Creem, S. H., & Proffitt, D. R. (2001b). Grasping objects by their handles: A necessary
interaction between cognition and action. Journal of Experimental Psychology: Human
Perception and Performance.

Creem, S. H., & Proffitt, D. R. (1998). Two memories for geographical slant: separation
and interdependence of action and awareness. Psychonomic Bulletin and Review, 5(1), 22-36.

Epstein, W. (1981). The relationship between texture gradient and perceived slant in-
depth: Direct or mediated? Perception, 10, 695-702.

Franz, V. H. (2001). Action does not resist visual illusions. Trends in Cognitive Sciences,
5, 457-459.

Franz, V. H., Fahle, M., Bulthoff, H. H., & Gegenfurtner, K. R. (2000). Effects of visual
illusion on grasping. Journal of Experimental Psychology: Human Perception & Performance,
27, 1124-1144.

Franz, V. H., Gegenfurtner, K. R., Bulthoff, H. H., & Fahle, M. (2000). Grasping visual
illusions: No evidence for a dissociation between perception and action. Psychological Science,
11, 20-25.

Gibson, J. J. (1979). The ecological approach to visual perception. Boston: Houghton
Mifflin.

Gibson, J. J., & Cornsweet, J. (1952). The perceived slant of visual surfaces--optical and
geographical. Journal of Experimental Psychology, 44, 11-15.

Glover, S. (in press). Separate visual representations in the planning and control of
action. Behavioral and Brain Sciences.




Perceiving virtual slant 16

Glover, S. (2002). Visual illusions affect planning but not control. Trends in Cognitive
Sciences, 6, 299-292.

Glover, S. & Dixon, P. (2002). Dynamic effects of the Ebbinghaus illusion in grasping:
support for a planning-control model of action. Perception and Psychophysics, 64, 266-278.

Grafton, S. T., Fadiga, L., Arbib, M. A., & Rizzolatti, G. (1997). Premotor cortex
activation during observation and naming of familiar tools. Neuroimage, 6, 231-236.

Grezes, J., & Decety, J. (2002). Does visual perception of object afford action? Evidence
from a neuroimaging study. Neuropsychologia, 40, 212-222.

Haffenden, A., & Goodale, M. A. (2000). The effect of learned perceptual associations on
visuomotor programming varies with kinematic demands. Journal of Cognitive Neuroscience,
12(6), 950-964.

Haffenden, A. M., & Goodale, M. A. (1998). The effect of pictorial illusion on
prehension and perception. Journal of Cognitive Neuroscience, 10(1), 122-136.

Haffenden, A. M., & Goodale, M. A. (2002). Learned perceptual associations influence
visuomotor programming under limited conditions: kinematic consistency. Experimental Brain
Research, 147, 485-493.

Hollerbach, J. M., Mills, R., Tristano, D., Christensen, R. R., Thompson, W. B., & Xu, Y.
(2001). Torso force feedback realistically simulates slope on treadmill-style locomotion
interfaces. International Journal of Robotics Research, 20(12), 939-952.

Hollerbach, J. M., Xu, Y., Christensen, R. R., & Jacobsen, S. C. (2000). Design
specifications for the second generation Sarcos Treadport locomotion interface. Haptics
Symposium, Proc. ASME Dynamic Systems and Control Division, DSC-Vol. 69-2. Orlando, pp.
1293-1298.

Hu, Y., Eagleson, R., & Goodale, M. A. (1999). The effects of delay on the kinematics of
grasping. Experimental Brain Research, 126, 109-116.

Hu, Y., & Goodale, M. A. (2000). Grasping after a delay shifts size-scaling from absolute
to relative metrics. Journal of Cognitive Neuroscience, 12(5), 856-868.

Jackson, S. R., & Shaw, A. (2000). The ponzo illusion affects grip force but not grip
aperture scaling during prehension movements. Journal of Experimental Psychology: Human
Perception & Performance, 26, 1-6.

Mark, L. S., Jiang, Y., King, S. S., & Paasche, J. (1999). The impact of visual exploration
on judgments of whether a gap is crossable. Journal of Experimental Psychology: Human
Perception & Performance, 25, 287-295.

Marotta, J. J., DeSouza, J. F. X., Haffenden, A. M., & Goodale, M. A. (1998). Does a
monocularly presented size-contrast illusion influence grip aperture? Neuropsychologia, 36(6),
491-497.

Milner, A. D., & Goodale, M. A. (1995). The Visual Brain in Action. Oxford: Oxford
University Press.

Perrone, J. A. (1982). Visual slant underestimation: A general model. Perception, 11,
641-654.

Perrone, J. A., & Wenderoth, P. M. (1991). Visual slant underestimation. In S. R. Ellis
(Ed.), Pictorial communication in virtual and real environments (pp. 496-503). London: Taylor &
Francis.

Premoze, S., Thompson, W. B., & Shirley, P. (1999). Geospecific rendering of alpine
terrain. Proceedings of the Eurographics Rendering Workshop.




Perceiving virtual slant 17

Proffitt, D. R., Bhalla, M., Gossweiler, R., & Midgett, J. (1995). Perceiving geographical
slant. Psychonomic Bulletin & Review, 2(4), 409-428.

Proffitt, D. R., Creem, S. H., & Zosh, W. (2001). Seeing mountains in molehills:
Geographical slant perception. Psychological Science, 12, 418-423.

Proffitt, D. R., Stefanucci, J., Banton, T., & Epstein, W. (2003). The role of effort in
perceiving distance. Psychological Science, 2, 106-112.

Rieser, J. J., Pick, H. L., Ashmead, D. H., & Garing, A. E. (1995). Calibration of human
locomotion and models of perceptual-motor organization. Journal of Experimental Psychology:
Human Perception & Performance, 21(3), 480-497.

Tucker, M., & Ellis, R. (1998). On the relations between seen objects and components of
potential actions. Journal of Experimental Psychology: Human Perception and Performance,
24(3), 830-846.

Tucker, M., & Ellis, R. (2001). The potentiation of grasp types during visual object
categorization. Visual Cognition, 8, 769-800.




Perceiving virtual slant 18

Author Note
The authors thank Pete Willemsen for helpful discussions and technical assistance. This work
was supported by National Science Foundation grants CDA-9623614 and I11S-0121084.
Correspondence concerning this article should be addressed to Sarah Creem-Regehr, Department
of Psychology, 380 S. 1530. E., University of Utah, Salt Lake City, UT 84112-0251, Email:
sarah.creem@psych.utah.edu.




Perceiving virtual slant 19

Figure Captions
Figure 1. An observer standing on the Treadport using the palm board.

Figure 2. An image of the 7 degree hill.
Figure 3. The visual disc.

Figure 4. Verbal, visual, and haptic judgments (+/- 1 SE) as a function of hill angle in
Experiment 1.

Figure 5. Verbal, visual, and haptic judgments (+/- 1 SE) as a function of hill angle in
Experiment 2.

Figure 6. Verbal, visual, and haptic judgments (+/- 1 SE) as a function of hill angle in
Experiment 3.

Figure 7. Verbal, visual, and haptic judgments (+/- 1 SE) as a function of hill angle in
Experiment 4.

Figure 8. Verbal and haptic judgments with and without forces (+/- 1 SE) in Experiments 3 and
4.
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Figure 2
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