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Perceiving geographical slant

DENNIS R. PROFFITT, MUKUL BHALLA, RICH GOSSWEILER, and JONATHAN MIDGETT
University of Virginia, Charlottesville, Virginia

People judged the inclination of hills viewed either out-of-doors or in a computer-simulated virtual
environment. Angle judgments were obtained by having people (1) provide verbal estimates, (2) adjust
a representation of the hill's cross-section, and (3) adjust a tilt board with their unseen hand. Geo-
graphical slant was greatly overestimated according to the first two measures, but not the third. Ap-
parent slant judgments conformed to ratio scales, thereby enhancing sensitivity to the small inclines
that must actually be traversed in everyday experience. It is proposed that the perceived exaggeration
of geographical slant preserves the relationship between distal inclination and people’s behavioral po-
tential. Hills are harder to traverse as people become tired; hence, apparent slant increased with fa-
tigue. Visually guided actions must be accommodated to the actual distal properties of the environment;
consequently, the tilt board adjustments did not reflect apparent slant overestimations, nor were they
influenced by fatigue. Consistent with the fact that steep hills are more difficult to descend than to as-
cend, these hills appeared steeper when viewed from the top.

By east coast standards, Virginia is a mountainous state,
and many of its roads appear quite steep, especially to
midwestern visitors. Yet by law, roads in the state can be
inclined no more than 9° from the horizontal, and 9° is a
much smaller angle than the inclination that most people
estimate these steep roads to have. This is an example of a
pervasive phenomenon: Hills appear to be steeper than
they actually are. The first purpose of this paper is to pro-
vide a normative description of this overestimation in ge-
ographical slant perception.

As we will show, a 5° hill is typically judged to be al-
most 20° in slant; however, when walking up a 5° hill, we
do not raise our feet to accommodate a 20° incline and
thereby stumble as we begin the ascent. The visual guid-
ance of locomotion shows no evidence of slant mispercep-
tion. The second purpose of this paper is to show that a
motoric index of geographical slant shows little evidence
of the overestimations manifest in visual awareness. The
paper’s third purpose may be introduced with an anecdote.

Not long ago, I (Proffitt) was riding in a 1-day, 100-mile,
bicycle tour, with the finish-line only a couple of miles
ahead. The tour had traversed a number of small mountains
in a circuit that began and ended at a site in the rolling hills
of the Virginia piedmont. The final hill before the finish
seemed incredibly steep, and as I passed another rider 1
commented on how organizers of these affairs always
seemed to arrange for the steepest hills to be located just
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before the finish. The other rider muttered an oath as she
bemoaned what a cruel joke it was to make us climb this
hill so late in the ride. (It would have been an even crueler
joke to have informed her that the incline of this hill was
only about 7°.) Now the hill in question was relatively steep,
but it was far less so than many that we had previously en-
countered during this day of cycling. The third purpose of
this paper is to show that the apparent steepness of this hill
was due, in part, to our state of physical fatigue. Hills do, in-
deed, look steeper when we are tired than when we are not.

We interpret these findings to imply that our conscious
perceptions of geographical slant are highly exaggerated.
Moreover, we argue that these perceptions are distorted in
a manner that is well suited for the purposes of guiding lo-
comotion in the environment. For most of us who live out-
side of San Francisco, the effective range of slopes that we
walk up and down is between 0° and 10°. A 10°hill is quite
difficult to climb for any distance, and it looks very steep
to us. A 30° hill is about the limit of what we can walk up,
and it is too steep to walk down without risk of slipping
and falling. The top of a 30° hill is a dangerous place. We
will show that, unlike smaller inclines, such hills look
steeper from the top than from the bottom. We will argue
that geographical slant perception relates the actual phys-
ical slant of inclines to our behavioral potential. For this
reason, steep hills look steeper from the top and all hills
look steeper when we are fatigued. In this regard, we will
suggest that we perceive the affordances of slopes as op-
posed to their purely distal characteristics. Finally, we will
suggest that the reason that people can locomote skillfully
in the context of gross overestimations of slant is related
to the separation of visual pathways that support conscious
perception versus motoric action.

Geographical Slant

Geographical slant refers to the inclination of surfaces
relative to the environmentally specified horizontal. There
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are three different ways in which surface slant can be de-
fined, depending on which of three reference frames is se-
lected. Relative slant specifies the orientation of one sur-
face with respect to the reference frame provided by
another. Optical slant is specified in relation to the line of
sight from the point of observation to the surface in ques-
tion. Finally, geographical slant is specified in relation to
a fixed environmental frame of reference, typically the
horizontal ground plane (Gibson & Cornsweet, 1952). As
examples of these three slant representations, imagine a
book being held during normal reading and consider the
slant of the page that is being read. The relative slant of
this surface with respect to the facing page would be about
170°, its optical slant would be approximately 0°, and its
geographical slant would be around 45°. In this paper, we
are concerned with geographical slant—slant specified in
relation to the horizontal plane of the ground.
Geographical slant is independent of viewpoint. Its
magnitude is specified in relation to the horizontal, as can
be seen in Figure 1. The intersection of a surface with a
horizontal plane defines a line. From any point on this
line, perpendicular lines can be drawn along both the sur-

(a)
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face and the horizontal plane. Slant is defined by the
smaller of the two supplementary angles formed by the
intersection of the latter two lines. With respect to a Carte-
sian representation in which the x- and z-axes define the
ground plane and the y-axis specifies the vertical direc-
tion, a given slant angle has a vertical direction, but
its orientation with respect to the x- and z-axes is unspec-
ified.

When an observer’s viewpoint is taken into account,
the orientation of an incline comprises x- and z-axis com-
ponents. If the z-axis is assigned to the direction of the line
of sight, pitch is defined as the surface’s rotation away
from horizontal around the x-axis, and roll is its rotation
around the z-axis. When one faces a hill, pitch is equiva-
lent to slant, whereas when one looks at a side view of an
incline, roll is equivalent to slant.

In the present studies, and in all others conducted to
date, the perception of slant has been investigated in situ-
ations in which people are directly facing the incline. This
is shown in Figures 1a—1b. In these contexts, slant is equiv-
alent to the pitch angle that the surface makes with respect
to the ground.
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Figure 1. Two views of a surface intersecting the horizontal ground plane. An
observer is depicted as an eye (sphere) on a pole with an arrow at the feet indi-
cating direction of gaze. Slant is equal to 6.



Perceiving Geographical Slant

In general, studies of slant perception have been of two
sorts: those pertaining to optical slant and those dealing
with geographical slant. The former are relevant here, since
in those studies the observer’s line of sight has typically
been horizontal, so that optical and geographical slant
were the same.

In studies of optical slant, researchers have been con-
cerned primarily with the stimulus variables that influence
its perception. In such studies, viewing conditions have
been reduced, and subjects have been asked to indicate the
pitch of a display relative to their line of sight. The displays
have been presented on computer or projection screens, or
subjects have had to view surfaces through the aperture in
a reduction screen. A variety of stimulus variables have
been manipulated, with texture being studied most fre-
quently. Investigators have assessed the influence of tex-
ture gradients (Epstein, 1981; Eriksson, 1964; Flock, 1964;
Gibson, 1950; Gibson & Cornsweet, 1952; Kraft & Win-
nick, 1967); texture regularity (Gibson, 1950); and size,
compression, and spacing of texture elements (Flock,
1964; Freeman, 1966a; Gillam, 1970; Phillips, 1970).
Other variables studied have included linear perspective
(Clark, Smith, & Rabe, 1956a; Epstein & Mountford, 1963;
Smith, 1966), projective size (Flock, 1964; Flock, Graves,
Tennet, & Stephenson, 1967; Freeman, 1966b; Smith, 1967),
and motion parallax and binocular disparity (Braunstein,
1968; Clark, Smith, & Rabe, 1956b; Willey & Gyr, 1969).

A common finding in all of these studies has been that
surfaces appear to lie closer to the frontoparallel plane than
the perspective projection indicates. Thus, subjects have
systematically underestimated the pitch in relation to the
picture plane. (Note that underestimation from the picture
plane is equivalent to overestimation from the ground
plane.) Generally, it has been thought that these under-
estimations are due to a tendency of judgments to conform
to the pitch of the projection surface or reduction screen
(Epstein & Park, 1963). Why this underestimation occurs
remains an unresolved issue; however, the source of error
seems to lie in perceptual processes as opposed to the avail-
ability of reliable information (Perrone & Wenderoth, 1991).

The results obtained in these studies of optical slant per-
ception are similar to those found for the perception of ge-
ographical slant: Perceived pitch is invariably overestimated
in relation to the horizontal ground plane (underestimated
relative to the vertical picture plane). Nevertheless, one
must be cautious in generalizing from what has been found
in the studies of optical slant to everyday geographical
pitch perception. This is because in any given optical slant

study, observers have been presented with quite limited in-

formation, and either the projection surface has been vis-
ible or viewing has occurred through an aperture. These
studies have focused on how selected information influ-
ences optical slant perception, not on the phenomenology
of everyday geographical slant perception.

Despite the apparent ecological importance of geograph-
ical slant—it is invariant over points of view, whereas op-
tical slant is not—few studies on geographical pitch percep-
tion are to be found in the literature.! Kammann (1967),
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who appears to have been the first and only researcher to
systematically investigate the magnitude of slant overes-
timation for real hills, found that, when viewed from the
top, a 34° hill was estimated to have a 48° pitch by males
and a 55° pitch by females. Ross (1974) provided a num-
ber of anecdotal accounts of slant overestimation for real
hills viewed from both the top and the bottom; her descrip-
tion of the magnitude of overestimations are in line with
Kammann’s findings.

Visually Guided Actions Related to
Geographical Slant

Although people overestimate geographical slant, they
are not especially accident prone when walking up and down
hills. The inefficacy of conscious slant misperceptions
with respect to visually guided actions has been nicely
demonstrated in a set of studies conducted by Kinsella-
Shaw, Shaw, and Turvey (1992). They showed that people
are able to accurately judge the maximum inclination
that they can walk up, and more importantly for our pur-
poses, that people are also good at matching the pitch
of a distal surface with that of a haptically perceived sur-
face.

Kinsella-Shaw et al. (1992) conducted two experiments.
In the first, subjects adjusted a large frontal platform to the
maximum pitch that they could comfortably walk up.
They were then tested for the maximum pitch that they
could actually traverse by being asked to walk up an in-
cline that was set to the pitch that they had previously given
as the maximum possible. Subjects’ initial perceptual judg-
ments were found to be good predictors of the maximum
incline that they could climb. In the second experiment,
subjects again adjusted the inclination of the visible plat-
form, but this time to match the pitch of a small ramp on
which their right feet rested. This ramp was inclined be-
tween 0° and 50° and was occluded from the subjects’
view. Subjects were quite accurate at matching the visible
platform to the haptically presented surface. They were
also good at judging whether the inclination thus set
would be conducive to normal walking or not.

Kinsella-Shaw et al.’s (1992) study indicates that visu-
ally guided actions show little or no evidence of the slant
overestimations that are evoked when people provide ver-
bal estimates of pitch. In the following experiments, we
sought to confirm this relationship by investigating the na-
ture of geographical slant perception.

Overview to the Experiments

Five experiments were conducted. In the first, we ob-
tained geographical pitch judgments from a large number
of people on nine different hills viewed from the bottom.
Three measures were employed: People gave verbal judg-
ments; they performed a visual matching task; and they
adjusted a tilting board with their unseen hand, thereby
providing a haptic measure. Large overestimations of pitch
were obtained for the first two measures but not for the
third. The second experiment replicated the first, except
that observers viewed the hills from the top. In comparing
the results of this study with those from the first, it was
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found that steep hills were overestimated more from the
top than from the bottom. Again, haptic judgments were
far more accurate. Experiments 3 and 4 replicated the pre-
vious two studies in a computer-simulated virtual environ-
ment. A wider range of pitch angles was investigated, and
the results coincided closely with those of the experiments
conducted out-of-doors on real hills. Finally, in Experi-
ment 5 we assessed geographical pitch perception before
and after fatiguing exercise. We found that, after exercise,
subjects judged hills to be steeper on the verbal and visual
measures but not on the haptic one.

EXPERIMENT 1
Real Hills Viewed From the Base

The primary purpose of this experiment was to collect
normative data on everyday geographical pitch perception.
Previously, only Kammann’s (1967) assessment of one
hill and Ross’s (1974) anecdotal accounts had provided data
on the magnitude of geographical slant overestimation in
natural viewing contexts. In Experiment 1, subjects faced
hills, standing at their base, and provided pitch angle esti-
mates by using three different measures: verbal, visual,
and haptic. The verbal measure was an oral report of what
the subject thought the pitch of the hill was in degrees.
The visual measure was obtained by having subjects ad-
just a disk that represented the cross-section of the hill.
The haptic measure used a tilt board which could be ad-
justed with one’s unseen hand, either upward or down-
ward, to match it to the pitch angle of the hiil. In addition,
we assessed the internal consistency of these three mea-
sures. For this purpose, subjects were asked to set either
the tilt board or the disk to a set of angles specified ver-
bally by the experimenter.

Method

Subjects. Three hundred students at the University of Virginia
(150 females and 150 males) participated. They were stopped as they
passed by the experimenter, who was stationed near the hills, typi-
cally at their base, and asked if they would like to volunteer to par-
ticipate in a short psychology experiment. All subjects were naive to
the purposes of this experiment and had not participated in any prior
slant experiments. None had any apparent locomotor problems.

Stimuli. Nine hills on the grounds of the University of Virginia
were included in the study. Besides the requirement that there be a
wide range of slopes, the following criteria were used in selecting
the hills for the experiment: First, the hill needed to be near a heavy
foot traffic area, owing to the nature of the method of recruiting sub-
jects. Second, we required that it be a reasonably long hill, so that the
top of the hill would be well above the horizon. And third, the hill
had to have a fairly uniform and even surface, with no major changes
in its inclination or bumps along its surface. The hills were always
viewed from the front, in daylight, while the subjects stood at their
base, and the view of the hills was unobstructed by foliage or con-
struction of any kind.

The inclinations of the hills were 2°, 4°, 5°, 6°, 10°,21°,31°,33°, and
34°, as measured by a Suunto clinometer having an accuracy of 0.5°.
All testing sites were sidewalks or walkways except for the 21°, 31°,
33° and 34° hills, which were grassy slopes. For the 31°, 33°, and 34°
hills, some subjects used a flight of stairs to reach the base but did
not know at that time that they would be judging the inclination of the
hill. The subjects were moved away from the stairs when they were
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asked to make their judgments so that they could not use the ratio be-
tween the riser and the tread to calculate the inclination of the hill.

Apparatus. The subjects reported their judgments in three ways:
verbally, visually, and haptically. The visual judgments were made
by using a disk, which consisted of an adjustable angle representing
the cross-section of the inclination of a hill, with a protractor mounted
at the back which allowed the experimenter to determine the angle
to which the subjects set the cross-section. The subjects were free to
hold the disk in any orientation they preferred, and typically they ad-
justed it while holding it approximately perpendicular to their line
of sight. This disk is illustrated in Figure 2a. When making their vi-
sual judgments, subjects were asked to adjust the disk to the cross-
section that they thought best represented the angle of inclination of
the hill.

The subjects reported their haptic judgments by using a tiit board
(see Figure 2b) with a flat palm rest; the tilt of the board could be ad-
justed upward or downward to match the pitch of the hill. The tilt
board also had a protractor on its side, concealed from the observers,
which allowed the experimenter to determine the angle to which it
had been set. The tilt board itself was mounted on a tripod whose
height could be adjusted to about waist level for each individual sub-
ject, in order to provide a comfortable position for the subjects to
make their judgments. While reporting their haptic judgments, sub-

(a)

Cross

section
of hill
jﬂc\:nm of
movement
Disk set at 4° Disk set at 45°
(b)

direction of
movement

Tilt Board resting at 0° Tilt Board set at 15°

Figure 2. Measures used to report pitch judgments: (a) Disk for
reporting visual judgments; (b) tilt board for reporting haptic
judgments.



jects were asked to match the tilt board to the slope of the hill before
them. The tilt board was placed by their side and they always ad-
justed it with their dominant hand. They were not permitted to look
at their hand while making the adjustments.

Design. Each subject viewed only one hill. There were 30 sub-
jects for each hill except the 5° hill, which had 60 subjects. All ob-
servers reported their judgments on each of the three measures in
one of six counterbalanced orders.

Procedure. The subjects viewed the hills binocularly from the
front while standing at the base of the hills. They were instructed to
look directly ahead at the hill and not to attempt to obtain a side view
of the hills by looking sideways. For each hill, the subjects were
asked to judge the angle of inclination of the hill with respect to the
horizontal, reporting their judgments on the three measures, verbal,
visual, and haptic, in the counterbalanced order assigned randomly
to them. The experimenter recorded their responses on paper. Feed-
back was not given.

The second part of the experiment tested the subjects for internal
consistency in their verbal, visual, and haptic judgments. For this,
subjects were asked to adjust either the tilt board or the disk to a set
of verbally given angles. For all the hills except the 31°,33°, and 34°
hills, subjects were asked to set angles on one of the two instruments
to be equal to 5°, 10°, 15°, and 20°. The 31°, 33°, and 34° hill sub-
jects were given the following angles to adjust: 15°, 30°,45°, 60°, and
75°. The angles given to the subjects corresponded to the general
range of judgments that subjects could be expected to report on the
basis of earlier pilot studies. Before each angle estimate, the instru-
ment to be used, disk or tilt board, was set to 0° and the subject was
asked to set it to the given angle. The angle to which the instrument
was set was then recorded by the experimenter, who used the con-
cealed protractor, and the instrument was reset to 0° for the next trial.
The order in which the subjects were given the angles was also coun-
terbalanced. This took a total of about 10 min.

Results and Discussion

The data obtained for Experiment 1 are represented in
two ways in Figure 3. Panel a shows the mean judgments
for each of the three measures, plotted on incremental co-
ordinates. The same data are plotted on a log—log scale in

60 (a)

Angle Judged

0 1'0 2'0 3l0 4I0
Angle of Real Hill
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panel b. The log-log plot of the data shows a linear trend
within the log transformation, indicating that the curves
obtained for the three measures all approximate power
functions. The power function provides an excellent fit for
the data: R2 = .97, .99, and .98 for the verbal, visual, and
haptic measures, respectively. The power function relation-
ship obtained between the actual pitch angle and the judged
angle is consistent with what is found for magnitude esti-
mation judgments of other psychophysical dimensions
such as brightness or loudness. As with other intensity
judgments, geographical pitch judgments do not corre-
spond to an additive relationship; rather, equal stimulus
ratios produce equal assessed magnitude ratios. The ex-
ponents obtained describe the following relationship be-
tween actual pitch and judged pitch: The pitch of a hill needs
to be increased 3.4 times for a subject’s verbal judgment
to double (verbal exponent 0.564); 3.6 times for the visual
judgment to double (visual exponent 0.543), and 3 times
for the haptic judgment to double (haptic exponent 0.650).

As can be seen from Figure 3a, the subjects’ verbal and
visual judgments refiect large overestimations of the ac-
tual inclines. The haptic reports were far more accurate. [t
was revealed by ¢ tests that overall, all three measures were
significantly different from the actual inclines of the hills
[verbal vs. actual, #(299) = 27.13, p <.01; visual vs. actual,
t(299) = 26.25, p < .01; haptic vs. actual, £(299) = 4.43,
p < .01]. Individual ¢ test analyses for each of the seven
hills revealed the same results, except that for the 21° and
31° hills, the haptic reports were not significantly differ-
ent from the actual inclines of the hills. Also, judgments
on the visual and verbal measures were closely matched in
the extent to which they were overestimates of the actual
pitch angle of the hills. For example, for the 2° hill, while
subjects reported about 10° both verbally and visually,
they reported 5° haptically. Similarly, for the 10° hill, ver-

—o— log(verbal)
21 —a— log(visual)
4 —e— log(haptic)

R
1 T T T

1 2 4 8 116 2132 64
Log(Angle of Real Hill)

Log(Angle Judgment)

Figure 3. Mean pitch judgments reported from the base for nine hills on the verbal, visual,
and haptic measures for Experiment 1: (a) on incremental coordinates; (b) on log coordi-
nates. Exponents for the three measures were as follows: verbal, y = 8.108.x%54%; visual, y =
6.675x9571; haptic, y = 3.298x9633, The dotted line indicates perfect performance.
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bal and visual judgments were closely matched (31° and
26°, respectively), while the haptic judgment was more
accurate (16°). For the steepest hill (34°), we see the same
trend; subjects reported 55° verbally, 53° visually, and
29.9° haptically.

A three-way analysis of variance (ANOVA: 2 levels of
gender X 9 hill angles X 3 measures) with gender and
hill angle as between-subjects factors and measure as the
within-subjects factor revealed significant gender differ-
ences in hill judgments [F(1,282) = 28.72, p < .01]: fe-
males showed greater overestimation than did males for
the inclination of the hills. The interaction between gen-
der and measure was also significant [F(2,564) = 6.77,
p < .01]. Figure 4 shows the gender differences in angle
estimates separately for each measure; it is apparent that
gender differences were greatest for the verbal judgments.
None of the higher order interactions were significant.

Figure 5 is a plot of the subjects’ mean performance on
the task of adjusting each of the two measures to a set of
verbally given angles. Figures 5a—5b show the visual and
haptic responses, respectively, to verbally given angles. As
can be seen, visual responses were quite accurate; how-
ever, haptic adjustments tended to reveal underestimations
of the verbally given angles.

Regression equations were applied to the visual and
haptic reports made in response to the set of verbally given
angles, thereby yielding a prediction of what a subject
should have reported visually or haptically for a particular
hill, given what he/she judged the hill to be verbally. A sim-
ple regression analysis tested how well these derived vi-
sual and haptic scores could predict the actual visual and
haptic reports that subjects gave for each of the hills.
Analysis revealed that the derived visual score was a good
predictor of the actual reports that the subjects gave (ex-
plained variance, R2, was .70). In the right panels of Fig-

Verbal

Visual
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ure 5, the actual reports are plotted against derived scores
for both the visual and the haptic measures. Figure Sc pre-
sents the comparison between the actual reports and the
derived scores for the visual measure. As the figure de-
picts and as the results also implied, subjects were consis-
tent in their use of visual judgments; that is, the visual
judgments that they made in response to the verbally given
angles were nearly equivalent to the visual judgments that
they made for the hills, given their verbal reports on the in-
clination of the hills. A similar analysis was performed for
the haptic measure. In Figure 5d, the derived haptic scores
are plotted against the actual haptic reports. As can be
seen from the figure and as was revealed by a simple re-
gression analysis, the actual reports and the derived hap-
tic scores are quite well matched, in that the derived scores
are good predictors of the actual reports (R? or explained
variance was .60).

This implies that subjects displayed an internal consis-
tency for the verbal, visual, and haptic measures, in that
they represented an angle in the same way regardless of
whether it was made in the context of an observed hill or
of a spoken number. This means, for example, that when
facing a 10° hill, people tend to say that it is about 30°, set
the disk to about 25°, and adjust the palm board to about
10°. When verbally instructed to set the disk and palm
board to 30°, they adjust them to approximately 25° and
10°, respectively.

EXPERIMENT 2
Real Hills Viewed From the Top

While conducting Experiment 1, we noticed that the
steepest hills in our study appeared steeper from the top
than from the bottom. Moreover, we realized that for the
three hills greater than 30°, we could walk up but not walk

Haptic

(@)

Angle Judged

©

——o— Female
—e— Male

0 10 20 30 40 10
Angle of Real Hill

Angle of Real Hill

T L L T |

20 30 40 10 20 30 40
Angle of Real Hill

Figure 4. Gender differences in mean pitch judgments made from the base of hills for Experiment 1:
(a) verbal reports; (b) visual reports; (c) haptic reports.
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Figure 5. Internal consistency of measures for subjects in Experi-
ment 1: (a—b) responses to verbally given angles; (c—d) correspondence
between response to verbal instruction and values derived from re-

sponses made while viewing hills.

down the grass-covered inclines without slipping and en-
dangering ourselves. We were able to walk down all of the
shallower slopes. For biomechanical reasons, there is an
asymmetry in people’s ability to walk up versus down
steep inclines. We began to formulate a hypothesis that the
perception of geographical slant relates distal inclines to
our behavioral potential. By this account, these hills should
look steeper from the top because our ability to traverse
them depends upon whether we are attempting an ascent
or descent.

This experiment was identical to Experiment 1, except
that subjects stood at the top of the hills while making
their pitch estimations on the three measures. The appara-
tus and the procedure were the same as for Experiment 1.
A representative subset of the hills from Experiment 1
was used.

Method

Subjects. Two hundred ten students at the University of Virginia
(105 females and 105 males) were recruited in the same manner as
in Experiment 1. Data from 8 subjects were excluded from the analy-
sis because the subjects were all engineers and had explicit knowl-
edge about geographical slant from surveying courses. Their judg-
ments were quite accurate and different from those of the naive
subjects.

Stimuli. Seven hills on the grounds of the University of Virginia
were viewed in daylight, while the subjects stood at the top. The in-

clinations of the hills were 2°, 5°, 10°, 21°, 31°, 33°, and 34°, and the
hills were the same ones that were used in Experiment 1.

Apparatus. The apparatus was the same as in Experiment 1. The
subjects reported their judgments in three ways: verbally, visually,
and haptically.

Design. The design was the same as that for Experiment 1. There
were 30 subjects for each hill.

Procedure. The procedure was the same as before.

Results and Discussion

Figure 6 presents the data obtained from Experiment 2
in two ways. Panel a shows, on incremental coordinates,
the mean judgments of pitch for the three measures. The
same data are plotted on a log—log scale in panel b. As in
Experiment 1, the data show a linear trend within the log
transformation, indicating that the curves for the three
measures all approximate power functions. (As before,
the power function provides an excellent fit for the data:
R2=.99, .99, and .99 for the verbal, visual, and haptic mea-
sures, respectively.) The exponents obtained by fitting
power functions to the curves for the three measures show
the relationship between actual pitch and judged pitch to
be as follows: The pitch of a hill needs to be increased 3.2
times for a subject’s verbal judgment to double (verbal ex-
ponent 0.599); 3 times for the visual judgment to double
(visual exponent 0.636), and 2.5 times for the haptic judg-
ment to double (haptic exponent 0.764).
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Figure 6. Mean pitch judgments reported from the top for seven hills on the verbal, visual,
and haptic measures for Experiment 2: (a) on incremental coordinates; (b) on log coordi-
nates. Exponents for the three measures were as follows: verbal, y = 7.048 x959; visual, y =

5.895x0:636; haptic, y = 2.546x0.764,

As in Experiment 1, the verbal and visual judgments re-
flected large overestimations of the actual inclines; the
haptic reports were far more accurate. It was revealed by
t tests that overall, all three measures were significantly
different from the actual inclines of the hills [verbal vs. ac-
tual, 1(209) = 25.18, p < .01; visual vs. actual, #(209) =
23.82, p<.01; haptic vs. actual, #(209) = 9.53, p<.01]. In-
dividual ¢ test analyses for each of the seven hills revealed
the same results for all except the 33° hill, where the hap-
tic report was not significantly different from the actual
incline of the hill. Also, as before, judgments on the visual
and verbal measures were closely matched in the extent to
which they were overestimates of the actual pitch angle of
inclination of the hills.

A three-way ANOVA (2 levels of gender X 7 hill an-
gles X 3 measures, with gender and hill angle as between-
subjects factors and measure as the within-subjects factor)
revealed significant gender differences in hill judgments
[F(1,196) = 9.04, p <.01], with females showing greater
overestimation than males for the inclination of all the hills.
The interaction between gender and measure was also sig-
nificant [F(2,392) = 6.93, p <.01]. As is apparent in Fig-
ure 7, gender had its greatest effect on the verbal judgments.
None of the higher order interactions were significant.

Figure 8 (panels a—b) shows the mean visual and haptic
responses to verbally given angles. As in Experiment 1,
visual responses tended to be quite accurate, whereas hap-
tic responses tended to underestimate the angles given.

Regression equations were obtained from the subjects’
angle judgments on the visual and haptic measures and
were used to calculate derived visual and haptic scores. A
simple regression analysis revealed that the derived visual
and haptic scores could accurately predict the actual vi-
sual and haptic reports that subjects gave for each of the

hills quite well (explained variance, R2, was .89 for the vi-
sual measure, and .75 for the haptic measure). In panels
c—d of Figure 8, the actual reports are plotted against de-
rived scores for both the visual and the haptic measures.
As can be seen in the figure and as the results also implied,
subjects were consistent in their visual and their haptic
judgments, meaning that the judgments that they made in
response to the verbally given angles were nearly equiva-
lent to the judgments that they made for the hills, given
their verbal reports on the inclination of the hills.

COMPARISON OF EXPERIMENTS 1 AND 2

Figure 9 presents a comparison of the judgments made
by the subjects viewing from the base (Experiment 1) and
those viewing from the top of the hills (Experiment 2).
The figure shows an effect of viewpoint on all three mea-
sures. A three-way ANOVA (2 levels of gender X 7 hill
angles X 2 viewpoints) revealed significant gender ef-
fects for all the three measures [F(1,422) = 26.46,p< .01,
verbal; F(1,422) = 14.51, p<.01, visual; F(1,422) = 3.52,
p < .05, haptic]. The effect of viewpoint was significant
for the visual and haptic measures [F(1,422) = 6.24, p <
.01, visual; F(1,422) = 31.96, p < .01, haptic], but not for
the verbal measure [F(1,422) = 1.81, p <.18].

By far the most interesting result was the interaction be-
tween viewpoint and hill angle, which was significant for
all the three measures [F(6,422) = 2.25, p < .05, verbal;
F(6,422) = 2.78, p <.05, visual; F(6,422) = 7.41,p< .01,
haptic]. The interaction between hill pitch and viewpoint
implies that subjects tended to respond differently to dif-
ferent hills, depending on whether they had an uphill or a
downhill view. For the hills with the smallest slants, sub-
Jects perceived their inclination to be either the same from
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Figure 7. Gender differences in mean pitch judgments made from the top of hills for Experi-
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Figure 9. Comparison of mean pitch judgments made from the top and the base: (a) verbal reports;

(b) visual reports; (c) haptic reports.

the top and base or steeper from the base. On the other
hand, for the three steepest hills, subjects tended to per-
ceive the pitch as greater when they judged it from the top
than when they judged it from the base.

We had expected that the steepest hills would be judged
as steeper on verbal and visual measures when viewed from
the top, owing to the asymmetry in people’s ability to as-
cend, as opposed to descend, these slopes. However, the
effect of viewpoint on the haptic measure was unantici-
pated. If the haptic measure of geographical pitch is unaf-
fected by factors such as the effort involved in ascending
or descending a slope, subjects’ haptic adjustments should
not have been affected by viewpoint. It could be that the
biomechanical motions involved in adjusting the tilt board
were easier with the downhill than with the uphill setting.
With more ease of movement at the wrist, subjects may have
been able to adjust the tilt board to significantly higher an-
gles with the downhill setting. It is also possible that view-
point’s influence on haptic adjustments were real and due
to unknown factors.

EXPERIMENT 3
Hills Viewed From the Base in Virtual Reality

In order to obtain normative data on geographical pitch
perception over a wider range of hills than could be con-
veniently found out-of-doors, in this experiment we cre-
ated a virtual reality (VR) display. VR presents a computer-
generated interactive environment to the observer, using a
head-mounted display (HMD). Small monitors are mounted
inside the headset, providing a stereo display. Observers
can move their heads and walk around while wearing the
HMD. As they move, the location and orientation of their
heads are tracked, and the system changes its imagery to
present a stable simulated environmental layout accord-

ingly. As opposed to viewing a computer terminal’s screen,
in VR observers perceive themselves as being inside the
scene. Subjects provided their slant judgments on two of
the three measures used in Experiment 1: verbal and hap-
tic. Over the range of inclinations that were assessed in
Experiments 1 and 3, the pitch judgments obtained were
highly similar.

Method

Subjects. Twenty University of Virginia students (9 females and
11 males) with normal or corrected-to-normat vision participated in
the experiment. All were naive to the purposes of this experiment
and had not participated in any prior slant experiments. Subjects
were recruited by word of mouth and by an announcement on the
university’s electronic mail network, calling for volunteers to par-
ticipate in the experiment in exchange for experiencing VR.

Stimuli. Twelve hills ranging from 5°to 60° at 5° increments were
simulated in VR. The subject’s viewpoint was at the base of the
hills. Each display, presented in color, consisted of a grassy hill with
a black and white checkerboard road running up the middle. The
subject and the hill were placed on a large surrounding ground plane
with the horizon clearly in view against a sky blue background. The
dimensions of the real 5° hill used in Experiment 1 were used to sim-
ulate the hills in VR. Each hill was 30 m wide, with the checkerboard
road covering the central 10 m. A post was located at the base of the
hill, 10 m from the right side. Its position in the VR environment cor-
responded to the location of the tilt board in the real world. The dis-
tance along the visible surface of the hill (hypotenuse) was kept con-
stant at 100 m, while the height of the hill (rise) and depth of the hill
(run) varied as a function of the slant angle. Each simulation took the
angle and the length of the slope as the input and computed rise and
run as follows:

run = cos(angle) X hypotenuse

rise = sin(angle) X hypotenuse

Apparatus. The stimuli were generated on two Silicon Graphics
VGX computers (each capable of rendering up to 1,000,000 poly-
gons per second). The subjects used a VPL HMD, which received an
NTSC (television) signal from the computers. The HMD consisted



essentially of two small monitors, each of which presented a stereo-
appropriate image to each eye. Effective resolution for each moni-
tor was 185 X 139 pixels, and the total field of view was 90°. Robi-
nett and Rolland (1991) provide a detailed description of the VPL
display system. LEEP optics lenses were used to collimate the light
and to allow accommodation to the image. A Polhemus magnetic
tracker was placed on the HMD to detect the observer’s head posi-
tion in x, y, z space and its pitch, yaw, and roll orientation. The ap-
plication provided texture gradient and perspective cues, stereo and
motion parallax information, and Gouraud shading. The subjects re-
ported their judgments on two measures: verbal and haptic. The hap-
tic judgments were reported on the same tilt board that was used in
Experiment 1. (The visual measure used in the previous experiments
could not be used, since subjects were wearing the HMD.)

Design. Each subject saw all of the hills, in random order. All ob-
servers reported their judgments on both of the two measures, first
verbally and then using the tilt board. Since the dimensions of the
real 5° hill used in Experiment 1 were identical to the 5° hill shown
in VR, we were interested in comparing subjects’ responses to these
two hills. For this purpose, subjects were shown the 5° hill in VR
four times in the experimental session, whereas the other angles
were presented only once.

Procedure. Subjects were first introduced to the VR environment
with a brief demonstration to familiarize them with the hardware and
the immersive VR experience. Then the experimental display was
described to them and they were placed in that environment. Once
they were familiar with the environment, they were asked to look up
at the hill and report verbally what the pitch angle of the hill ap-
peared to be. They were then asked to adjust the tilt board to make
it match the incline that they saw. After the subjects had provided
their judgments on both measures, and before the next stimulus ap-
peared, a blue “virtual curtain” was lowered to block the subjects’
view and lifted once the new simulated environment was ready. The
VR subjects were encouraged to look around and to move back and
forth laterally by approximately a meter, in order to ground them-
selves in the simulated environment and to notice the ground plane
(horizon) while making their judgments.

As in Experiment 1, after the subjects had made the hill judg-
ments, they were asked to adjust the tilt board to a set of angles rang-
ing from 5° to 60° at 5° intervals. For each of the angle estimates, the
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tilt board was initially set to 0° before the subject set it to a given
angle. The order in which the subjects were given the angles was the
same random order as that of the hills that they had seen; for exam-
ple, if a subject first saw a 5° hill followed by a 40° hill, then he/she
would be asked to set the tilt board first to 5° and then to 40°.

Results and Discussion

The mean judgments for the VR hills on the verbal and
haptic measures are shown in Figure 10. Panel a shows the
mean judgments of the subjects on an incremental scale and
panel b is the log—log transform of the same data. As can
be seen in Figure 10a, subjects tended to overestimate the
pitch of the hills represented in the VR environment as as-
sessed by verbal but not by haptic judgments. It was re-
vealed by ¢ tests that overall, the two measures differed
significantly from the actual inclines of the hills. As before,
the verbal reports for the 12 angles were overestimations
of the actual pitch [#(11) = 20.15, p < .01]. On the other
hand, the haptic reports were underestimations [#(11) =
2.79, p <.05]. As with the findings of Experiment 1, both
the verbal and the haptic measures approximated power
functions (R? = .99 for verbal and .94 for haptic). The ex-
ponent obtained for the verbal measure for VR hills (0.590)
was very similar to that obtained for the verbal measure
for the real hills in Experiment 1 (0.564), again indicative
of the fact that the pitch of the VR hills needed to be in-
creased 3.4 times for subjects to say that it had doubled.
The exponent for the haptic measure was higher (0.740),
meaning that pitch needed to increase by 2.6 times before
subjects judged the hill to have doubled in pitch when as-
sessed haptically.

Across all angles, there was an extremely close corre-
spondence between the judgments made out-of-doors and
in VR. Figure 1 1a shows the comparison between the VR
and real hills on the verbal measure, and Figure 11b shows
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Figure 10. Mean pitch judgments reported from the base for 12 virtual reality hills on the verbal
and haptic measures for Experiment 3: (a) on incremental coordinates; (b) on log coordinates. Ex-
ponents for the two measures were as follows: verbal, y = 7.228 x%59; haptic, y = 2.233x9.740,
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this comparison for the haptic measure. As the figure re-
veals, the regression functions yielded very similar para-
meters for both the verbal measure (real hills, 8.11x059;
VR hills, 7.23x959) and the haptic measure (real hills,
3.30x965; VR hills, 2.23x074). Note that the obtained in-
tercepts and exponents are very close across the two types
of displays.

VR subjects reproduced a set of verbally given angles
on the palm board, and these angle adjustments are plot-
ted in Figure 12a. As can be seen and as was also revealed
by a2 X 2 ANOVA (2 levels of gender X 2 types of dis-
plays), there is a good match between the angle judgments
given by the VR subjects and those given by the subjects
who judged the real hills. No significant gender differences
were obtained.

Like the angle judgments given by the subjects in the
previous experiments, the haptic reports given by the sub-
Jects in response to the set of verbally given angles were
used to obtain derived haptic scores, scores that the sub-
jects should have reported given what they judged the
inclination of the VR hills to be verbally. A simple regres-
sion analysis revealed that the actual reports and the de-
rived scores were well matched (R2 = .66), as can be seen
in Figure 12b. This indicates that the subjects were inter-
nally consistent in their verbal and haptic adjustments. They
made similar haptic adjustments to verbally given angles
and to visually presented hills that evoked the same ver-
bal pitch judgment.

EXPERIMENT 4
Hills Viewed From the Top in Virtual Reality

This experiment was identical to Experiment 3, except
that the subject’s simulated viewpoint was changed to that
of a person standing at the top of the hill, looking down.
There were three main purposes of this experiment. The

Verbal
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first was to obtain pitch angle judgments from the tops of
hills for inclinations not readily available in the real world.
The second was to assess the correspondence between the
judgments for real hills and those presented in VR. Finally,
the primary purpose of this experiment was to determine
whether viewpoint would interact with pitch judgments as
it had across Experiments 1 and 2. Would the steepest
hills look steeper from the top than from the bottom?

Method

Subjects. Twenty University of Virginia students (10 females and
10 males) participated in the experiment as part of a requirement for
an introductory psychology course. All had normal or corrected-to-
normal vision. They were naive to the purposes of this experiment
and had not participated in any prior slant experiments.

Stimuli. The stimuli were the same as those used in Experi-
ment 3, except for minor changes in the display. We used the same
12 hills ranging from 5° to 60° at 5° increments, now from the view-
point of a person standing at the top of the hill looking down. The post
was located at the top of the hill to the right, and its position again
corresponded with the location of the tilt board in the real world. A
departure from the previous experiment was the presence of a num-
ber of vertical black posts scattered randomly on the grassy portions
of the hill; the purpose behind this was to provide subjects with a
clear indication of the vertical.

Apparatus. The stimuli were generated on one Silicon Graphics
Onyx Reality Engine2 (capable of rendering up to 1,000,000 poly-
gons per second). The subjects used a Virtual Research HMD, which
received an NTSC (television) signal from the computer. The reso-
lution and field of view for this system were the same as for the VPL
system used in the previous experiment.

Design. The design was the same as that for Experiment 3, except
that each subject viewed the hills from the top, instead of from the base.

Procedure. The procedure was the same as that for Experiment 3.

Results and Discussion

Figure 13 shows the mean judgments for the VR hills
on the verbal and haptic measures. As Figure 13a shows,
subjects tended to overestimate the pitch of the hills repre-

Haptic

Angle Judged

Real Hills

(b)

Angle Presented

T T r 1 r 11
0 10 20 30 40 50 600

Real Hills
10 20 40 5'0 6'0
Angle Presented

Figure 11. Judgments for real hills and VR hills compared: (a) verbal reports;

(b) haptic reports.
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Figure 12. Internal consistency of measures for subjects in Experi-
ment 3: (a) responses to verbally given angles; (b) correspondence be-
tween response to verbal instruction and values derived from responses

made while viewing hills.

sented in the VR environment when making verbal judg-
ments but not when making haptic judgments. It was re-
vealed by ¢ tests that overall, the verbal reports for the 12
angles differed significantly from the actual inclines of the
hills [#(11) = 7.4, p <.01], whereas the haptic reports were
quite accurate and did not differ significantly [£(11) = 1.39,
p<.19].

As with the findings of the previous three experiments,
both the verbal and the haptic measures approximated
power functions (R2 =95 for verbal and .97 for haptic; Fig-
ure 13b). The exponent obtained for the verbal measure
was 0.798, indicative of the fact that the pitch of the VR hills
needed to be increased 2.4 times before subjects said it had
doubled. The exponent for the haptic measure was 0.807,
implying again that pitch needed to be increased by 2.4
times in order for subjects to judge it as having doubled.
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Again, there was a close correspondence between the
judgments made out-of-doors and in VR. Figure 14a shows
the comparison between the VR and real hills for the ver-
bal judgments, and Figure 14b shows the comparison for
the haptic judgments. The parameters obtained from fit-
ting regression functions to the data from the real hills and
VR hills were again very similar on the haptic measure:
2.56x9.76 for the real hills and 2.75x98! for the VR hills,
The verbal measure, on the other hand, did show an effect
of viewing condition, reflected in the parameters ob-
tained: 7.05x9:60 for the real hills and 2.67x980 for the VR
hills. The difference between the verbal reports in the two
viewing conditions is attributable to slightly smaller judg-
ments for the 10°, 15°, and 20° inclines in VR.

As in Experiment 3, the subjects produced a set of ver-
bally given angles on the palm board. As can be seen in

128
()
64-
232-
3 161 7 ’
5 84 ’
<
2"
2 —o— log(verbal)
14 -—e— log(haptic)
1 2 4 8 16 32 64 128
Log(Angle of Real Hill)

Figure 13. Mean pitch judgments reported from the top for 12 virtual reality hills on the verbal
and haptic measures for Experiment 4: (a) on incremental coordinates; (b) on log coordinates. Ex-
ponents for the two measures were as follows: verbal, y = 3.435x0.798; haptic, y = 2.475x0.807,
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Figure 14. Judgments for real hills and virtual reality hills compared: (a) verbal reports;

(b) haptic reports.

Figure 15a, and as revealed by a 2 X 2 ANOVA (2 levels
of gender X 2 types of displays), there is a good match be-
tween the angle judgments given by the VR subjects and
those given by the subjects who judged the real hills. No
significant gender differences were obtained.

The haptic adjustments made by the subjects in re-
sponse to the set of verbally given angles were used to ob-
tain derived haptic scores, scores that the subjects should
have reported given what they judged the inclination of the
VR hills to be verbally. A simple regression analysis re-
vealed that the actual reports and the derived scores were
well matched (R? = .69; Figure 15b). This implies that
haptic responses were consistent with the verbally given
angles. Verbal instructions evoked haptic adjustments
similar to those made in the context of simulated hills that
elicited the same verbal angle responses.

COMPARISON OF EXPERIMENTS 3 AND 4

Figure 16 shows a comparison of the judgments made
in VR by the subjects viewing hills from the top and from
the base. The figure reveals that there was an effect of view-
point on both measures, verbal and haptic. This effect can
be seen in the results from a three-way repeated measures
ANOVA (2 levels of gender X 2 viewpoints X 2 measures,
with gender and viewpoint as between-subjects factors
and measure as the within-subjects factor). This analysis
revealed two significant two-way interactions and one three-
way interaction. The interaction between hill pitch and view-
point [F(11, 36) = 2.46, p < .05] implied that subjects
tended to respond differently to different hills, depending
on whether they had an uphill or downhill view. The inter-
action between measure and viewpoint [F(1,36) = 14.13,
p <.01]implied that the verbal and haptic measures tended
to interact differently with the viewpoint variable. This in-

teraction was further clarified by the interaction of mea-
sure, viewpoint, and hill pitch [F(11,36) = 4.34, p < .01],
which implied that the interaction of hill pitch and view-
point was more potent for the verbal reports than for the
haptic ones (cf. Figure 16).

As with the findings for the real hills, verbal judgments
for the less steep hills were the same from the top and
base, or steeper from the base. For steeper hills, subjects
tended to judge the same hill to be more steep if they viewed
it from the top than from its base. Like the subjects who
viewed the real hills, subjects in VR also appear to be in-
fluenced by a hill’s climbability, despite the artificial en-
vironment. At about the angle where hills can no longer be
descended, around 30° in the real world, hills in VR were
verbally judged to be steeper from the top than from the
base.

For the haptic reports, subjects tended to judge the hills
as steeper from the top, regardless of the pitch of the hill.
As was the case in the experiments involving real hills, the
influence of viewpoint on the haptic measure is not easy
to explain. It is not known whether it was due to differen-
tial ease in adjusting the palm board across the two view-
points, or to the effect of some variable that caused a gen-
uine change in haptic perception.

EXPERIMENT 5§
The Effect of Fatigue on Perceiving
Geographical Slant

If the perception of geographical slant relates our be-
havioral potential to the distal inclination of hills, then
hills ought to look steeper when we are tired than when we
are not. In Experiment 5, we tested this possibility and found
it to be true. Subjects in this study judged the pitch of one
hill, went on an exhausting run, and then judged the pitch
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Figure 15. Internal consistency of measures for subjects in Experi-
ment 4: (a) responses to verbally given angles; (b) correspondence be-
tween response to verbal instruction and values derived from responses

made while viewing hills.

of a second hill. When tired, subjects reported a greater pitch
on the verbal and visual measures than on the haptic one.

Method

Subjects. The subjects were 60 University of Virginia students
(30 females and 30 males). All had normal or corrected-to-normal
vision and ran or jogged for exercise at least three times a week for
at least 3 miles per run. Subjects were recruited from an introductory
psychology course on the basis of a questionnaire and were given
class credit for participation. All were naive to the purposes of this
experiment and had not participated in any prior slant experiments.
All subjects were asked at the end of the experiment if they had any
prior knowledge about the tendency to overestimate hills. On the
basis of these answers, the data from 4 subjects were excluded from
the final analyses—a skier from Switzerland and three civil engi-
neering students, who volunteered information about knowing about
the tendency to overestimate the pitch of hills and said that they had
taken this knowledge into account while reporting their judgments.
Three additional subjects were omitted from analyses. They were
varsity soccer players, conditioned athletes who ran up hills as part

Verbal

of their training. They did not appear to show any signs of exhaus-
tion at the end of their runs and reported that they were not tired.

Stimuli. Two hills (5° and 31°) were used for this experiment. The
5° hill was different from the 5° hill used in Experiments 1 and 2, but
its selection was based on the same criteria as those for the hills in
those experiments. The 31° hill was that used in Experiments | and 2.

Apparatus. The apparatus was the same as that in Experiment 1.

Procedure. The procedure for this experiment was similar to that
in Experiment 1, except that in the present instance the subjects
judged both hills, one before and one after their runs. The subjects
were told that they would be required to go on a run of their choice
and would be answering questions both at the beginning and at the
end of their runs. They would be given the starting and finishing
points for their runs, which were the 5° hill and the 31° hill, respec-
tively, for half the subjects and the 31° hill and the 5° hill for the other
half, though the subjects were not told specifically that these points
would be at hills. There were no constraints on the subjects regard-
ing the length, route, or duration of their runs, the only requirement
being that they be very tired when they reached the finishing point.
Subjects were taken to the base of the starting hill and were asked a
set of distractor questions. As it was presented to the subjects, the ex-
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Figure 16. Comparison of mean pitch judgments made for virtual reality hills from the top
and the base: (a) verbal reports; (b) haptic reports.
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periment was not about geographical slant perception, but rather
about the decisions that people used to choose their running routes.
They were asked various questions about the length of average runs,
and the number of hills encountered and their inclinations. These
questions were used in order to prevent the subjects from thinking
about the inclination of hills while going on their runs. In the con-
text of these other questions, they were asked to judge the inclina-
tion of the hill before them on each of the three measures, in one of
several counterbalanced orders. After that, they started off on their
runs. On completing their runs, they were met by the experimenter
at the base of the finishing hill and were again asked some brief dis-
tractor questions before judging the inclination of that hill.

Results and Discussion

Figure 17 compares the judgments given by the subjects
for the two hills before and after their runs, for the three
measures, verbal, visual, and haptic. As is indicated in Fig-
ure 17a, verbal and visual estimates about the inclination
of the 5° hill were greater for the subjects who had just com-
pleted their runs. A two-way ANOVA (2 levels of gender
X 2 orders) indicated that the difference between the ver-
bal pitch judgments before and after the run was signifi-
cant [F(1,49) = 9.03, p < .01}, as was the case for the vi-
sual judgments [F(1,49) = 39.43, p < .01]. The haptic
judgments did not change significantly from before to
after the run [F(1,49) = 3.37, p <.07]. As is shown in Fig-
ure 17b, similar results were obtained for the 31° hill. There
were significant changes in the verbal and visual reports
for subjects tested before or after the run [F(1,49) = 12.20,
p <.01 and F(1,49) = 4.36, p < .05, respectively]. The hap-
tic judgments were unaffected by the running manipuia-
tion [F(1,49) = 0.29, p <.59]. No gender differences were
obtained overall for judgments for the 5° and 31° hills, or
for change in judgments for inclines from before the run
to after.

The average increase in perceived pitch due to the run-
ning manipulation for the 5° hill was 6.82° (35%) for the
verbal measure and 8.86° (50%) for the visual measure.
For the 31° hill, the average increase was 11.36° (24%) for
the verbal measure and 5.71° (12%) for the visual measure.
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The judgments that the subjects made for the two hills
were compared with the reports obtained for the hills in
Experiment 1. It was revealed by ¢ tests that there were no
significant differences between the judgments of the sub-
jects in Experiment 1 and those given by the subjects in
this experiment who judged the hills before going on their
run, for both the 5° and the 31° hills. On comparing the
judgments given by the subjects who judged the hills after
their runs with the judgments given by the subjects of Ex-
periment 1, we found significant differences for the 5° hill
on the verbal and visual measures [verbal, #(82) = 2.43,
p <.05; visual, #(82) = 5.48, p < .01] but not the haptic
judgments [¢(82) = .24, p < .81]. Similarly, for the 31°hill,
significant differences were found for the verbal and visual
judgments but not for haptic judgments [verbal, #(52) =
2.55, p<.05; visual, #(52) = 3.25, p<.01; haptic, #(52) =
1.57, p <.12}.

GENERAL DISCUSSION

Our findings on geographical slant perception are con-
sistent with Gibson’s (1979) proposal that the perception
of surface layout is best described as a perception of af-
fordances. Gibson coined this term to denote the relation-
ship between the physical attributes of things in the world
and an organism’s potential actions with them. With regard
to geographical slant, an important affordance of hills is
their walkability, including the ease and effort entailed in
traversing surfaces of varying inclinations. Throughout the
following discussion, we will summarize our findings on
geographical slant perception and relate them to their af-
fordance values.

In Visual Awareness, Geographical Slant
Is Overestimated

For all of the real and virtual hills assessed, geographi-
cal pitch was grossly overestimated in verbal and visual
measures, which we take to be good indicators of the phe-
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Figure 17. Mean pitch judgments by runners before and after their runs for Experiment 5:

(a) 5° hill; (b) 31° hill.



nomenal awareness of pitch. Our own experience, as well
as Kammann’s (1967) and Ross’s (1974) reports, had per-
suaded us that geographical slant was overestimated, long
before we ran the experiments reported herein. To look at
a 10° hill—typically judged to be about 30° by verbal re-
ports and visual matching—and to be told that it is actu-
ally 10° is an astonishing experience for anyone unfamil-
iar with the facts of geographical slant overestimation.
Many of our subjects were incredulous during their post-
experimental briefing. A 10° hill looks very steep and is
quite difficult to ascend for any distance. Again, recall that
the legal limit for roads in the state of Virginia is 9°.

Given that most of our walking is restricted to slants of
less than 10°, it is more important for people to be sensi-
tive to differences in slants within this range as opposed to
larger angles. For example, ascending a 6° hill requires far
more effort than does climbing one of 2°, whereas the dif-
ference between 66° and 62° inclines has no behavioral
significance. As noted by Ross (1974), Murray (1947) re-
ported that rock climbers found it difficult to distinguish
between a 77° rock face and one of 90°.

As is found for intensity judgments of other perceptual
dimensions such as brightness or loudness, people’s esti-
mates of geographical pitch conform to power functions.
For hills viewed from the base, pitch must increase more
than three times in order for it to be judged as having dou-
bled. A virtue of such ratio-scaled magnitude estimations
is that they allow for higher sensitivity to incremental
changes at small values relative to larger ones. We did not
assess sensitivity, per se; however, we have no doubt that,
if presented with real or simulated hills, people would show
a much higher sensitivity to a given increment of angular
change at small angles relative to larger ones. After all,
many of the informational sources for pitch angle, such as
the compression of texture, change at a greater rate at
small angles from the horizontal.

That geographical pitch perception conforms to power
functions is well suited to the behavioral requirement that
people must be able to make finer distinctions between
small angles than between large ones. This virtue of slant
overestimation does not explain the mechanisms by which
perspective information is transformed into judgments
that conform to power functions; however, it does capture
well the functional utility of these overestimations.

Perceived steepness provides information about the af-
fordances of hills, which include the possibility of tra-
versing them and effort entailed in doing so. A long 10° hill
looks very steep and it presents a daunting challenge if
one’s intent is to climb it. When one is confronted with a
10° hill, its apparent steepness informs conscious decisions
about how an ascent will be achieved. If walkers are un-
willing to become sweaty and out of breath, they must se-
lect a gait that will allow them to arrive at the top in the
aerobic state that they desire. We believe that an important
function of conscious slant perception is to inform the
planning and modulation of gait with respect to the hills
that are to be traversed so as to expend energy at a desired
rate. Slant overestimation serves this purpose by exagger-
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ating the apparent steepness of hills in a manner that relates
inclines to our behavioral potential. Although the plan-
ning of molar, long-term aspects of gait is facilitated by
perceiving an exaggeration of slant, the local task of visu-
ally guiding one’s feet is not.

Visually Guided Actions Show Little or No
Evidence of the Phenomenal Overestimation
of Geographical Slant

Our haptic measure of pitch showed very little evidence
of slant overestimation. The haptic responses did differ
significantly from the true values in three of the first four
experiments; however, the magnitudes of these differences
were quite small when compared with the verbal and vi-
sual measures. In addition, the fatigue manipulation that
influenced verbal and visual responses in Experiment 5
did not affect haptic adjustments. Finally, Kinsella-Shaw
etal. (1992) found a high degree of accuracy when match-
ing a visually presented incline to the pitch of a ramp felt
by an unseen foot. Together, we take these findings to in-
dicate that visually guided actions are relatively immune
to slant overestimations. To suggest otherwise would imply
that people would stumble whenever there was a change
in the slant of the terrain over which they walked.

The lack of correspondence between phenomenal re-
ports and visually guided actions is not a new finding; rather,
it has been found in a variety of contexts. For example,
Bridgeman, Lewis, Heit, and Nagle (1979) found that peo-
ple could not reliably detect a small target motion that oc-
curred during a saccade; however, when asked to point to
its remembered location with their unseen hand, they took
the target motion into account. Loomis, Da Silva, Fujita,
and Fukusima (1992) found that, although people under-
estimate the distance in depth between targets, when blind-
folded they can walk to each target’s location without sys-
tematic error and can accurately point to the targets while
walking in a lateral direction. Clinical studies have shown
that people with visual agnosia resulting from damage to
the occipitotemporal region of the brain are often unable
to recognize or verbally describe objects in their surround-
ings, yet they can locomote with little difficulty (Farah,
1990). Goodale and Milner (1992) described a patient with
visual agnosia who, when presented with rectangular
blocks of different dimensions, could not distinguish be-
tween them; however, when asked to pick them up, she ac-
commodated the size of her grasp appropriately for the
blocks’ sizes.

There are two accounts for why visual awareness of geo-
graphical slant exhibits gross overestimations whereas vi-
sually guided actions do not. By one account, actions are
mediated by visual awareness following a transformation
that compensates for overestimations. The other account
postulates that conscious awareness and action are in-
formed by separate visual pathways, one showing evidence
of bias and the other not. These accounts need not be mu-
tually exclusive, and we believe that evidence supports both.

By the first account, visually guided actions are informed
by conscious visual awareness. Foley (1977, 1980), for ex-
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ample, has proposed that although verbal and manual in-
dices of perceived distances differ greatly, they are related
to a single perceptual variable via distinct output transfor-
mations. In the case of perceived slant overestimations, the
visual control of actions could compensate for perceived
overestimations by calibrating motor programs through
feedback. Thus, for example, the motor response to an ap-
parent pitch angle of 30° would be to raise the foot by an
amount consistent with a 10° distal pitch. Motor programs
could be continuously recalibrated to maintain the appro-
priate mapping between apparent slant and successful ac-
tions. Accurate slant perception is unnecessary; rather, as
long as perceived slant covaries with distal slant in a law-
ful monotonic manner, then the apparent overestimations
that inform actions will be transparent in performance.

There is good evidence that actions are informed by con-
scious slant perception in just this manner. This evidence
comes from the assessments of internal consistency that
were made between the three slant measures. In particular,
it was found that the haptic response to a hill of a given in-
cline is the same as the haptic response to a verbally given
angle that would be evoked when viewing that incline. For
example, when people view a 10° hill, they say that it ap-
pears to be about 30° but adjust the palm board to just a lit-
tle over 10° with their unseen hand. When asked to set the
palm board to 30°, they will again set it to an angle that is
a little greater than 10°. Thus, their responses to visually
presented hills and verbal instructions are the same. This
implies that haptic judgments are calibrated to the appar-
ent slant overestimations that inform verbal reports.

By the second account, visual awareness and motoric ac-
tions are informed by separate visual pathways. Beginning
with a division among retinal ganglion cells, one subdivi-
sion terminates in the parvocellular layer of the lateral
geniculate nucleus and the other terminates in the magno-
cellular layer. Termed parvo and magno respectively, these
subdivisions remain fairly well segregated and provide the
visual inputs for the inferotemporal and posterior parietal
cortex respectively. Ungerleider and Mishkin (1982) have
identified these ventral (inferotemporal) and dorsal (pari-
etal) regions of the cortex as supporting distinct visual func-
tions. Modifying an earlier proposal by Schneider (1969),
they suggested that the ventral system is primarily con-
cerned with object identification, the “what” of perception,
whereas the dorsal system supports the mechanisms re-
sponsible for spatial localization, the “where” of percep-
tion. More recently, the different functions that these sepa-
rate systems support have come to be described as “what”
versus “how,” meaning that the ventral system supports a
conscious visual awareness of object properties, whereas
the dorsal system supports visually guided actions (Goodale
& Milner, 1992). Although these two systems are anatomi-
cally distinct, interconnections between them do exist (Fer-
rera, Nealey, & Maunsell, 1994; Nealey & Maunsell, 1994).

With respect to geographical slant, it seems highly
plausible that visual awareness and visually guided ac-
tions are informed by these separate visual systems. Sup-
port for this possibility comes from the differential effect
of fatigue on verbal and visual judgments versus haptic
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ones. In Experiment 5, it was found that, after an exhaust-
ing run, hills were reported to be a good deal steeper on the
verbal and visual measures; the haptic adjustments, how-
ever, were unaffected. This suggests a dissociation between
the informational basis for verbal and visual reports and
that for motor adjustments. It is, however, possible that vi-
sually guided actions were recalibrated throughout the
runners’ excursions in such a way that the transformation
mapping conscious visual experience into haptic adjust-
ments was modified to nullify the increased overestima-
tion of slant. We think that this alternative is less plausi-
ble than the separate visual systems account, but we have
no evidence against it.

In summary, we propose that the radically different pitch
estimates obtained with verbal and visual reports versus
haptic adjustments are due both to the dissociation in the
visual pathways that inform these two sorts of responses
and to the calibration mechanisms that coordinate their
functioning. This account is consistent with the mounting
evidence for separate “what” and “how” visual systems as
well as the evidence indicating that there exist anatomical
interactions between these pathways. That pitch overesti-
mations vary with physiological state while actions remain
unaffected suggests that these different responses are in-
formed by separate systems. That people set the palm board
to 10° both when looking at a 10° hill that they verbally es-
timate to be 30° and when told to set it to 30° indicates that
the action system does, indeed, compensate for phenom-
enal slant overestimations.

Geographical Slant Perceptions Reflect People’s
Behavioral Potential

The finding that steep hills appear steeper when viewed
from the top rather than the bottom is consistent with the
notion that perceived steepness relates slant angles to
one’s action potential. With considerable effort, one could
walk up one of the 30° hills used in our studies; however,
they are too steep to walk down. Perceived slant provides
useful information about the affordance of traversing a
hill. A hill that is too steep to walk on will look steeper than
one that is not. Since the walkability of a 30° hill depends
on whether one’s intent is to walk up or down it, such a hill
looks steeper from the top.

The affordance notion is similarly consistent with the
finding that people estimated hills to be steeper on the ver-
bal and visual measures after becoming fatigued. Phe-
nomenal steepness is not invariant with respect to distal
inclinations, but rather it preserves the relationship be-
tween locomotor effort and slant. Apparent steepness in-
forms people about the effort entailed in traversing hills,
and thus, slant overestimation becomes increasingly ex-
aggerated with fatigue. Because of this, people need not
assess both the slant of a hill and their own physiological
state in order to plan a comfortable ascent; rather, appar-
ent steepness is the only variable that needs to be con-
sulted, since it covaries with both distal slant and physio-
logical state.

The change in perceived pitch that was caused by fa-
tigue is a dramatic demonstration that visual perceptions



can be influenced by physiological state. This finding is
reminiscent of earlier work in which it was attempted to
show that visual perceptions were affected by value and
need. These prior investigations, however, yielded equiv-
ocal results. The best known study in this regard was that
of Bruner and Goodman (1947), who reported two find-
ings. First, the size of coins was found to be overestimated
in proportion to their worth, meaning that the size of a
nickel was overestimated more than a penny, and likewise,
the size of a quarter was overestimated more than a nickel.
The second finding was that this relationship between ap-
parent size and monetary value was more pronounced for
poor children than for rich ones. This study inspired a con-
siderable amount of research and debate related to whether
the reported effects were real or artifactual. With regard to
the first finding, literature reviews have been written that
support the proposed influence of value on size perception
(Tajfel, 1957) and that argue against this conclusion (Mc-
Curdy, 1956). The obtained relationship between family
wealth and the overestimation of coin sizes should be in-
terpreted with considerable caution. Bruner and Ro-
drigues (1953) noted that, “As a psychological variable,
economic status by itself leaves much to be desired” (p. 18).
Far too many factors covary with economic status to allow
for a definitive conclusion that the different size judg-
ments obtained for the rich and poor groups were due to
apparent need.

We believe that the hypothesized relationship between
perceived size and value and need is of a different kind
than that between perceived slant and physiological state.
In the case of the coin perception studies, there is no con-
sequence to overestimating a coin’s size in proportion to
one’s economic status. That is, the proposed relationship
between size perception and value and need serves no be-
havioral function. There is, however, a functional relation-
ship that is supported by the covariance of apparent slant
with physiological state. Apparent slant informs a walker
about how much effort he/she will have to expend in tra-
versing a hill, and this relationship is preserved over time
through fatigue’s influence on slant perception. We sus-
pect that the perception of environmental properties is rel-
atively immune to dispositional factors unless these fac-
tors directly affect activities that must be accommodated
to these properties.

CONCLUSION

Hills appear steeper than they are. This exaggeration of
geographical slant preserves the relationship between dis-
tal inclination and our behavioral potential. Steep hills are
more difficult to descend than ascend, and accordingly, they
appear steeper when viewed from the top. Hills are harder
to traverse as people become tired, and consequently, ap-
parent slant increases with fatigue. As is required for suc-
cessful locomotion, visually guided actions do not reflect
apparent slant overestimations, nor are they influenced by
fatigue.

We conclude with a final anecdote of the sort that mo-
tivated these experiments. In the runners’ guide to the 1994
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Figure 18. A depiction of the elevation changes for each mile of
the “Charlottesville Ten Miler” foot race.

“Charlottesville Ten Miler” foot race, there is a descrip-
tion of the course. A figure is provided with a sketch of the
terrain’s elevation changes broken down by mile. Beneath
each sketch is a written description of that segment of the
course. Figure 18 is a copy of the terrain sketches. Once
again, the race organizers appear to have arranged for the
steepest hills to be located at the end of the race. Notice es-
pecially that the last mile is drawn as having much larger
hills than does the first. In fact, the first and last miles are
identical! Beneath the depiction of the last mile is the fol-
lowing description: “The last mile of the course retraces
the rolling first mile. By now the downhills are more
painful for some runners than the uphills” (p. 10). We are
confident that the different depictions of the first and last
miles of the “Charlottesville Ten Miler” accurately show
the change in how the same stretch of the race course was
perceived by runners early and late in race.
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NOTE

1. Research on geographical pitch perception has focused primarily on
its influence on variables such as visually perceived eye level (VPEL),
which is one of the cues used as a reference in perceiving the height of
objects in the visual field. Since body-referenced information plays an
important role in the mechanisms controlling the perception of elevation,
a change in pitch of the visual field may have important consequences
for the localization of an object in the environment. It has been found that
VPEL varies linearly with pitch of the visual field (Li & Matin, 1993;
Matin & Li, 1992; Stoper & Cohen, 1989). The pitch of a room has also
been found to influence other variables such as the perceived elevation
and size of objects viewed against the field (Matin & Fox, 1989) and the
apparent slant of a rod (Stoper, Fries, & Bautista, 1992).
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