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Alhazen (1989, p. 155) proposed that the perception
of distance of objects relies on the perception of their re-
lation with a continuous background. J. J. Gibson (1950,
p. 6) proposed a similar hypothesis, which he named the
ground theory of space perception. These two formula-
tions both emphasized the importance of the underlying
background surface, especially the ground plane, in dis-
tance perception. Gibson characterized the visual envi-
ronment of land-dwelling animals, such as ourselves, as
terrestrial, meaning that there is generally a continuous,
more or less horizontal ground surface on which objects
rest and by means of which they are related to one an-
other. He showed that the perceived relative size of ob-
jects resting on the ground remains reasonably accurate
out to great distances (J. J. Gibson, 1950, pp. 183–186).

A substantial amount of research has been done since,
concerning perceived size and distance over the ground
plane (see reviews by Cutting & Vishton, 1995; Gillam,
1995; Sedgwick, 1986, in press). Most research suggests
that our ability to perceive layout and distance is quite good
in large, open outdoor spaces, where multiple sources of
information are available. There is some foreshortening
in matching depth intervals along the sagittal versus the
frontal plane (Levin & Haber, 1993; Loomis & Philbeck,
1999; Toye, 1986), although visually cued blindfolded
walking shows no foreshortening in distance up to at least

12 m (Loomis, Da Silva, Fujita, & Fukusima, 1992;
Loomis, Da Silva, Philbeck, & Fukusima, 1996; Thom-
son, 1983).

Recently, Sinai, Ooi, and He (1998) reported an ex-
periment in which they tested the importance of conti-
nuity of the ground plane. They found that both percep-
tual judgments of absolute distance and visually cued
blindfolded walking are compromised when a gap or tex-
ture discontinuity is present on the ground. They con-
cluded that error is introduced when the reference frame
provided by the common ground surface is disrupted.

Sinai et al.’s (1998) results are particularly interesting
because in our everyday environment we routinely 
encounter spatial arrangements that are far more com-
plicated than those in their experimental conditions. In
fact, it is a rather rare situation where everything rests on
an undisrupted common ground surface. If we look
around a room, for example, most of the objects do not
share a common surface. They could be on the win-
dowsill, on the table, in the bookshelf, or piled on top of
each other on the floor. They could also be suspended on
the wall or from the ceiling. Nevertheless, apart from
floating or flying objects, everything in our environment
is ultimately supported by the ground. Perhaps a cup is
resting on the table, and a book is resting on the book-
shelf, but both the table and the bookshelves are resting
on a common floor. Thus the cup and the book can theo-
retically be related to each other through a series of con-
tact relations between adjoining surfaces. We refer to
“nested” contact relations to indicate that there are many
levels of relation, with a certain degree of hierarchical
organization, among objects on different surfaces. The
ability to perceive these relations then becomes essential
if we are to establish and utilize a common reference
frame through which egocentric or exocentric distance
perception takes place.
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In complex natural scenes, objects at different spatial locations can usually be related to each other
through nested contact relations among adjoining surfaces. Our research asks how well human ob-
servers, under monocular static viewing conditions, are able to utilize this information in distance per-
ception. We present computer-generated naturalistic scenes of a cube resting on a platform, which is
in turn resting on the ground. Observers adjust the location of a marker on the ground to equal the per-
ceived distance of the cube. We find that (1) perceived distance of the cube varies appropriately as the
perceived location of contact between the platform and the ground varies; (2) variability increases sys-
tematically as the relating surfaces move apart; and (3) certain local edge alignments allow precise
propagation of distance information. These results demonstrate considerable efficiency in the media-
tion of distance perception through nested contact relations among surfaces.
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Sedgwick (1983; Sedgwick & Levy, 1985) has devel-
oped an environment-centered description of complex spa-
tial layouts in which the locations of surfaces are speci-
fied in relation to the ground plane. For surfaces that are
not directly in contact with the ground, location infor-
mation is specified first by local contact relations with
adjacent surfaces. This location information then propa-
gates through a series of contact relations that ultimately
link each surface to the ground plane and hence to other
surfaces in the environment. Using a simplified envi-
ronment of planar polygonal surfaces, Sedgwick (1987a,
1987b, 1989) modeled a subset of the optic array infor-
mation available from perspective and optical contact
and showed that it was sufficient in most cases to recover
the three-dimensional (3-D) spatial layout of the envi-
ronment. Sedgwick (1989) reported a preliminary ex-
periment on the interaction of perspective information
and optical contact in determining perceived contact. As
far as we are aware, however, there has been no other em-

pirical work done, prior to that reported here, to explore
the ability of human observers to make use of nested con-
tact relations in the perception of spatial layout. Here we
describe four experiments that initiate such an exploration.

We started with a very basic situation: A cube is rest-
ing on a platform, which in turn is perceived to be rest-
ing on the ground (Figure 1). In our first experiment, we
asked how the perceived distance of the cube changes if
the perceived location where the platform contacts the
ground changes. To do this, we manipulated what J. J. Gib-
son (1950) called the “optical contact” between the plat-
form and the ground. J. J. Gibson (p. 174) demonstrated
a compelling effect of perceiving an object, secretly sus-
pended in midair, to be resting on the ground at a more
distant location, where the line of sight through the bot-
tom of the object met the ground. Using the same strat-
egy in a virtual environment, we suspended the platform
above the ground, so that the distance of its optical con-
tact with the ground was greater than its actual, or “geo-

Figure 1. The four conditions in Experiment 1 show a cube resting on a block of varying thickness. The top slabs in all four scenes
are held at 64 cm above the ground. (a) The block is made up of four slabs, with a total thickness of 64 cm, and is resting on the ground.
(b) The block is made up of three slabs, with a total thickness of 48 cm, and is suspended 16 cm above the ground. (c) The block is
made up of two slabs, with a total thickness of 32 cm, and is suspended 32 cm above the ground. (d) The block is made up of one slab,
with a total thickness of 16 cm, and is suspended 48 cm above the ground. (Original displays were in color.)
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graphic” distance from the observers (Figure 2). We kept
the top surface of the platform at a constant height but var-
ied its thickness beneath, so that the bottom of the plat-
form was suspended at various heights above the ground.
In this way, we were able to hold the cube’s absolute and
geographic distance and height constant so that any
changes in its perceived distance would be due entirely
to the effects of varying the perceived optical contact be-
tween the bottom of the platform and the ground.

EXPERIMENT 1

Method
We used the 3-D Studio Max software package (by Kinetix) to

generate 3-D scenes. Objects were modeled in virtual 3-D space
and rendered with photo-realistic textures. Images were pregener-
ated and stored on the hard drive. During the experiment, images
were displayed on a 21-in. monitor with a pixel resolution of 1,024
3 768. A Windows NT program created with the PiXCL language
(by Vysor Integration) controlled the sequencing and displaying of
images and the gathering and storage of data.

Displays were viewed monocularly in the dark using the domi-
nant eye. The observer’s head was held steady by a chin and forehead
rest. The perspective view simulated that of a 35-mm camera with
a 50-mm (“normal”) lens. The eye was aligned to be at the correct
viewing position, which was 14.0 cm above the bottom of the mon-
itor screen and 52.1 cm from the monitor screen. The total eye height
above the floor was 118 cm. The whole scene subtended 39.5º hor-
izontally and 30.1º vertically. A hood hid the edges of the monitor
as well as the rest of the room.

The dimensions of all the scene parameters and the measured re-
sponses given in this paper are scaled according to an arbitrarily as-

sumed camera height of 140 cm above the ground plane in the vir-
tual space. There is no information in the virtual space, though, to
specify this scale factor. Therefore, the perceived scale of the scene
may have been different. Since we asked our observers to make judg-
ments of relative distance within the virtual space, variation in the
perceived scale of the scene should not affect our results.

Each scene consisted of a textured ground extending to the hori-
zon, with a large green marble block (made up of one to four slabs,
each 1,600 cm long 3 150 cm wide 3 16 cm high) serving as the
platform for a small limestone cube (40 3 40 3 40 cm; Figure 1).
On the ground, 1 m to the right of the block platform, was a paral-
lel track (20 cm wide) extending to a distance of 560 m. Locations
on the ground are specif ied by distance from the observer in the
virtual space of the scene.

To illustrate the ground location of an object at some elevation
above the ground, the experimenter used the tabletop as the hypo-
thetical ground, and moved a pencil back and forth to the location
directly beneath the front edge of a small object resting on a plat-
form 10 cm above the tabletop. We were careful not to suggest any
strategy in performing the task. Observers were encouraged to think
of the display as representing a real 3-D scene in which they could
walk along the track on the ground to where they perceived the front
edge of the cube to be.

At the beginning of each trial, a cursor in the form of a horizon-
tal double arrow appeared on the screen at either the near or far end
of the track. Observers were instructed to use the computer mouse
to move the arrow to the position on the track that matched the per-
ceived distance of the front edge of the small cube. They were in-
structed to bracket their settings by moving the arrow back and forth
starting from locations that were obviously too far or too close; they
were allowed to take as much time as they needed. When the setting
was complete, the observer clicked the mouse button, and the arrow
position was recorded. Although the program left the cursor arrow
free to move to any position on the screen, observers were instructed

Figure 2. In Experiment 1, a block suspended in midair is seen resting on the ground at a greater distance. The dis-
tance from the eye to the cube in a straight line through space is referred to as the absolute distance. The cube’s true dis-
tance along the ground is referred to as its geographic distance. The cube’s optically specif ied distance, mediated by the
block, is referred to as its mediated distance. If the block were absent or ignored, the cube would be seen resting on the
ground at an even greater distance, specified by its optical contact with the ground. (This illustration is not drawn to scale.)
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to keep the arrow on the track, and were monitored to ensure that
they did so. The program ignored any mouse clicks that occurred
when the arrow was not on the track. Although the track was de-
picted as receding in depth, the cursor arrow did not change its image
size as it moved up and down along the track.

We held the top surface of the block at a constant height (64 cm)
above the ground, but varied the thickness of the block (below its
top surface) by adding or subtracting additional slabs beneath the
top one. At its greatest thickness (made from four slabs, Figure 1a),
the bottom of the block rested on the ground. At the other thicknesses,
however, the block floated above the ground, so that the projected
optical contact of its bottom front edge with the ground was at a
greater distance than its actual geographic distance (Figure 2).

Although the block was located at a specific geographic distance
and floated at a specific height above the ground in our computer
model of the virtual scene, in the monocular projection of this scene
that was viewed by our observers there was no information to spec-
ify whether the block was floating above the ground or resting on
the ground at a greater distance. Cast shadows can provide effective
perceptual information that something is floating above the ground
rather than resting on it (Kersten, Mamassian, & Knill, 1997; Madi-
son & Kersten, 1999; Yonas, Goldsmith, & Hallstrom, 1978). For the
purpose of this experiment, however, shadows were eliminated. Al-
though our scenes were thus geometrically ambiguous, our observers
perceived the block as resting on the ground. No observer reported
seeing the block as floating, and as the results presented below clearly
show, our observers’  distance settings were entirely consistent with
the perception that the block was resting on the ground.

The effect of holding the height and geographic distance of the
cube constant was to ensure that any change across conditions in the
observers’  distance settings must be due to the change in the block’s
optical contact with the ground. Thus the design of Experiment 1
allowed us to isolate and measure the effectiveness with which the

perceived position of the block can mediate the perceived distance
of the cube resting on top of it.

The cube’s position relative to the block was held constant
throughout the experiment, with the separation between the cube’s
and the block’s front and right edges at 380 and 85 cm, respectively.
Thus, as the thickness of the block varied, any change in the per-
ceived distance of the cube must have been mediated by the per-
ceived contact relation between the block and the ground.

At each thickness of the block, we also varied the position of the
block and cube together. This was done to prevent observers from
remembering and replicating their previous settings. Sixteen dis-
tances along the ground were used at 20-cm increments, with the
geographic distance of the cube starting at 9.41 m from the ob-
server. We also varied the pattern of texture on the ground and on
the block from trial to trial, so that the observers were not able to
use textural landmarks to recognize their previous settings. For each
scene, observers made both an ascending and a descending adjust-
ment, with the arrow starting either at the near or the far end of the
track, respectively.

The combination of height (4) 3 distance (16) 3 starting posi-
tion (2) gave rise to 128 trials, which were presented in a random
order. Eight observers participated, including the two authors. All
had 20/20 corrected vision with their dominant eye. Apart from the
authors, the other observers were naive as to the purpose of the
experiment.

Results
The means, with 95% confidence intervals across ob-

servers, of matched distance of the cube for each thick-
ness of the block are plotted in Figure 3a. Since the mean
results for ascending and descending trials are very sim-
ilar, they were pooled. Each bar in the figure thus repre-

Figure 3. Results from Experiment 1. (a) Means, with 95% confidence intervals across observers, of matched distance of the cube
at each block thickness. The number on the abscissa refers to the number of slabs used for that particular thickness. The solid line
across each column marks the predicted mediated distance of the cube at each block thickness. The upper dotted line marks the cube’s
optically specified distance if the block were absent or ignored. The lower dashed line marks the cube’s geographic distance. (b) Means,
with 95% confidence intervals, of the r2 values from 8 observers.
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sents an average of ascending and descending trials over
16 distances on the ground for all 8 observers (256 trials
per bar). The lower dashed line marks the average geo-
graphic distance of the cube, which remained constant
at 10.91 m across conditions. The horizontal solid line
on each bar marks the predicted distance of the cube, as
mediated by the optical contact of the block with the
ground—a value that we shall henceforth refer to simply
as mediated distance. For block thickness of one to four
slabs, the mean predicted mediated distances are 16.59,
14.13, 12.32, and 10.91 m, respectively. The corre-
sponding mean matched distances are 17.39, 15.65,
14.02, and 12.9 m. The decrease in matched distance
with increasing thickness of the block is significant ac-
cording to a two-way within-subjects repeated measures
analysis of variance (ANOVA) [F(3,21) 5 109.7, p <
.000001]. It is clear that the average perceived ground
location of the cube corresponds reasonably well with
specified ground location, mediated through the block.

The upper dotted line in Figure 3a marks the cube’s
optically specified distance at 20.07 m if the block were
absent or ignored, in which case the cube would be seen
directly resting on the ground, but further away (illus-
trated in Figure 2). There appears to be some tendency
for matched distance to be biased in this direction, al-
though, except for the four-block condition, the theoret-
ically correct value falls within the 95% confidence in-
terval. This bias suggests that even though our observers
were able to perceive the cube’s distance through its con-
tact relation with the block, and in turn with the ground,
they may have had a weak tendency to relate the cube di-
rectly to the ground. This would have resulted in the ob-
served overestimation relative to the predicted mediated
distance. It is also possible that this overestimation re-
flects a tendency simply to set the marker at the same
height in the picture plane as the cube.

In order to assess the variability of our observers’ per-
formance, a linear regression line was f itted for each
observer over 16 distances, and r2 (squared correlation
coefficient) values were calculated to indicate the per-
centage of variability accounted for. Figure 3b shows the
means, with 95% confidence intervals, of the r2 values
at each thickness of the block over 8 observers. As the
thickness of the block increases, performance variability
increases, as reflected in the decrease in r2. The one-way
ANOVA (within-subjects repeated measures design) of
the mean r2 is significant for the four conditions
[F(3,21) 5 5.284, p < .01]. This result shows that as the
relating surfaces (the ground and the top surface of the
block) move apart, precision of performance decreases.

Experiment 2 was designed as a control for two pur-
poses. The first was to vary the height of the cube in the
image plane without varying its mediated distance simul-
taneously. The second was to investigate whether in-
creasing the cube’s height above the ground leads to over-
estimation of distance. As a baseline, an extra condition
was added, in which the block was absent, and the cube
was directly resting on the ground by itself.

EXPERIMENT 2

Method
The viewing arrangement and method of adjustment were the

same as in Experiment 1.
The scenes were the same as in Experiment 1, except that the

block was always resting on the ground. The thickness or height of
the block was increased by adding a slab on top of the previous one,
thus raising the height of the cube above the ground. Therefore, the
mediated distance of the cube equaled its geographic distance in all
the conditions. As the height of the block changed, any systematic
change in the perceived distance of the cube must thus be due either
to the cube’s changing height in the image plane, or, equivalently,
to a perceptual tendency to relate the cube directly to the ground.

Five conditions were used: the cube on the ground by itself and
the cube resting on a block made up of one, two, three, and four slabs.
The corresponding block heights were 0, 16, 32, 48, and 64 cm.

Again, the cube’s position relative to the block was held constant
throughout the experiment. For each condition, 16 distances along
the ground were used at 20-cm increments, with the cube’s geo-
graphic distance starting at 9.41 m from the observer. Texture ele-
ments were varied from trial to trial. The combination of height (5)
3 distance (16) 3 starting position (2) gave rise to 160 trials, which
were presented in a random order. Eight observers participated; 3 of
them, including the two authors, also participated in Experiment 1.
All had 20/20 corrected vision with their dominant eye.

Results
The means, with 95% confidence intervals across ob-

servers, of matched distance of the cube at each block
height are plotted in Figure 4a. Each bar represents an
average of ascending and descending trials over 16 dis-
tances on the ground for all 8 observers (256 trials per
bar). The dashed line marks the cube’s averaged medi-
ated distance on the ground, which is 10.91 m and equals
the actual geographic distance in all five conditions. The
means for matched distance are all in good agreement
with the mediated and geographic distance. There is no
overestimation observed in this experiment. The dotted
line on top of each column marks the cube’s optically
specified distance if the block were absent or ignored, in
which case the cube would be seen resting on the ground
at a greater distance. This distance varies as a function of
the cube’s image height in the picture plane. Observers
were clearly not relating the cube directly to the ground,
since the overall means remain close to the predicted me-
diated distance in all conditions.

The same statistical method used in Experiment 1 was
employed to assess performance variability. Figure 4b
shows the means, with 95% confidence intervals, of the r2

values at each block height over 8 observers. The increase
in performance variability versus block height was signif-
icant [F(4,28) 5 14.928, p < .000001]. As in Experiment1,
as the surface on which the cube rested was raised higher
above the ground, precision of performance deteriorated.

DISCUSSION OF EXPERIMENTS 1 AND 2

Our results show that observers’ relative distance per-
ception is in good agreement with the mediated distance
of the cube. Since the cube’s actual geographic distance
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was held constant, any perceived changes were due to the
perceived change of location of contact between the block
and the ground. This demonstrates that perceived dis-
tance could indeed be effectively mediated through a se-
ries of nested contact relations among surfaces, as sug-
gested by Sedgwick (1989).

Madison and Kersten (1999) have demonstrated that,
without cast shadows or interreflection, observers were
not able to tell the difference between an object that was
resting on the ground and an object that was floating
above the ground. Under monocular static viewing con-
ditions, optical contact with the ground plane tends to be
perceived as physical contact when all other pictorial cues
that could specify lack of contact, such as cast shadows,
are absent (J. J. Gibson, 1950, p. 174). The close agree-
ment between perceived and mediated distance in Ex-
periments 1 and 2 further confirmed this tendency. If the
block had been perceived floating above the ground, it
should also have been perceived as closer (Figure 2). Such
systematic underestimation of distance was not observed
in any condition.

In order to establish a common reference frame, ob-
servers need to relate relevant surfaces across a certain
amount of distance. We found that performance variabil-
ity increases significantly as the relating surfaces move
apart from each other. Following this observation, in Ex-
periment 3 we explored how different positions on the
platform’s surface affect the propagation of distance in-

formation among surfaces. We held the distance between
the relating surfaces constant but varied the cube’s loca-
tion relative to the front and lateral edges of the block’s
top surface.

EXPERIMENT 3

Method
The viewing conditions remained the same as in the previous

experiments.
A block, 64 cm in height, served as the platform for the cube.

The cube’s relative position varied with respect to the front and right
edge of the block’s top surface (Figure 5). The cube had three posi-
tions with respect to the block’s right edge: left, where there was a
separation of 85 cm between the right edges of the cube and the
block; center, where the separation was 42.5 cm; and right, where
the two right edges were lined up. The cube also had three positions
with respect to the front edge of the block: near, where the cube’s
and block’s front edges were aligned; intermediate , where the cube’s
position was held constant, and the block was slid underneath to-
ward the observer, so as to create a separation of 190 cm between
their front edges; and far, where the block was slid further toward
the observer to create a separation of 380 cm. Because the position
of the cube relative to the front edge of the block was varied by
moving the block, the cube’s geographic and mediated distance re-
mained the same across conditions. We also included a condition la-
beled as ground , in which the block was absent and the cube rested
directly on the ground. In the ground condition, the cube had the
same geographic distance and the same three lateral positions as in
the conditions with the block. For each condition, the distance of
the cube and the block together was also varied. Eight distances

Figure 4. Results from Experiment 2. (a) Means, with 95% confidence intervals across observers, of matched distance of the cube
at each block height. The number on the abscissa refers to the number of slabs used for that particular height. "0" stands for the
ground condition, where the block is absent and the cube rests on the ground. The lower dashed line marks the cube’s geographic
distance, which equals its mediated distance. The dotted line on top of each column marks the cube’s optically specified distance
if the block were absent or ignored. (b) Means, with 95% confidence intervals, of the r2 values from 8 observers.
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were used with 40-cm increments in depth, with the geographic dis-
tance of the cube starting at 9.61 m from the observer.

The observer’s basic task remained the same, which was to adjust
the location of a marker on the ground to match the perceived dis-
tance of the cube’s front edge. To test whether a more realistic ap-
pearance of the marker would have an effect on observers’  perfor-
mance, we changed the marker to a horizontal thin red line moved
by pressing the “Up” and “Down” arrow keys on the keyboard. The
red line was seen as resting on the track, and changed its width as
it moved according to the correct perspective in the virtual space.
In the previous experiments, the horizontal arrow did not change
image size as it moved.

The combination of distance of the cube (8) 3 position of the
cube on the block’s top surface, including the ground condition, (12)
3 starting position (2) gave rise to 192 trials, which were presented
in a random order. Texture was varied in each scene to eliminate the
possibility of tracking landmarks. Eight observers participated, in-
cluding the two authors and six naive recruits. All had 20/20 cor-
rected vision in their dominant eye.

Results
Figure 6a shows the means, with 95% confidence in-

tervals across observers, of the cube’s matched distance,
arranged according to each location of the cube with re-
spect to the block. Each bar represents an average of as-
cending and descending trials over eight distances on the
ground for all 8 observers (128 trials). The lower dashed
line marks the cube’s average geographic distance across
conditions (11.01 m), which equals the average distance

mediated by the block. The means for matched distances
in all conditions are very close to the mediated distances
in the 3-D scenes.

We looked at the observers’ performance variability
by fitting regression lines to each observer’s data, as in
Experiments 1 and 2. The means, with 95% confidence
intervals, of the r2 values are plotted for each condition
in Figure 6b. When the cube is resting on the ground by
itself (ground condition), or when its front edge is lined
up with the block (near condition), performance vari-
ability is very low (average r2 5 .98). As the separation
between the front edges of the cube and the block in-
creases (intermediate and far conditions), variability also
increases (average r2s 5 .78 and .72). The result of an
ANOVA confirmed the significance of the increase due
to separation in depth [F(3,21) 5 18.19 , p < .00001].
Lateral separation (left, center, and right conditions) had
no significant effect.

Discussion
Precision of performance when the front edges of the

cube and the block were aligned was as good as when the
cube was directly resting on the ground. Because of this
alignment, the cube’s ground location was effectively re-
placed by the block’s location on the ground. As soon as
the cube moved away from the block’s front edge, per-
formance variability increased significantly. Lateral sep-
aration, within our range of variation, had no effect on
performance; in particular, alignment of the right edges
of the cube and the block did not increase precision.

In Experiments 1 and 2, observers’ settings were made
with a horizontal arrow whose image size did not change
as it moved up and down the track. In this experiment,
settings were made with a horizontal line segment whose
image size changed appropriately as it moved along the
track. We see no indication that the more realistic look-
ing marker used in this experiment made any difference
in the observer’s settings. In particular, the display in the
far-left condition in this experiment was almost identical
to the four-slab condition in Experiment 2. Comparison
of the results for these two conditions indicates that the
corresponding means of matched distance across ob-
servers are 11.1 and 10.47 m with the predicted values at
10.91 and 11.01 m, respectively. The average precision,
measured by r2, is .74 in both conditions.

In the experiments reported thus far, the platform in
all the scenes consisted of a single rectangular block. There
was only one step linking the cube to the ground, even
though the height of the step varied from trial to trial. In
the following experiment, while holding the height of the
platform constant, we varied the complexity and prox-
imity of the information linking the cube’s position to the
ground.

EXPERIMENT 4

Method
The viewing arrangement and method of adjustment were the

same as in Experiments 1 and 2.

Figure 5. The nine positions of the cube, with respect to the
block’s top surface, used in Experiment 3. Note that for the near
to far displacements the cube remained at the same geographic
distance, while the block was displaced under it toward the ob-
server. (This illustration is not drawn to scale.)
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Four kinds of platform were used. All of them were resting on the
ground with realistic shadows, and all had the same height of 64 cm.
They were a block (Figure 7a), as in Experiment 1; a staircase (Fig-
ure 7b), in which we increased complexity by introducing multiple
steps linking the cube to the ground; a table (Figure 7c), in which
the only height information linking the cube to the ground was pro-
vided by the table’s front and back legs; and finally, a complex plat-
form combining the features of the staircase and the table (Fig-
ure 7d). The cube’s position relative to the platform was held constant
throughout the experiment, and was the same as in Experiments 1
and 2. For each platform, 16 distances were used along the ground
at 20-cm increments, with the cube’s geographic distance starting
at 9.41 m from the observer.

The combination of the type of the platform (4) 3 distance (16)
3 starting position (2) gave rise to 128 trials, which were presented
in a random order. Texture was varied as before. The same 8 obser-
vers participated as in Experiment 1, including the two authors.

Results
The means, with 95% confidence intervals across ob-

servers, of matched distance of the cube for each type of
platform are plotted in Figure 8a. Each bar represents an
average of ascending and descending trials over 16 dis-
tances on the ground for all 8 observers (256 trials per
bar). Our observers’ settings are in good agreement with
the actual geographic distance of the cube. Performance
variability was assessed via the same statistical methods
used previously. Figure 8b is a plot of the means, with
95% confidence intervals, of the r2 values over 8 ob-
servers. No statistically significant differences were found
among the different types of platforms used [F(3,21) 5
.45, p < .72]. We conclude that perceptual performance

is unaffected by the variations of complexity and prox-
imity tested here.

GENERAL DISCUSSION

Our research supports the proposal by Alhazen (1989)
and J. J. Gibson (1950) that the ground plane can be used
as a reference frame for specifying the location of ob-
jects. We have applied the “ground theory,” however, to
objects that do not rest on the ground or share a contin-
uous background surface. We hypothesized that in these
situations, the perceived distance of an object can be me-
diated through nested contact relations among surfaces.
The idea that the perceived distance of “A” is mediated
by “B” implies that changing “B” alone changes the per-
ceived distance of “A.” In our experiments, a cube rested
on a platform, which in turn, was perceived to be resting
on the ground. The results of Experiment 1 demonstrated
that the perceived distance of the cube indeed varied ap-
propriately as the optical contact between the platform
and the ground varied.

What is the information that enables observers to re-
late the cube to the marker on the ground? It may be
helpful to start by considering the simplest condition, when
the cube is resting directly on the ground. In this case, set-
ting the marker to the same distance as the front edge of
the cube can be done by simply aligning the horizontal
marker with the horizontal contour of the cube’s front
edge.1 Thus, it is unnecessary to compare the perceived ab-
solute distances of the cube and the marker. The alignment

Figure 6. Results from Experiment 3. (a) Means, with 95% confidence intervals across observers, of matched distance of the cube,
arranged according to the cube’s location relative to the top surface of the block. The lower dashed line marks the cube’s geographic
distance, which equals its mediated distance. The upper dotted line marks the cube’s optically specified distance if the block were
absent or ignored. (b) Means, with 95% confidence intervals, of the r2 values from eight observers.
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of horizontal contours is a shortcut that permits relative
distance to be perceived with considerable accuracy. Our
observers’ settings in this condition have a precision that
approaches the limit of sensitivity of our measurements.

When the cube is elevated above the ground by the
platform, to simply align the marker with the cube’s front
edge would be equivalent to ignoring the block and treat-
ing the cube as though it were resting directly on the
ground (Figure 2). Our results (Figures 3a, 4a, 6a, and
8a) indicate that this clearly did not occur; otherwise
large overestimation of distance would have been ob-
served. In Experiments 1 and 4, there was only a small
amount of overestimation on average, and in Experiments
2 and 3, there was none at all on average. Although some
of our observers did show more overestimation than oth-
ers, particularly in Experiments 1 and 4, none showed an
amount or pattern of overestimation that would be con-
sistent with aligning the horizontal contours of the marker
and the cube.

Without claiming to be exhaustive, we can think of
several possible ways to link the front edge of the cube
to the marker on the ground (Figure 9). First, the location
of the block can be determined simply by extrapolating
the front edge of the block (CD) until it meets the track
(at N). From that extrapolated location, the marker could
be set at a distance (NM) equal to the perceived distance
from the front edge of the platform to the front edge of
the cube (BA). This can be expressed symbolically as

CD ® N, NM 5 BA. (1)

Since the platform is raised above the ground, the depth
interval BA is more compressed in the optic array than the
corresponding depth interval NM along the track. Loomis
and Philbeck (1999) have shown that the underestimation
of distance is directly related to the amount of compres-
sion produced by the ratio of eye height to distance, so it
might be expected that the depth interval BA would be
perceptually underestimated relative to the depth interval

Figure 7. The four conditions in Experiment 4 show a cube resting on different kinds of platform with realistic cast shadows.
(a) A block, same as in Figure 1a. (b) A stair. (c) A table. (d) Combination of a stair and a table. (Original displays were in color.)
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NM. If so, the marker would need to be set closer than the
correct location to make the perceived interval NM equal
to the more perceptually compressed interval BA. The
higher the platform, the closer the marker would be set. If
our observers were matching the two depth intervals de-
scribed above, each of our four experiments should have
shown underestimation across all conditions. None of our

average results show underestimation. Individual data
from Experiments 1 and 4 indicate that the general trend
was toward overestimation. In both experiments, 1 ob-
server showed consistent slight underestimation, which,
however, could have resulted from random variation in the
population. In Experiment 2, matching the depth intervals
NM and BA should have produced a pattern of increasing
underestimation with increasing block height.

The matched distance settings for each of our 8 ob-
servers in Experiment 2 are shown in Figure 10a. Note that
the vertical scale is magnified to make differences in over-
or underestimation more clearly visible. The horizontal
dashed line marks the average correct settings (10.91 m),
which are the same across all five conditions. The heavy
dotted line marks the calculated average settings the ob-
servers would have made if they had simply set the depth
interval NM along the track so that its projection in the op-
tical array equaled the more compressed projection of the
depth interval BA along the platform. We would expect
that the observers’ underestimation would lie somewhere
between these two theoretical lines if they were matching
the depth intervals NM and BA. It can be seen from Fig-
ure 10a that several observers showed more or less under-
estimation. To decide which observers showed a pattern of
increasing underestimation, we adopted the simple criteria
that their average settings show an underestimation that in-
creases significantly across conditions (from Block Height
0 to 4) and that no successive pair of conditions show a sta-
tistically significant decrease in underestimation.2

By these criteria, 3 observers in Experiment 2 did show
such a pattern of increasing underestimation. Their data

Figure 8. Results from Experiment 4. (a) Means, with 95% confidence intervals across observers, of matched distance of the cube.
The abscissa indicates the type of platform used. The lower dashed line marks the cube’s geographic distance, which equals its me-
diated distance. The upper dotted line marks the cube’s optically specif ied distance if the block were absent or ignored. (b) Means,
with 95% confidence intervals, of the r2 values from 8 observers.

Figure 9. A schematic drawing of the scenes used in the exper-
iments, showing several alternate ways of linking the cube’s dis-
tance to that of the marker on the ground. (This illustration is not
drawn to scale.)
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Figure 10. Individual results for Experiments 2 and 3. The 8 observers in each experiment were divided into Groups 1 and 2 ac-
cording to how they related the cube to the marker on the ground using different information available (see General Discussion for
grouping criteria). The dotted lines in each graph mark each individual’s data in Group 1, and the heavy gray line with open square
symbols marks the mean of this group. The dashed lines in each graph mark the individual data in Group 2, and the heavy black line
with solid triangular symbols marks the mean of the group. The heavy horizontal dashed line in (a) and (c) marks the average correct
distance settings for each condition. The heavy dotted lines in (a) and (c) mark the average calculated distance settings with no com-
pensation for projective compression between the front edges of the cube and the platform. (a) Means of matched distances in Ex-
periment 2. The ordinate scale is magnified to show over- and underestimation more clearly. The number on the abscissa refers to the
number of slabs used for that particular height. "0" stands for the ground condition, where the block is absent and the cube rests on
the ground. (b) Corresponding variability analysis indicated by the r2 values for each individual observer and the mean variability for
each group. (c) Means of matched distances in Experiment 3, arranged according to the cube’s location relative to the top surface of
the block. The ordinate scale is magnified. (d) Corresponding variability analysis indicated by the r2 values for each individual ob-
server and the mean variability for each group.
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are indicated by the dotted lines in Figure 10a. The aver-
age data for these observers is shown by the heavy gray
line (labeled Group 1), which lies roughly midway between
the two theoretical lines. The amount of underestimation
shown by these observers is comparable to that found by
Loomis and Philbeck (1999, Figure 2).

In Experiment 2, we found that the average variability,
measured for each condition by fitting a regression line
to each individual’s distance settings, increased with in-
creasing platform height. Figure 10b shows the r2 values
for each individual observer. The increase in variability
is reflected in the decreasing r2 values. The heavy gray
line marks the average r2 value for the 3 observers in-
cluded in Group 1. An overall increase in variability is
observed, which could be related to the increase in com-
pression for depth interval BA as the top surface of the
platform is raised progressively above the ground plane.
Some support for this explanation comes from research
on the perception of distance along the ground; as dis-
tance increases, optic array compression increases, and
the variability of perceptual responses has also been
found to increase substantially (E. J. Gibson & Bergman,
1954; E. J. Gibson, Bergman, & Purdy, 1955).

In Experiment 3, matching the depth interval NM with
the compressed depth interval BA should have produced
a pattern of increasing underestimation with increasing
separation between the front edges of the cube and the
platform. The individual data for the 8 observers in this
experiment are shown in Figure 10c. Again the vertical
scale is magnified. Since no significant differences were
found among the left, center, and right conditions, the re-
sults for these three conditions are averaged together in
this graph. The horizontal dashed line again marks the
average correct settings (11.01 m), and the heavy dotted
line marks the calculated projective settings. We adopted
the same criterion as for Experiment 2 to select the ob-
servers who showed a pattern of increasing underestima-
tion. By this criterion, 4 observers, indicated by the dotted
lines, showed such a pattern. The average data for these
observers are shown by the heavy gray line (again labeled
Group 1). For 2 of these observers the amount of under-
estimation is again roughly midway between the two the-
oretical lines and is comparable to that found by Loomis
and Philbeck (1999), but for the other 2 observers the un-
derestimation is less pronounced, although it meets our
criteria for significance. This suggests that matching the
depth intervals NM and BA may not entirely account for
the results of some of the observers included in Group 1.

In Experiment 3, the average variability increased with
increasing separation between the front edges of the cube
and the platform. Figure 10d shows the r2 values for each
individual observer. The heavy gray line marks the aver-
age r2 value for the 4 observers included in Group 1. The
increasing extent of the compressed depth interval BA
from the near to the far conditions may account for the
increasing variability observed in this subgroup. Thus,
both the matched distance settings and the variability

analyses from Experiments 2 and 3 are consistent with
the suggestion that a subset of our observers were linking
the front edge of the cube to the marker in the way de-
scribed above in Equation 1, although for some of these
observers, this may only partially account for the pattern
of their results.

Another possible way to link the front edge of the cube
to the marker on the ground would be to find the ground
location (G) directly beneath the cube—that is, the loca-
tion of the cube if it were to sink perpendicularly through
the platform until it was resting on the ground (Figure 9).
The marker could then be aligned horizontally with G.
This could be expressed symbolically as

A ® G ® M.

One potential difficulty is that G is hidden by the plat-
form and not visually available to the observer. Another
potential difficulty, even if G were not occluded, is that
if a perpendicular is dropped from A, there is no local
feature to indicate where it intersects the ground. We have
no evidence as to whether either of these potential diffi-
culties would actually present problems for observers,
but there is a related linkage that avoids these potential
problems.

The ground location of the cube (at F) can be found by
locating the cube with respect to the boundary of the
platform (at E). Location E can be determined by extrap-
olating the cube’s front edge until it intersects the upper
right edge of the platform; a perpendicular dropped from
E intersects the bottom right edge of the platform at F.
The marker could be aligned horizontally with F. This
can be expressed symbolically as

A ® E ® F ® M. (2)

If we tentatively include in Group 2 the remainder of
the observers from Experiments 2 and 3, who did not
meet the criteria for inclusion in Group 1, we may ask if
their data are consistent with linking the cube to the
marker as described in Equation 2. The dashed lines in
Figure 10(a–d) indicate the individual data for these ob-
servers. The heavy black line in each graph marks the
average of their data.

To link the cube to the marker as described in Equa-
tion 2 appears to entail neither over- nor underestimation
of distance. In Figure 10a, showing the matched distance
settings in Experiment 2, the average for these observers
is close to the theoretically correct settings at lowest and
highest block heights, but shows a small amount of over-
estimation at the intermediate heights. Overall, these re-
sults are in reasonably good accord with what would be
expected from Equation 2.

Individual data for the variability analyses for Exper-
iment 2 are shown in Figure 10b. The heavy black line,
which shows the average of r2 values for the observers in
Group 2, indicates an increase in variability as the block
height increases. Because the segments A ® E and F ® M
were held constant in Experiment 2, the increase in vari-
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ability must be related to the increase in segment E ® F
if these observers are linking the cube to the marker as
described in Equation 2.

In Figure 10c, showing the matched distance settings
in Experiment 3, the heavy black line shows increasing
overestimation as the separation between the front edges
of the cube and the platform increases. This increasing
overestimation cannot be explained by a tendency to re-
late the cube directly to the ground because in Experi-
ment 3 this relation was the same across conditions. We
have no explanation for the overestimation shown on av-
erage by these observers.

In Figure 10d, showing the variability analyses from
Experiment 3, the heavy black line shows the average of
r2 values for the observers in Group 2. Their average vari-
ability is quite low for the ground and near conditions and
jumps to a much higher level in the intermediate and far
conditions. In the ground condition, the segment E ® F
is of zero length and so would have no variability asso-
ciated with it. In the near condition, the front edge of the
cube and the block coincided so that the lower front edge
of the block could simply be substituted for the front
edge of the cube, thus eliminating the variability associ-
ated with the segment E ® F. In both the intermediate
and far conditions the cube is separated from the front
edge of the platform, and segment E ® F is a constant
length equal to the height of the block. Thus, as in Exper-
iment 2, the average variability results for the observers
included in Group 2 are consistent with their linking the
cube to the marker in the manner described in Equation 2,
with increasing variability being associated with the
length of the segment E ® F.

Overall, we regard the matched distance settings and
the variability analyses for the observers in Group 2 as
being reasonably consistent with these observers linking
the cube to the marker in the way described in Equation
2, although, as noted, several observers showed a pattern
of overestimation in Experiment 3 that we cannot ex-
plain.

Because of the small number of observers in our exper-
iments, the small number of trials per condition, and the
post hoc nature of these analyses, we regard the above
suggestions about how individual observers may have
been linking the cube to the marker as quite tentative.
Our data also suggest that at least some of the observers
may not have been relying entirely on one linking method
to the exclusion of the other. In particular, as noted above,
some observers who met our statistical criterion for in-
clusion in Group 1 in Experiment 3 showed only a small
amount of underestimation. These observers may have
been using both ways of linking the cube to the marker.
The suggestion that some observers may straddle both
groups is strengthened when we look at the data from the
3 observers who participated in both experiments. In Ex-
periment 3, all 3 of these observers met the criterion for
inclusion in Group 1, but only 1 of these observers (the
1 who showed the most underestimation in Experiment 3)
also met this criterion in Experiment 2.

Increasing separation between the platform and the
ground is associated with increasing variability of per-
formance in both Group 1 and Group 2, but for different
reasons. In Group 1, we attribute the increasing variabil-
ity to the increasing projective compression of the plat-
form. In Group 2, we attribute the increasing variability
to the increasing length of the segment E ® F, linking the
platform to the ground. The horizontal alignments hy-
pothesized in both Equations 1 and 2 apparently contrib-
ute little to variability. In Experiments 2 and 3, when the
cube was resting directly on the ground (ground condi-
tion), very little variability was observed, which implies,
as noted, that observers had little difficulty horizontally
aligning the marker with a ground location. Also, in Ex-
periment 3, no affect on variability was observed as the
lateral position of the cube varied.

These analyses indicate that there are costs associated
with the mediation of perceived distance when one ob-
ject is resting on another. Particular edge alignments can
provide information to relate the supported object pre-
cisely to the ground. When such explicit information is
not available, however, perceptual performance variabil-
ity is strongly affected by the separation between the ob-
ject’s supporting surface and the ground.

We may ask whether our observers were simply using
saccadic eye movements to trace alignments such as the
path A ® E ® F ® M. We have no direct evidence to an-
swer this question because observers’ eye movements
were not restricted or monitored, and they were allowed
to look at the scenes as long as they needed. In Experi-
ment 4, however, the similarity in performance variability
across conditions (Figure 8b) is not likely to be accounted
for by such a simple strategy. In the stair condition, mul-
tiple steps were introduced rather than a single step
along E ® F. With more steps to trace, it seems likely
that performance based on a string of eye movements
would be more variable. But our data in this condition
are not significantly different from those from the sim-
ple block condition. In the table condition, there was no
local feature to indicate where the perpendicular from E
intersected the ground at F, so that the location of F
would have to be interpolated between the front and back
legs of the table. This might be expected to lead to greater
variability in saccades from E to F (Becker & Fuchs,
1969; Komoda, Festinger, & Sherry, 1977). There is,
however, no statistically significant increase in perfor-
mance variability relative to the block condition. This
eye movement strategy also seems unlikely to us because
it is contrary to the way observers generally deploy their
eye fixations. They are not very good at planning se-
quences of saccadic eye movements in advance (Ko-
moda, Festinger, Phillips, Duckman, & Young, 1973).
Also, saccadic eye movements in picture or scene per-
ception tend to display scan patterns with clusters of fix-
ations around features of interest rather than tracing a
path or contour (Carpenter, 1988; Mackworth & Mack-
worth, 1958; Yarbus, 1967). Rather than being traced by
eye movements, the height E ® F may be an integral part
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of the perception of the overall dimensions of the plat-
form. Since all four platforms in Experiment 4 have the
same height and length, introducing or deleting specific
local features may not create more difficulties for the
perception of layout, at least at the level of complexity in-
troduced in this experiment.

Although our research has focused on the role of con-
tiguous surfaces in mediating the perception of distance,
there is increasing evidence that visible surfaces play a
much broader role, providing a framework for many as-
pects of perception in a 3-D environment. Studies of ap-
parent motion (He & Nakayama, 1994), visual search
(He & Nakayama, 1992), and visual attention (He &
Nakayama, 1995) have provided examples in which per-
ception is organized according to visible surfaces (for re-
views, see Nakayama, He, & Shimojo, 1995; Nakayama
& Shimojo, 1992). These results are highly congruent
with our own findings. All of this work, however, includ-
ing our own, is in an early stage of development. Much
more work remains to be done to explore the ramifica-
tions and interconnections of 3-D surface-based percep-
tual organization.

The perception of spatial relations among surfaces
arises in part from local features such as different types
of junctions, with well worked out constraints (Kanade,
1980; Sugihara, 1984). The process of integration of
local features, which gives rise to our perception of global
spatial layout, however, may incorporate more general
constraints by our visual system. One instance discussed
above is the tendency to perceive an object attached to or
supported by its immediate background surface rather
than floating. Our experiments were not designed to spe-
cifically address the problem, which has received little
attention, of what determines perceived surface contact.
Instead, we choose situations in which the perceived sur-
face contact relations were clear, and we tested how well
they can be utilized in the perception of relative distance.

Since the scenes in the experiments described above
only contained monocular information, observers could
only make accurate relative distance judgments by relat-
ing the cube to the ground plane. In real 3-D environments,
relative distance can also be perceived through binocu-
lar stereopsis. In theory, stereopsis can function indepen-
dently of any background surface. Several experiments
(Brooks & Stevens, 1989; Gillam, & Sedgwick, 1996;
Glennerster & McKee, 1999; Mitchison & Westheimer,
1984), however, have shown that the relative depth of
stereoscopically viewed targets can be mediated through
the depth perception of the background surface, rather than
being determined by the disparity between the targets
themselves. How monocular and stereoscopic informa-
tion might interact with each other in more complex sit-
uations is a question for future research. The perceptual
effect on surface-mediated layout information of the
flow fields generated by movement of the observer is an-
other important question for investigation.

For objects that do not share a continuous common
surface, spatial relations can be established among them

through nested contact relations among adjoining sur-
faces. A tabletop, a wall, or the ground can serve as a back-
ground reference upon which such relations can be built.
The choice of such a reference, however, may vary from
situation to situation, depending on what the relevant
task is. It is entirely conceivable that when an observer
is faced with a different scene or a different task, entirely
different kinds of mediation could take place. The scenes
in our displays consist of only a ground, a cube, a plat-
form, a track, and a marker, all of which are aligned with
the picture plane and the frontal-parallel plane of the ob-
server. One goal of our future research is to break away
from such atypical or coincidental alignments and to ex-
plore more complicated situations with multiple pathways
through which distance information may propagate.

In summary, we have demonstrated that nested surface
contact relations can be utilized by human observers in
distance perception with considerable accuracy. The per-
ceived distance of one object can be mediated by that of
another, given that there is some lawful relation, such as
being in contact, that holds between them.
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NOTES

1. In general, using alignment will produce the correct setting only if
the task is to equate the distance of the cube and the marker relative to
the frontal plane. If the task is to equate their radial distance from the
observer, then alignment will produce the correct setting only if the cube
and the marker are equidistant from the observer’s median plane, be-
cause only then will equating distances from the frontal plane also have
the effect of equating radial distances from the observer’s position in
the virtual space. In our experiments, the cube and the marker were not
always equidistant from the median plane, but their departures from
equidistance were so small that the correct radial distance setting of the
marker differed from the correct frontal plane distance setting by at
most a pixel or two. Our instructions to our observers did not distin-
guish between these two possible meanings of "set the marker so that it
appears to be at the same distance as the front edge of the cube,” and it
is unlikely that any of our observers were even aware of this distinction
since it would have produced virtually no difference in their settings.

2. Each data point in Figure 10a is the average of 32 settings (16 dis-
tances of the platform 3 2 starting positions). To test for a significant
difference between a pair of conditions for an individual observer, we
used the Wilcoxon test for two matched samples ( p < .05) to compare
the observer’s settings for the two conditions across the 16 distances of
the platform (averaged over starting position).
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