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Our previous studies in depth perception (Meng &
Sedgwick, 2001) have supported a surface representation
of 3-D layout. In such a representation, space is defined by
surfaces, and distance is specified along those surfaces
rather than through empty space (Alhazen, 1989, p. 155;
Gibson, 1950, p. 6; Sinai, Ooi, & He, 1998; reviewed in
Sedgwick, 2001). There is increasingevidence that visible
surfaces play an important role in providing a framework
for many other aspects of visual perception in a 3-D envi-
ronment as well. Studies in stereopsis (Brookes & Stevens,
1989; Gillam & Sedgwick, 1996; Glennerster & McKee,
1999;Wilcox, Chodirker,& Bray, 2000), apparent motion
(He & Nakayama, 1994), visual search (He & Nakayama,
1992), and visual attention (He & Nakayama, 1995) have
all provided examples in which perception is influenced
by or organizedalong visible surfaces (see review in Naka-
yama, He, & Shimojo, 1995).

In order to use a surface as reference, on top of which
a 3-D representation is built, an object has to be related to
that surface. There are many possible relations an object
might have with respect to a surface. For example, an ob-
ject can touch a surface, hover above a surface, be sus-
pended from a surface, or move along a surface. We have

been particularly interested in studying the most direct and
obvious relation between an object and a surface, which
is the perceived contact. For example, a stationary object
is seen as resting on the ground plane. For objects that are
not directly resting on a common surface, we used the term
nested contact relations (Meng & Sedgwick, 2001; Sedg-
wick, 1987, 1989) to describe a series of contact relations
among multiple surfaces. In our previous experiments,
observers were instructed to position a marker along a
track on the ground to match the distance of a cube rest-
ing on a platform raised above the ground plane. Our re-
sults show that changing the perceived contact relation
between the platform and the ground alone changes the
perceived distance of the cube. Thus, the cube’s perceived
contact relation with the platform mediates its perceived
location relative to the ground.

In those experiments, because the matching task was
performed using a marker and track lying on the ground
plane, the observers were forced to use the ground as the
reference. In the experiments reported here, we explore sit-
uations where multiple reference surfaces are available.
Our computer-simulated scenes show a cube resting on a
platform on the left-hand side and a marker resting on a
track on a platform on the right-hand side (Figures 1 and
2). The relative depth of the cube and the marker can be
compared with respect to the ground plane, to the front
surfaces of the two platforms, or to the top surfaces of the
two platforms. Experiment 1 was designed to create sit-
uations where there is either a displacement between the
top surfaces or the front surfaces of the two platforms. In
theory, if the ground plane is always used as a global ref-
erence, performance should not be influencedby such dis-
placements.
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We investigated the use of nested contact relations in perceiving the relative distance of locations on
discontinuous surfaces. Observers viewed computer-generated displays under monocular static condi-
tions and adjusted a marker to match the perceiveddistance of a cube. The marker and cube were raised
above the ground by two different platforms separated by a gap. The relative heights and distances of
the platforms were varied.We found the following: (1) When spatially discontinuous surfaces are copla-
nar, locations of objects resting on these surfaces appear to be compared directly, bypassing relations
with the underlying ground plane. (2) Spatial displacement between the platforms produces a bias, in
the direction of the displacement, in the perceivedrelative locations of objects resting on the platforms.
This suggests that local spatial relationsbetween objects and their platforms are only partially integrated
with more global spatial relations between the discontinuous surfaces of the platforms.
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EXPERIMENT 1

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

create virtual 3-D scenes. Objects were modeled in virtual 3-D space
and rendered with photorealistic textures. During the experiment, pre-
generated images were displayed on a 21-in. monitor one at a time.
The pixel resolution used on the monitor was 1,024 ´ 768. A Win-
dows NT program created with the PiXCL language (by Vysor Inte-
gration) controlled the sequencing and displaying of images and the
gathering and storage of data.

Observers viewed the displays monocularly in the dark with their
dominant eye. The observer’s head was held steady by a chin and
forehead rest. The perspective view simulated that of a 35-mm cam-
era with a 50-mm (“normal”) lens. The eye was aligned to be at the
camera’s point of view, which was 14.0 cm above the bottom of the
monitor screen and 52.1 cm from the monitor screen. The total eye
height above the floor was 118 cm. The whole scene subtended a vi-
sual angle of 39.5º horizontally and 30.1º vertically. A black hood
hid the edges of the monitor, as well as the rest of the room.

There is no information in our displays to specify the absolute
scale of the scene, nor do we measure the perceived scale of the
scene. Because the task required in these experiments is a relative
distance judgment, variation in perceived scale of the scene is not
relevant and should not affect our results. The dimensions of all the
scene parameters and the measured responses given in this paper
are scaled according to an arbitrarily assumed camera height of
140 cm above the ground plane in the virtual space.

Each scene consisted of a textured ground plane extending to the
horizon (Figures 1 and 2). Two large rectangular platforms rested
parallel to each other, with a 100-cm separation in between. The
left platform (1,600 cm long ´ 150 cm wide ´ 64 cm high) was
mapped with a greenish marble texture, and the right one (1,600 cm
long ´ 150 cm wide ´ various heights) with a pinkish graphite tex-
ture. Different textures were used to discourage the observers from
matching locations on the platforms based on specif ic textural cues
such as the projected sizes of texture elements. A small cube (40 ´
40 ´ 40 cm) rested on top of the left platform, centered with respect
to its left and right edges and 380 cm away from its front edge. A 20-
cm-wide and 1,600-cm-long transparent track was centered on top of
the right platform.

The relations between the two platforms were varied in two ways in
Experiment 1. In Part 1, both platforms were at the same distance from
the observer (Figure 1). The height of the right platform, however, var-
ied between 16, 32, 48, and 64 cm (Figures 1c–1f ). The correspond-
ing configurations expressed as height ratios between the left and right
platforms were 4:1, 4:2, 4:3, and 4:4. Two control conditions were
added. In one, the right platform was absent and the track lay directly
on the ground (height ratio 4:0, Figure 1b). In the other, both platforms
were absent so that the cube and the track both lay directly on the
ground (height ratio 0:0, Figure 1a).

In Part 2, the right platform and track were either 1 m closer to (for-
ward conditions) or 1 m farther away from (backward conditions) the
observer relative to the left platform (Figure 2). The forward and back-
ward conditions were designed to be compared with the aligned con-
ditions, where the left and right platforms were at the same distance
from the observer. For each position of the right platform, three height
ratios were used: 4:0, 4:2, and 4:4. For the aligned condition, the height
ratios overlapped with those in Part 1, and therefore were not repeated.

At the beginning of each trial, a thin horizontal red marker (20 cm
wide) appeared resting at either the near or the far end of the track
on the right platform. The red marker could be moved along the
track, changing size in perspective, by holding either the Up or
Down arrow keys on the keyboard. The observers were instructed to
use the arrow keys to move the red marker along the track on the
right platform until it matched the perceived distance of the front
edge of the cube on the left platform. We were careful not to sug-

gest any strategy in performing the task. To help the observers to con-
ceptualize the task, however, they were encouraged to think of the dis-
play as representing a real 3-D scene in which they could walk along
the ground between the platforms to a location where the cube was on
their left and the red marker on their right. The experimenter also
demonstrated the idea by using the space between tables in the labo-
ratory. The observers were instructed to bracket their settings by mov-
ing the marker back and forth starting from locations that were ob-
viously too far or too close; they were allowed to take as much time
as they needed. When each setting was completed, the observer
pressed the space bar on the keyboard to end the trial and to start
the next one.

The 12 conf igurations illustrated in Figures 1 and 2 were each
presented at eight distances along the ground. This was done to pre-
vent the observers from remembering their previous settings. Dis-
tances were at 20-cm increments, with the cube’s distance from the
observer ranging from 11.01 to 12.41 m. We also varied the texture
pattern on the ground and on the platforms from trial to trial so that
the observers were not able to use texture landmarks to recognize
their previous settings. For each configuration, observers made both
an ascending and a descending adjustment, with the red marker
starting at either the near or the far end of the track, respectively.

The combination of configuration (12) ´ distance (8) ´ starting
position (two) gave rise to 192 trials, which were presented in a ran-
dom order. Ten observers participated, including the 2 authors. All
had 20/20 corrected vision with their dominant eye. Apart from the
authors, the observers were naive as to the purpose of the experiment.

Results
The experimental trials for the 12 configurations illus-

trated in Figures 1 and 2 were combined and randomized
together. The results for Parts 1 and 2, however, are pre-
sented and discussed separately.

Heightvariationof the right platform (Figure 1). The
average settings, across eight distances, were calculated
for each observer. On the basis of the averages for all the
observers, the means, standard deviations, and 95% con-
fidence intervals were calculated.These means and 95%
confidence intervals across observers are plotted in Fig-
ure 3a. Since the results for ascending and descending tri-
als showed no statistical difference, they were pooled.
Each bar in the figure thus represents an average of as-
cending and descending trials over eight distances on the
ground for all 10 observers (160 trials per bar). The dashed
horizontal line marks the average simulated distance of
the cube, which remained constant at 11.71 m across con-
ditions. A three-way (configuration, distance, and start-
ing position)within-subjects repeated measures analysis
of variance (ANOVA) showed that the overall difference
in mean matched distance among the six configurations
was significant [F(5,45) = 3.94, p < .005]. Further LSD
(least significantdifferences) post hoc analyses among the
means showed that in Configurations 4:1 (12.29 m), 4:2
(12.20 m), and 4:3 (12.14 m), the matched distance was
significantlygreater than in Configurations 0:0 (11.64 m)
and 4:4 (11.63 m). Configuration 4:0 (12.00 m) was
roughly midway between the two groups and not statisti-
cally different from either group. This suggests that a con-
tinuous surface (0:0), or coplanar surfaces (4:4), pro-
vides a more accurate reference to compare the cube on
the left platform to the marker on the right. When the cube
and marker rested on surfaces with different heights (4:0,
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0 : 0 a 4 : 0 b

4 : 1 c 4 : 2 d

4 : 3 e 4 : 4 f

Figure 1. Spatial configurations used in Experiment 1, Part 1, where both the left and right platforms are at the same distance from
the observers. (a) Both the cube and track rest directly on the ground plane. Since there is no platform present, this configuration is
referred to as 0:0. (b) The cube rests on a platform 64 cm high and the track rests directly on the ground. The height ratio is referred
to as 4:0. (c–f ) The cube rests on the left platform, 64 cm high. The track rests on the right platform 16, 32, 48, and 64 cm high. The
corresponding height ratios between the left and right platforms are 4:1, 4:2, 4:3, and 4:4. (Original scenes are in color.)
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4 : 0Forward a 4 : 0Backward b

4 : 2Forward c 4 : 2Backward d

4 : 4Forward e 4 : 4Backward f

Figure 2. Spatial configurations used in Experiment 1, Part 2. The track and the right platform are either 1 m closer to (forward
conditions) or 1 m farther from (backward conditions) the observers. The cube always rests on the left platform 64 cm high. (a–b) The
track rests directly on the ground. The height ratio is referred to as 4:0. (c–d) The track rests on the right platform 32 cm high. The
height ratio between the left and right platforms is 4:2. (e–f ) The track rests on the right platform 64 cm high. The height ratio be-
tween the left and right platforms is 4:4. (Original scenes are in color.)

4:0 Forward a

4:2 Forward c

4:4 Forward e

4:0 Backward b

4:2 Backward d

4:4 Backward f
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4:1, 4:2, and 4:3), performance was less accurate, with dis-
tance being overestimated. Additionally, in the experi-
ments reported in this paper, the effect on mean matched
distanceof varying the distanceof the configurations was
always highly significant. This is to be expectedand is not
discussed further.

In order to assess the variability of our observers’ per-
formance, a linear regression line was fitted for each ob-
server between the simulated and the matched distances.
Squared correlation coefficients (r2s) were calculated to
estimate the percentageof variability accounted for. Since
a higher r2 value stands for better precision in performance,
we plotted the residual variance, 1 – r2, to indicate vari-
ability. Figure 3b shows the means, with 95% confidence
intervals across observers, of the 1 – r2 values at each con-
figuration over 10 observers. A one-way ANOVA (within-
subjects repeated measure) showed that the overall means
were significantlydifferent among the six configurations
[F(5,45) = 8.89, p < .00001]. The LSD post hoc analyses
further showed that variabilitywas significantly less in the
0:0 configuration (1 – r2 = .12) than in the other config-
urations. In particular, variability in the 4:4 configuration
(1 – r2 = .47) was significantly higher than in the 0:0 con-
figuration, even though the means (Figure 3a) of the two
configurations were nearly identical. This suggests that a
continuous surface is better than coplanar surfaces in re-
ducing uncertainty and improving precision.

Variation in relative distal positions between the
two platforms (Figure 2). The means, with 95% confi-
dence intervals across observers, of matched distance of
the cube for each position of the platform are plotted in
Figure 4a. For each height ratio (4:0, 4:2, and 4:4), the data
are arranged according to the relative positions between

the two platforms. Forward refers to the right platform
being 1 m closer to the observers (Figures 2a, 2c, 2e).
Backward refers to the right platform being 1 m farther
away from the observers (Figures 2b, 2d, 2f). The data
from the forward and backward conditionswere compared
with the data obtained in Part 1 at height ratios 4:0, 4:2,
and 4:4. Since the two platforms were at the same dis-
tance from the observer in Part 1, those data are labeled
as the aligned conditions (Figures 1b, 1d, 1f ). In all the
configurations tested here, the matched distances were
clearly biased by the relative distal positions between the
two platforms, showing underestimation when the right
platform was closer and overestimationwhen the right plat-
form was farther away. These displacements were roughly
symmetrical around the means for the aligned condition.
A four-way ANOVA confirmed that the effect of platform
position was statistically significant [F(2,18) = 11.154,
p < .0007]. LSD post hoc analyses further showed that
this effect was statistically significant within each height
configuration; that is, the means for the forward, aligned,
and backward positions in each height conf iguration
(4:0, 4:2, and 4:4) were significantly different from each
other. In order to rule out the possibility of an averaging
effect, we also looked at the individual data for each ob-
server (not shown here) and found that 9 out of 10 ob-
servers showed the same pattern seen here in Figure 4a,
although to various degrees. These results suggest that the
local frameworks provided by the platforms and the track
had a significant effect in biasing the integration of dis-
tance information across discontinuous spatial locations.

The overall matched distancevaried significantlyacross
height configurationsaccording to the ANOVA [F(2,18) =
4.398, p < .03]. LSD post hoc analyses showed that Con-

Figure 3. Results from Experiment 1, Part 1. (a) Means, with 95% confidence intervals across observers, of matched
distance of the cube over eight distances along the ground for all 10 observers. The abscissa refers to the height ratios
between the left and right platforms. The horizontal dashed line marks the average simulated distance of the cube at
11.71 m. (b) Means, with 95% confidence intervals across observers, of the residual variance, 1 - r2.
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figurations 4:0 and 4:2 both differed significantly from
Configuration 4:4, but not from each other. The ANOVA
also showed a significant interaction between the height
configurations and the distal positions of the right plat-
form [F(4,36) = 4.4001, p < .006]. Figure 4a shows that
the difference between the forward and backward condi-
tions was the smallest in the 4:4 configuration, when the
two platforms were of the same height (Figures 2e, 2f).
Even displacing the track alone (Figures 2a, 2b), in the 4:0
configuration,produced a larger effect than in the 4:4 con-
figuration. This supports the conclusion from Part 1, that
coplanarity of the reference surfaces provides an advan-
tage that allows the relative distance between objects to be
compared more accurately across spatial discontinuities.
The ANOVA also showed a significant four-way inter-
action [F(28,252) = 1.94, p < .004], for which we have no
explanation.

The same statistical method used in Part 1 was em-
ployed to assess performance variability. Figure 4b shows
the means, with 95% confidence intervals across ob-
servers, of the 1 – r2 values corresponding to all the con-
ditions in Figure 4a. There was no statistical difference
found among any of the conditions.

Discussion
These results show that observers are able to perceive

spatial relations among objects across discontinuous sur-
faces. Precision, however, is compromised. Coplanar sur-
faces (when the top surfaces of the two platforms are of

the same height, or when the front surfaces are at the same
distances from the observer) provide a significant advan-
tage in relating the cube to the marker across the spatial
gap. A continuous planar surface such as the ground
plane, however, is an even more reliable reference.

The relative displacement between the two platforms in
depth has a significant effect in biasing the results from
the depth-matching task in the same direction. This sug-
gests that the local framework provided by the platform
biases the integration of distance information across dis-
continuous spatial locations.

We have also observed that in the coplanar configura-
tions (4:4) the local framework bias is still present, but de-
creased. This suggests that, given a particular spatial con-
figuration, observers may compare the relative distance
between objects with respect to both reference surfaces
rather than to only one or the other.

EXPERIMENT 2

Experiment 2 was designed to explore several issues
raised by the results of Experiment 1. First, having found
in Experiment 1 that performance was best in the 4:4 con-
figuration,where the top surfaces of the two platforms were
coplanar, we wished to test the generality of that finding;
we did so by replicating the 4:4 configuration and adding
a 2:2 configuration, in which the top surfaces were also
coplanar but at the half the height.Second, we were some-
what surprised to find in Experiment 1 that there was a

Forward

Aligned

Backward

Forward

Aligned
Backward

a b
16

15

14

13

12

11

10
4 : 0 4 : 2 4 : 4

Height Ratios

M
ea

n
M

at
ch

ed
D

is
ta

n
ce

(m
)

1
-r

2

4 : 0 4 : 2 4 : 4

Height Ratios

1

.9

.8

.7

.6

.5

.4

.3

.2

.1

0

Figure 4. Results from Experiment 1, Part 2. (a) Means, with 95% confidence intervals across observers, of the matched
distance of the cube over eight distances along the ground. At each height ratio, the data are arranged according to the rel-
ative position of the right platform. Forward refers to the right platform being 1 m closer to the observers, and backward to
its being 1 m farther away. These two conditions are also compared with corresponding height configurations from Exper-
iment 1, Part 1, where the two platforms are at the same distance from the observers (aligned ). The horizontal dashed line
marks the average simulated distance of the cube at 11.71 m. (b) Means, with 95% confidence intervals across observers,
of the residual variance, 1 - r2.
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strong effect of displacement even when the track rested
directly on the ground in the 4:0 configuration. To fur-
ther explore the generality of this effect in Experiment 2,
we introduced a displacement into the 0:0 configuration,
in which both the cube and the track rested on the ground.
Furthermore, to make all the conditions more strictly
comparable in terms of local frameworks, when the track
or the cube rested on the ground, we inserted a very thin
platform, like a carpet, under them.

Finally, in Experiment 1 we had used two configura-
tions, 4:0 and 4:2, to investigate the interactionof different
platform/track heights with forward/backward displace-
ments of the platform and the track. These two configura-
tions, however, differed both in amount of the height dif-
ference (4 or 2) and in whether the track rested on the
ground (4:0) or on a platform above the ground (4:2). In
Experiment 2 we replicated these two configurationswhile
adding a third configuration (2:0) that allowed us to sepa-
rate the effect of amount of height difference from the ef-
fect of having the platform resting on the ground.

Thus, in Experiment 2 we tested six height configura-
tions: 0:0, 2:2, 4:4, 2:0, 4:0, and 4:2. Each of these was
presented at our three displacements: forward, aligned,
and backward.

Method
The viewing arrangement and method of adjustment for the task

were the same as in Experiment 1. The scenes were similar to those
in Experiment 1, but with different height configurations for the
specific rationales discussed above. The left and right platforms
had the same length, width, and texture as those in Experiment 1.
In each pair of height configurations, the right platform was placed
1 m closer to (forward), at the same distance as (aligned), or 1 m
farther away (backward) from the observers.

In the 0:0 conf iguration (Figures 5a, 5b), the two platforms
shared the same very small height of 1 cm, which made them look
more like a carpet resting on the ground than a platform. In the 2:2
configuration (Figures 5c, 5d), the two platforms shared the same
height of 32 cm. This condition served as a comparison with the
4:4 configuration (Figures 5e, 5f ), where the platforms shared the
same height of 64 cm.

In the 2:0 and 4:0 configurations (Figures 6a, 6b, 6c, 6d), the left
platform was 32 and 64 cm in height, respectively. The right plat-
form was 1 cm in height (carpet). In the 4:2 conditions (Figures 6e,
6f ), the heights of the left and right platforms were 64 and 32 cm,
respectively.

The observer’s task remained the same, which was to adjust the
marker along the track on the right platform to match the perceived
distance of the cube’s front edge on the left platform. The six con-
figurations were presented at each of eight distances along the
ground, ranging from 11.01 to 12.41 m in 20-cm increments. Texture
patterns were changed from trial to trial. For each scene, the observer
made an ascending and a descending adjustment with the marker
starting at either the near or the far end of the track, respectively.

The combination of height conf iguration (six) ´ right platform
position (three) ´ distance (eight) ´ starting position (two) gave rise
to 288 trials, which were presented in a random order. A different
group of 10 naive observers participated. All had 20/20 corrected
vision with their dominant eye.

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

servers, of matched distanceof the cube are plotted in Fig-
ure 7a. For each configuration, the data are arranged ac-

cording to the relative distal positions between the two
platforms. Forward refers to the right platform being 1 m
closer to the observer (Figures 5a, 5c, 5e, Figures 6a, 6c,
6e). Aligned refers to the two platforms being at the same
distance from the observer (analogous to Figure 1). Back-
ward refers to the right platform being 1 m farther away
from the observer (Figures 5b, 5d, 5f, Figures 6b, 6d, 6f).
Again, the relative displacement in depth between the two
platforms biases the matched distance of the cube signif-
icantly [three-way ANOVA, F(2,18) = 38.74, p < .0001].1
LSD post hoc analyses further showed that this effect
was statistically significant within each height configu-
ration; that is, the mean matched distances for the for-
ward and backward positions in each height configura-
tion were significantly different from each other.

The mean matched distances across the six height
configurations were significantly different [F(5,45) =
20.616, p < .00001]. LSD post hoc analyses showed that
in Configurations 2:0, 4:0, and 4:2, observers were sig-
nificantly overestimating in comparison with Configu-
rations 0:0, 2:2, and 4:4.

The ANOVA also showed a significant interaction be-
tween the height configurations and the distal positions
of the right platform [F(10,90) = 5.515, p < .00001]. Fig-
ure 7a indicates that the amount of the framework effect
is the smallest in the 0:0 configuration, where the cube
and track rested on the carpets, 1 cm above the ground
surface. The order of the magnitude of the framework ef-
fect was 0:0 < 2:2 < 4:4 < 2:0 < 4:2 < 4:0. We again
looked at each individual’s performance and found that
all 10 observers exhibited the framework effect. Two ob-
servers showed no significant effect in the 0:0, 2:2, and
4:4 configurations, but did show a significant effect in
the 2:0, 4:2, and 4:0 configurations. The rest of the ob-
servers also showed much less of an effect with the cube
and marker resting either on a continuous surface (0:0)
or on coplanar surfaces (2:2 and 4:4).

The same statistical method used previously was em-
ployed to assess performance variability. Figure 7b shows
the means, with 95% confidence intervals across ob-
servers, of the 1 – r2 values corresponding to all the con-
ditions in Figure 7a. A one-way ANOVA showed that over-
all there were significant differences in variability across
configurations [F(5,45) = 27.98, p < .000001]. The LSD
post hoc analyses further showed that the performance
variability was significantly less in the 0:0 configuration
than in the coplanarconfigurations(2:2 and 4:4), which in
turn were significantly less variable than the remaining
configurations (2:0, 4:0, and 4:2). All 10 observers’ in-
dividual data also demonstrate such a trend, although to
various degrees. Figure 7b also shows that within each
height configuration the aligned condition was slightly
less variable than the forward and backward conditions,
except in the 4:0 configuration.

Discussion
With a different set of 10 naive observers, the local

framework effect introducedby the displacement in depth
between the two platforms was observed again in the same
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0 : 0Forward a 0 : 0Backward b

2 : 2Forward c 2 : 2Backward d

4 : 4Forward e 4 : 4Backward f

Figure 5. Spatial configurations used in Experiment 2, where the left and right platforms are of the same height. Forward and back-
ward refer to the conditions where the right platform is 1 m closer to or 1 m farther away from the observers. (a–b) Both the left and
right platformsare 1 cm high.This makes them look more like carpets than platforms.The height ratio is thus expressed as 0:0. (c–d) Both
the left and right platforms are 32 cm high. Height ratio is expressed as 2:2. (e–f) Both the left and right platforms are 64 cm high.
Height ratio is expressed as 4:4. Aligned conditions are not shown. (Original scenes are in color.)

0:0 Forward a

2:2 Forward c

4:4 Forward e

0:0 Backward b

2:2 Backward d

4:4 Backward f
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2 : 0Forward a 2 : 0Backward b

4 : 0Forward c 4 : 0Backward d

4 : 2Forward e 4 : 2Backward f

Figure 6. Spatial configurations used in Experiment 2, where the left and right platforms are of different heights. Forward and back-
ward refer to the conditions where the right platform is 1 m closer to or farther away from the observers. (a–b) The left platform is 32 cm
high, and the right one is 1 cm high. The ratio between the two platforms is expressed as 2:0. (c–d) The left platform is 64 cm high, and
the right one is 1 cm high. The ratio between the two platforms is expressed as 4:0. (e–f) The left platform is 64 cm high, and the right one
is 32 cm high. The ratio between the two platforms is expressed as 4:2. Aligned conditions are not shown. (Original scenes are in color.)

2:0 Forward a 2:0 Backward b

4:0 Forward c 4:0 Backward d

4:2 Forward e 4:2 Backward f
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direction. Such a bias manifested itself even in the 0:0
configuration,where the displacementwas defined mainly
by texture discontinuities outlined by the carpets resting
only 1 cm above the ground plane. The continuity of the
ground plane, however, reduced such a bias significantly.
The coplanarity (2:2 and 4:4 configurations) of the top
surfaces of the platforms also helped to reduce the local
framework bias. This supports our findings in Experi-
ment 1 that relative distance between objects resting on
coplanar surfaces can be compared directly across spa-
tial gaps.

In our previous studies (Meng & Sedgwick, 2001), we
found that the distance between relevant surfaces influ-
enced observers’ performance variability. This finding
was also observed by comparing the 2:0 and 4:0 config-
urations.The 1 – r 2 value in the 2:0 configurationwas sig-
nificantly lower than that in the 4:0 configuration in each
of the forward, aligned, and backward conditions tested.

The 4:4, 4:0, and 4:2 configurations were used in both
Experiments 1 and 2. The only difference was in the 4:0
configuration. In Experiment 1, the track lay directly on
the ground (Figures 2a, 2b). In Experiment 2, the track lay
on top of a carpet, and the carpet in turn lay on the ground
(Figures 6c, 6d). Figure 8a shows the overall means of
matched distance for these three configurations in each
experiment. The horizontal dashed line marks the simu-
lated distance of the cube at 11.71 m. Three four-way be-
tween-groups ANOVAs, one for each of the three height
configurations, showed that observers from Experiment 2
were significantly overestimating relative to observers in
Experiment 1 [4:4, F(1,18) = 4.67, p < .04; 4:0, F(1,18) =

7.56, p < .01; and 4:2, F(1,18) = 5.21, p < .03]. None of
these three ANOVAs, however, showed a significant inter-
action between the experiment factor (Experiment 1 vs.
Experiment 2) and the distal positions of the right plat-
form. This means that the biasing effects found in Exper-
iment 1 are similar to those found in Experiment2. We have
previously observed such variation in overall estimation
between experiments (Meng & Sedgwick, 2001), and we
have no explanation for it.2 It may be related to random
variation in the population,given the relatively small sam-
ple sizes (N = 10 observers) that we have used.

For each of these three configurations(4:4, 4:0, and 4:2)
in Experiments 1 and 2, the mean 1 – r 2 values, indicat-
ing the variability across observers, are plotted in Fig-
ure 8b. Three between-groups ANOVAs showed no sta-
tistical differences between Experiments 1 and 2 for any
of these three configurations.

GENERAL DISCUSSION

In our previous work (Meng & Sedgwick, 2001) we in-
vestigated a variety of situations in which an object rests
on top of a platform, which in turn rests on the ground
plane. We showed that the perceived location of the ob-
ject relative to the ground plane can be effectively medi-
ated by the platform on which it rests, but the precision
of this perception deteriorates as the height of the plat-
form increases.

In the experiments reported here, we have examined a
more complex situation, in which observers attempt to
relate the location of an object resting on one platform to

Figure 7. Results from Experiment 2. (a) Means, with 95% confidence intervals across observers, of the matched dis-
tance of the cube over eight distances along the ground. At each height ratio, the data are arranged according to the rel-
ative position of the right platform. Forward and backward refer to the right platform being 1 m closer to or farther
away from the observers. Aligned refers to the condition where the two platforms are at the same distance from the ob-
servers. The horizontal dashed line marks the average simulated distance of the cube at 11.71 m. (b) Means, with 95%
confidence intervals across observers, of the residual variance, 1 - r2.
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that of a marker resting on another platform; both plat-
forms are resting on the ground with a gap, or spatial dis-
continuity, between their top surfaces. We found that
both the accuracy and the precision with which observ-
ers can do this task depend on the spatial relations be-
tween the relevant surfaces of the two platforms. Specif-
ically, performance is best when both the front surfaces
and the top surfaces of the two platforms are aligned, or
coplanar.

How can we account for the effects that we found? In
our previous work (Meng & Sedgwick, 2001), we con-
sidered two different ways in which observers might link
the cube resting on top of the platform to the marker
lying on the ground. One way involves what we could
call “alignment matching.” Briefly, this requires the ob-
server, using information about the height and configu-
ration of the platform, to find the location on the ground
directly under the cube. The marker can then be aligned
with this ground location. The second way involves what
we could call “depth matching.” This requires the ob-
server to match the perceived distance of the marker to
the sum of two distances: the distance from the observer
to the front of the platform and the distance from the front
of the platform to the cube. An analysis of our observers’
individualdata suggested that individualobservers might
use both types of matching but that some observers rely
more heavily on alignment matching and others rely more
heavily on depth matching.

One indicator of which type of matching an observer
was using came from the effect of increasing the height
above the ground of the platform on which the cube rested.
As the height of the platform above the ground increases,

the line of sight to the platform becomes more shallow,
leading to increasing projective compression of the depth
dimensionof the platform. As Loomis and Philbeck (1999)
have shown, the amount of this compression is directly re-
lated to the underestimation of distance. Thus, observers
using depth matching would be expected to show a pattern
of increasing underestimation of distance linked to in-
creasing height of the platform. In a detailed analysis of
the individual data, several of our observers did show this
pattern to a statistically significant degree. On the other
hand, other observers did not show this pattern, as would
be expected if they were relying instead on alignment
matching.

We can generalize both hypotheticaltypes of matching
to the two-platform configurations used in this paper. In
alignment matching the ground locations of the cube and
marker are each determined, presumably relatively inde-
pendently, and the marker is adjusted until its ground lo-
cation is aligned with that of the cube. In depth matching,
the sum obtained from adding the perceived distance
from the observer to the front of the right platform and
the perceived distance from the front of that platform to
the marker is adjusted to be equal to the sum obtained
from adding the perceived distance from the observer to
the left platform and the perceiveddistance from the front
of that platform to the cube. We can now ask how well ei-
ther or both of these types of matching might be able to
account for the effects that we found.

First we will consider the possible use of alignment
matching. This offers us a way of accounting for the im-
provements in performance that we found in both exper-
iments when the top surfaces of the platforms were copla-

Figure 8. Comparison between two different groups of 10 observers from Experiments 1 and 2 at the correspond-
ing spatial configurations. (a) Mean matched distance of the cube over eight distances along the ground for all 10 ob-
servers in each experiment. The horizontal dashed line marks the average simulated distance of the cube at 11.71 m.
(b) Mean residual variance, 1 - r2, for the 10 observers in each experiment.
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nar. We can do this by assuming that, when observers per-
ceive the tops of the two platforms to be coplanar, they
align the front edge of the marker directly with the front
edge of the cube, rather than determining and aligning
their respective ground locations. This shortcut would
have the effect of increasing the precision of the ob-
server’s settings because it would largely remove the vari-
ability associated with linking a location on the top sur-
face of each platform with the ground location directly
beneath it. On the other hand, when the tops of the plat-
forms are non-coplanar, observers would be unable to use
this shortcut and so would determine and align the ground
locations, thus increasing the variability of performance,
as we found.

Because alignment matching makes no use of the po-
sitions of the fronts of the platforms, however, it should
not be affected by the displacements between the two
platforms in the forward and backward conditions. Thus
alignment matching does not predict the bias effects pro-
duced by the relative displacements between the two
platforms, and so cannot entirely account for our results.

Next we will consider the possible use of depth match-
ing. In the first place it can be observed that a shortcut is
possible in this type of matching. Rather than using the
perceived distances from the observer to the left and right
platforms, it would be sufficient to use the relative dis-
tance between the left and right platforms (DL-R). Then the
distance of the marker from the front of the right platform
(PR) could simply be adjusted to equal the sum of DL-R
and the distance from the front of the left platform to the
cube (PL). That is, the marker would be adjusted so that

PR = PL + DL-R. (1)

How might depth matching account for the biasing ef-
fects of the displacement? We see no reason to believe
that the relative distance between the two platforms (DL-R)
is systematicallymisperceived. Nor do we see how to ac-
count for the bias by a systematic misperception of the
distance from the front of either platform to the object
(cube or marker) resting on it (PR and PL).3 Instead, we
hypothesize that the bias arises from an incomplete inte-
gration of the local depth information, PR and PL, with
the more global distance information, DL-R, relating the
positions of the two platforms.

Expressed in terms of Equation 1, the bias arises from
a shortfall in the summing operation. We can express this
by adding another term, k, where k represents some value
less than 1, to the following equation:4

PR = PL + k * DL-R, k < 1. (2)

This expresses somewhat more precisely what we
have referred to earlier in this paper as a local framework
effect, which we take to mean that the relations between
objects and their local frameworks are not completely in-
tegrated perceptually with the global relations between
the frameworks. If k equals 1, then Equation 2 reduces to

Equation 1, and there is no bias produced by the local
framework. If k equals 0, the setting of the marker is en-
tirely determined by the local frameworks (i.e., the plat-
forms), and the relative displacement between the plat-
forms is not taken into account at all; we would then
expect the amount of bias in the positioning of the
marker to equal the relative displacement between the
platforms. For values of k between 1 and 0, there is a par-
tial integration of the global relative displacement infor-
mation with local depth information so that the bias is
correspondingly reduced. In our experiments, the aver-
age bias for each configuration is always less than the
relative displacement between the platforms, thus im-
plying values of k between 0 and 1.

Such local framework effects have been found in re-
search on other aspects of visual perception. For exam-
ple, Rock and Ebenholtz (1959) showed similar effects
in comparing the length of lines surrounded by rectan-
gular frames. A difference in the sizes of the rectangular
frames produced a corresponding, although smaller, dif-
ference in the lengths of the lines that were perceived as
equal. Although the rectangular frames were perceived
as different in size, this perceived difference between
frames was not fully integrated with the information re-
lating each frame locally to the line that it contained.
More recently, Whitney and Cavanagh (2000) have shown
that motion between two horizontally aligned bars pro-
duces a bias, in the same direction as the motion, in the
perceived relative positions of the bars.

In our experiment, this incomplete integration of local
and global distance information would have the effect that
in the forward configurations, in which the right platform
(with the marker) is positionednearer to the observer than
is the left platform (with the cube), the perceived match-
ing distance would be underestimated. And in the back-
ward configurations, in which the right platform is posi-
tioned farther away than the left platform, the perceived
matchingdistancewould be overestimated.This is just the
pattern of bias that we found in both experiments.

What depth matching cannot readily account for is the
varying amount of the bias that we found for different
heightconfigurations.Specifically, the bias is significantly
less in those configurations in which the two platforms
are the same height (0:0, 2:2, and 4:4). This consideration
leads us to hypothesize that both depth matching and
alignmentmatchingwere being used by our observers, but
that one or the other received more emphasis, depending
on the configuration.

Thus, when the top surfaces of the two platforms are
coplanar, more emphasis is given to alignment matching,
which can produce a relatively precise match in this situ-
ation. Even here, however, there cannot be an exclusive
use of alignmentmatchingbecause a significant, although
much smaller, bias effect is still present when there is a
relative displacement between the two platforms.

Conversely, when the top surfaces of the two platforms
are not coplanar, more emphasis is given to depth match-
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ing, thus producing larger bias effects. There is also some
evidence here, although perhaps less compelling, that
some use is still made of alignmentmatching.Specifically,
our finding that, for unequalplatform heights, matching is
less precise for greater inequalities (4:0 vs. 2:0) is at least
consistent with the suggestion, supported by our earlier
work, that the determination of the ground location of an
object resting on a platform becomes less precise as the
height of the platform above the ground increases.

Finally, we can hypothesize that in those situations in
which the top of the platform is perceptually coplanar
with the ground, like a carpet, there is more effective in-
tegration of depth information relating the object (cube
or marker) to the platform with the relative distance infor-
mation relating the two platforms, or carpets. This seems
plausible here because all of the distance relations are
coplanar. Thus in these situations we would expect the
depth matching to be somewhat less biased by relative dis-
placements of the platforms. This may account for our
finding that the performance is better when both plat-
forms are resting on the ground (0:0 configuration) than
when the two platforms are coplanar but above the ground
(2:2 and 4:4 configurations).

In analyzing the results of Experiments 1 and 2, as
noted, we have looked at the individual data, as well as the
averaged group data, and have consistently found that the
individual observers show results whose patterns are at
least qualitatively similar to the pattern of the group aver-
ages. This suggests to us that our hypothesis that both types
of matching are being used, but with varying emphasis de-
pendingon the particularconfigurationof surfaces, applies
to the individual observers and is not merely a description
of overall group behavior such as might be producedby av-
eraging together some observers performing in one way
with other observers performing in another.

In summary, we have extendedour earlier investigations
of distance perception mediated by nested contact rela-
tions (Meng & Sedgwick, 2001) to more complex spatial
layouts.We have shown that observers are able to make use
of pictorially available information to match the distances
of objects across spatial discontinuities arising from gaps
between the platforms on which they rest. As in our ear-
lier work, we have found that althoughobservers make use
of information linking objects to the ground plane, and
hence to each other, they do not always use such informa-
tion to its full potential.There are costs associatedwith this
increased complexity as well as benefits associated with
spatial configurationsthat simplify this complexity. In par-
ticular, we have identified strong local framework effects
that arise with increased complexity in the scene; ob-
servers appear to relate objects first to their local frame-
works and are not fully effective in integrating these local
relations with the global relations between frameworks.
Particular spatial configurationssuch as coplanarity, how-
ever, can create higher order configurations that allow ob-
servers to directly relate objects across local frameworks,
thus reducing the local framework effects. Observers’ per-
formance reflects some flexibility in emphasizing one, or
another, or a combination of possible reference surfaces.
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NOTES

1. In this ANOVA, ascending and descending trials were averaged to-
gether and not includedas a factor in the analysis. This factor was included
in our other analyses and did not approach significance in any of them.

2. Sauer, Braunstein, and Anderson (1999) have shown in computer
simulations that perceived depth separations of two vertical poles stand-
ing on the ground are increased (by about 10%) when the poles are sur-
rounded by a rectangular area in proper perspective. By analogy to their
situation, it might be expected that depth intervals along the track in our
Configuration 4:0 would appear somewhat longer in Experiment 2 than
in Experiment 1 because of the presence of the rectangular carpet sur-
rounding the track in Experiment 2. This would be a fairly small effect,
however, and we do not see evidence of it in our data. As noted, there is
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no significant difference in Configuration 4:0 between the amounts of
bias (forward and backward) in Experiments 1 and 2. Also, the amount
of overall overestimation in Experiment 2, compared with that in Exper-
iment 1, was somewhat greater in Configuration 4:0 than in Configura-
tions 4:4 and 4:2, whereas an increase in the perceived depth interval from
the front of the platform (carpet) to the marker would be expected to de-
crease the amount of overestimation in the setting of the marker.

3. There may be some systematic errors in perceived distance related
to the forward and backward displacement of the platform carrying the
marker, but these errors would not explain the bias that we found. When
the marker platform is raised above the ground (Configurations2:2, 4:2,
and 4:4), its surface is projectively compressed relative to the ground,
so that distances along the platform may be underestimated relative to
distances along the ground, as discussed earlier (Loomis & Philbeck,
1999; Meng & Sedgwick, 2001). When the platform is moved forward,
for example, it occupies a greater proportion of the overall distance be-
tween the observer and the marker; thus the overall underestimation of
the marker’s distance might be expected to increase. To compensate for
this underestimation, the marker would have to be moved farther away,
relative to the condition in which the platforms are aligned. This hypo-
thetical effect of compression on perceived distance is in the opposite
direction to the bias effect that we observe: When the platform carrying
the marker is moved forward, the setting of the marker also moves for-
ward, although not as much. Furthermore, the hypothetical effect of

compression on perceived distance would be expected to be quite small
on the basis of the amount of displacement of the platform, the difference
in compression between the platform and the ground, and previous data
(Loomis & Philbeck, 1999; Meng & Sedgwick, 2001). Finally, when the
marker platform is not raised above the ground (Configurations0:0, 2:0,
and 4:0), moving the platform forward or backward has no effect on the
overall compression and so would be expected to have no effect on per-
ceived distance; yet we still f ind bias effects.

4. It is entirely arbitrary that we express the relative distance between
the two platforms as the distance of the left platform minus the distance
of the right platform (DL-R ). We could equally well express this relative
distance as the distance of the right platformminus the distance of the left
platform (DR-L ); if we did so, then Equation 1 would have to be changed
to PR = PL - DR-L to compensate for the change in sign. The difference
between these two forms (DL-R and DR-L ) of Equation 1 is not substan-
tive, but is only a difference in sign convention. Likewise, Equation 2
would become PR = PL - k * DR-L, k < 1. In either the DL-R form or the
DR-L form, Equation 2 makes exactly the same predictions for PR, given
a particular value of k.
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