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object is mainly determined by its ‘‘optical contact’’ position*where the

object contacts the ground surface in the visual projection.

Meng and Sedgwick (2001, 2002) provided important information about

the role of optical contact with a ground surface in determining the perceived
positions of objects in a static scene. They found that the judged position in a

scene of an object resting on a platform was determined by a ‘‘mediated’’

contact relation, based on the optical contact of the object with the platform

and the optical contact of the platform with the ground. An object on a

floating platform was thus perceived as further back in the scene because the



In a recent study of the effect of occlusion of a portion of the ground

surface on perceived distance (He et al., 2004) a black occluding box was

placed on the ground between the observer and a target. Estimates of the

perceived distance of the target were obtained using a variety of methods,
including distance matching and blindfolded walking. Distance to the target

was underestimated when part of the ground surface was occluded.

In this paper, we report four experiments that investigate how occlusion

affects the perception of layout in a 3-D scene. We expected occlusion to

provide ordinal information about depth order (Cutting & Vishton, 1995).

Our purpose was to examine the interaction of occlusion with information

that provides a quantitative indication of layout, specifically ground contact

and motion parallax. Two possible interactions were considered for cases in
which the position of an object specified by ground contact or motion

parallax was outside of the range specified by occlusion. The first possibility

is that ground contact or motion parallax, if it specifies an object position



first cylinder, even when occlusion indicated that the two cylinders could not

be at the same distance.

EXPERIMENT 1: OCCLUSION IN A STATIONARY SCENE



Figure 1. An example of a display with the cylinder occluding the pole. The subjects were required to

adjust the marker along the textured track on the right side, until it matched the perceived distance of

the front edge of the cylinder. [Visit the journal website to view this and the following figures in colour

in the online version of this paper.]

Figure 2. The display types in Experiment 1. The pictures were cropped for this figure from the full

scene that was actually displayed (Figure 1). Panels a�c show the near ground contact position

(14.25 m for the cylinder and 8.85 m for the pole). Panels d�f show the cylinder and pole in the far

ground contact position (22.35 m for the cylinder and 14.25 m for the pole).
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combinations of scene position and pole condition. (The projected sizes are

measured at the monitor and do not take into account the 19% magnifica-

tion of the collimating lens.) At the observer’s distance of 85 cm from the

monitor, taking into account the lens magnification, the visual angles

subtended by distances in the scene were approximately 20% greater than the

visual angles that would be subtended by these distances for an observer

standing at the position of the camera in the real-world scene.

Design. The independent variables were display type (cylinder only,

cylinder occluding pole, and cylinder occluded by pole) and ground contact

position (near and far). Both variables were run within observers, with

display type run in separate blocks and ground contact position randomized

within each block. Each block contained 10 repetitions of each condition,

for a total of 20 trials. The order of the three blocks was counterbalanced in

a Latin square. The first block was preceded by a practice block consisting of

half of the trials in the first block.

Procedure. The observers’ task was to judge the distance to the centre of

the cylinder. As in previous studies (Meng & Sedgwick, 2001, 2002; Ni et al.,

2005), observers adjusted the red marker on the track on the right side of the

scene (shown in Figure 1) until it appeared to match the distance of the

cylinder. The position of the red marker was adjusted with a joystick. When

satisfied with their responses, observers pressed the trigger button on the

joystick to advance to the next trial.

Results and discussion

Figure 3 shows the mean judged distance of the cylinder averaged across

observers for the three display types and two ground contact positions. An

ANOVA showed significant main effects for display type, F (2, 22)�6.39,

MSE�7.74, p B.01, and scene position, F (1, 11)�462.87, MSE�2.95, p B

.01, and a significant interaction between these two variables, F (2, 22)�
7.25, MSE�1.05, p B.01. A Tukey HSD test found significant differences,

p B.05, between all three occlusion conditions for the far scene position.

Comparing the three occlusion conditions for the near scene position, only

the difference between the cylinder only and the cylinder occluding the pole

conditions was significant.

As can be seen in Figure 3, the judged distance of the cylinder was greater

when it was occluded by the pole than when it occluded the pole. (This

difference was significant only for the far scene position.) This was not

surprising since occlusion has been shown to provide qualitative depth

information (reviewed by Howard & Rogers, 2002). There were two
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unexpected results, however. When the cylinder was behind the pole, it was

judged closer to the front of the scene than when it was presented by itself.

(This difference was significant only for the far scene position.) Occlusion of

the cylinder by the pole would not be expected to make the pole appear

closer, so it seems likely that the cylinder was perceived as closer to the pole

as a result of the equidistance tendency (Gogel, 1965). The equidistance

tendency is ‘‘the tendency, in the absence of effective distance cues, for

objects (or parts of objects) to appear equidistant’’ from the observer

(Gogel, 1969, p. 342). An alternative explanation is that the optical contact

between the pole and the front of the cylinder suggested that they were in

physical contact. This optical contact information would indicate that the

cylinder was above the ground, conflicting with the indication from optical

contact between the cylinder and the ground that the cylinder was lying on

the ground behind the pole.

Even more surprising was the finding that when the cylinder occluded the

pole, it was judged to be further back than the ground contact position of

the pole. This result was found for each of the 12 observers. Since the

cylinder was clearly seen in front of the pole in this condition, this finding

suggests that observers viewing a stationary scene may have been able to

focus on the ground contact position of the cylinder and ignore the

occlusion relation between the cylinder and the pole, when judging the

location in the scene of the occluding cylinder.

Ground contact position of the cylinder (m)
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Figure 3. Results in Experiment 1. The solid lines show judged distances for the cylinder. The

dashed lines show the ground contact positions of the cylinder and the pole.
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EXPERIMENT 2: MOTION PARALLAX AND OCCLUSION

In Experiment 1, the judged distance of the cylinder behind the pole was

closer than its ground contact position, indicating that the effect of ground

contact in that condition was modified by the tendency to perceive objects

that are adjacent in the image as adjacent in depth. We expected that relative

motion between the cylinder and the pole in motion parallax scenes would

result in a perceived separation in depth, allowing the cylinder behind the

pole to be perceived closer to its ground contact position. A more important

reason for introducing motion parallax, however, was to determine whether

observers would judge the distance of the cylinder according to the

quantitative depth information provided by motion, within the range of

distances consistent with the occlusion information.

Method

Observers. The observers were 11 students from the University of
California, Irvine. All had normal or corrected-to-normal visual acuity

and were naive about the purpose of the experiment. The observers received

extra credit in a psychology course for participating. None had participated

in the first experiment.





cylinder only and the cylinder occluded by the pole conditions (at both levels



CONTROL STUDY

Our interpretation of the results of Experiment 2 is based on the pole serving

as a reference position in judgements of the cylinder position. A control

experiment was conducted to assure that the judged distance of the pole

itself was not altered by whether it occluded or was occluded by a cylinder.

We used the same conditions as in Experiment 2, except that only two types

of displays were used: A pole occluded by a cylinder and a pole occluding a

cylinder. The observers were the same as in Experiment 2. They participated

in the control experiment immediately after participating in Experiment 2.

They were asked to move the red marker to the perceived distance of the

pole, rather than to that of the cylinder. An ANOVA found no significant

effects, F (1, 10)B1 for display type, F (1, 10)B1 for cylinder speed, and F (1,

10)B1 for the interaction. The mean judged pole positions for the fast and

slow cylinder speeds, respectively, were 14.11 m and 14.16 m for the pole

occluding the cylinder and 14.12 m and 14.29 m for the pole occluded by the

cylinder.

EXPERIMENT 3: GROUND CONTACT AND OCCLUSION

If the addition to a scene of an occluded or occluding pole has only a

qualitative effect on perceived layout (i.e., affects only perceived depth

order), then changing the position of the pole in the scene without changing

the depth order indicated by occlusion should not affect the perceived

position of the cylinder. Alternative possibilities are that the judged position

of the cylinder will move towards the occluding or occluded pole, as in the

stationary displays in Experiment 1, or that the position of the pole will

interact with other layout information by changing the range of distances at

which the cylinder can be perceived. In Experiment 3 we varied the position

of the pole without changing the depth order indicated by occlusion to

examine the quantitative effect of pole position on the judged position of the

cylinder.

Method

Observers. The observers were six students from the University of

California, Irvine. All had normal or corrected-to-normal visual acuity and

all were naive to the purpose of the experiment. The observers received extra

credit in a psychology course for participating. None had participated in the

first two experiments.

Apparatus. The apparatus was the same as in Experiments 1 and 2.
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Stimuli. Each display consisted of a computer-generated cylinder, a

vertical pole, and a track with a red marker, superimposed on a background

movie of an actual 3-D scene. The background movie was the same as in

Experiment 2. The configurations of cylinder position and pole position are

shown in Figure 6. The simulated pole position was at one of three distances

from the observer: 10.65 m, 12.45 m, or 14.25 m. The ground contact

position of the cylinder was always at 22.35 m. The cylinder either occluded

or was occluded by the pole. The cylinder’s translation speed simulated

either a near distance (7.05 m) or a far distance (22.35 m). At the near

distance the cylinder’s motion was consistent with an object moving rigidly

with the scene but floating above the ground.

Design. The independent variables were the display type (cylinder

occluding pole or pole occluding cylinder), the distance of the cylinder

simulated by motion (7.05 m and 22.35 m), and the pole position (10.65 m,

12.45 m, and 14.25 m). Each condition was replicated six times for a total of

72 trials. The trials were presented in a random order in two blocks, preceded

by a practice block consisting of half of the trials in the first block.

Procedure. The procedure was the same as in Experiment 1.

Figure 6. Single frames from displays in Experiment 3. Panels a�c show the three pole positions

with the cylinder occluding the pole. Panels d�f show these pole positions with the pole occluding the

cylinder. Displays were produced with two cylinder translation speeds for each of these six

combinations of pole position and depth order.
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With the pole occluding the cylinder, there was an effect of the pole

position only when motion parallax simulated a cylinder position closer than

the pole. Under these conditions, the cylinder was judged to be further back

than the pole, in accordance with occlusion, but it was judged to be closer to
the front of the scene as the pole was moved closer to the front of the scene.

This suggests that the contradictory occlusion information, although it

limited the perceived cylinder position to positions further back than that

specified by motion parallax, did not eliminate the quantitative effect of

motion parallax on judged scene position.

An alternative explanation for the judged position of the cylinder moving

closer to the pole location when motion parallax indicated that the cylinder

was closer to the front of the scene, is that the judged position of the cylinder
was affected by the perceived depth adjacency of the cylinder and pole

(Gogel, 1965). There are two reasons for rejecting an adjacency explanation

in this case. First, the results of Experiments 1 and 2 indicate that an

adjacency effect may be present in stationary displays, but is eliminated by

relative motion of the cylinder and pole. Second, when motion parallax,

ground contact, and occlusion all indicate that the cylinder is behind the

pole, there is no effect of the position of the pole.

EXPERIMENT 4: OCCLUSION AND COMMON MOTION
GROUPING

Previous studies (Ni et al., 2005) found that when two objects with a

common horizontal motion were stacked vertically in a scene, the perceived

position of the top object was influenced by the ground contact position of

the lower object. The present experiment examines whether a common

occlusion relation*both objects occluding or occluded by a pole*
strengthens the tendency to group the two objects at a common distance,

whereas an inconsistent occlusion relation inhibits such a grouping.

Method

Observers. The observers were six students from the University of

California, Irvine. All had normal or corrected-to-normal visual acuity and

all were naive about the purpose of the experiment. The observers received
extra credit in a psychology course for participating. None had participated

in the previous experiments.

Apparatus. The apparatus was the same as in Experiments 1�3.

Stimuli. Each display consisted of two cylinders, a vertical pole, and a

track with a red marker, all of which were computer-generated and
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Procedure. The procedure was similar to that used in Experiments 1�3,

except that observers were asked to judge the distance of the top cylinder in

the image.

Results and discussion

Figure 10 shows the judged distances averaged across observers. An ANOVA

found significant main effects for display type, F (4, 20)�3.89, MSE�6.58,

pB.05, and a significant interaction, F (4, 10)�3.39, MSE�1.15, pB.05.

Comparisons between occlusion conditions, for each of the two speeds in



With no occlusion (no pole in the display) there was a clear effect of

motion parallax on judged distance. With motion parallax indicating the

same distance as the ground contact position of the top cylinder, judged

distance was similar to the distance indicated by motion parallax.

With motion parallax indicating a distance closer to the ground contact

position of the lower cylinder, distance judgements were closer to that

position.

The effect of motion parallax was much smaller with a pole present in the

display. In this case, the mean judged cylinder positions were just behind the

pole when the top cylinder occluded the pole, and further behind the pole

when the pole occluded the top cylinder. (Although the mean judged

cylinder positions were just behind the pole, four of the six observers judged

the top cylinder to be in front of the pole when both cylinders occluded the

pole and three of the six observers judged the top cylinder to be in front

when the top cylinder occluded the pole and the bottom cylinder was

occluded by the pole.) There was a small but consistent effect of whether the

bottom cylinder was on the same side of the pole or on the opposite side.

With the top cylinder behind the pole, it was judged slightly closer when the

bottom cylinder was in front of the pole. With the top cylinder in front of

the pole, it was judged further back when the bottom cylinder was behind

the pole. This indicates some remaining effect of grouping the cylinders

even when the interposition of the pole indicated that they were at

different distances. Overall, these results confirm the expectation that

occlusion limits the range within which motion parallax can affect judged

distance.

Simulated distance from motion parallax (m)

Ju
dg

ed
 d

is
ta

nc
e 

(m
) 



GENERAL DISCUSSION

Overall, our results indicate that the judged position of an object in a 3-D

scene is affected by the five variables manipulated in these experiments: The

ground contact position, motion parallax, occlusion, the simulated distance

between the occluded and occluding objects, and the presence of an

additional object close to the occluding or occluded object. Previous studies

of the effect of occlusion on perceived relative depth clearly indicate that

occlusion, whether static or dynamic, is an effective source of information

for depth order (e.g., Andersen & Braunstein, 1983; Braunstein et al., 1982).

The present results show interactions between occlusion, motion parallax,

and ground contact information that cannot be predicted from the separate

effects of these variables and show quantitative effects of the presence of an

occluding object on judged depth.

In stationary scenes (Experiment 1) we obtained judgements of the

position of a cylinder occluding a pole that imply a reversal of the depth

order expected from occlusion: The occluding object (cylinder) was judged

further back in the scene than the occluded object (pole). Although the

cylinder clearly appears to be in front of the pole when the two objects are

compared directly, judgements of the cylinder position placed the cylinder

further back than the pole in the scene. This result, and subjective reports of



perceive them as equidistant. An unexpected interaction was found between

occlusion and motion parallax. When the cylinder was occluded by the pole,

the judged position was influenced by motion parallax information. When

the cylinder occluded the pole, however, there was no longer an effect of the
difference in motion parallax information. Apparently with occlusion

indicating a closer distance than that indicated by ground contact, motion

parallax can support a depth order consistent with the occlusion informa-

tion, but does not have a quantitative effect on judged distance.

A quantitative relation between occlusion and motion parallax was found

with the scene in motion in Experiment 3. Variation in the pole position,



the ground (Ni et al., 2005). Finally, there is the equidistance tendency
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