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Abstract—The present study examined whether different 
depth cues would interact with the judgment of density 
differently. Using a 3D projector, we presented random-dot 
stimuli on fronto-parallel square planes at different depths (-30, -
15, 0, +15, or +30 cm from the projection plane) and measured 
the perceived density of the dots in each depth plane using the 
method of constant stimuli. The depth of the plane was 
manipulated with three types of depth cues (binocular disparity, 
stimulus area, and dot size), which were used separately or all 
together. The results showed that the averaged PSEs depended 
on the depth plane when the depth cue was stimulus area, 
whereas the influences of size and disparity cues on the PSE 
were relatively weak. However, when the cues were combined, 
the influence of the area cue on density judgment was largely 
attenuated. These findings imply that the combination of the 
depth cues can provide more precise depth perception of the dots 
and helping interpretations of “3D-valid density”. 

I. INTRODUCTION 

With the recent advances in science and technology, there 
is increasing interest in three-dimensional (3D) information 
for the purpose of sensing and visualization of real-world 
objects, and 3D technology has been widely used in various 
fields including entertainment, business, and medical services 
[1]. Stereoscopic vision provides richer information about 
distance and depth perception, which enhances the realistic 
sensation of virtual scenes and enables more precise remote 
operations. Recently, binocular disparity cue, which indicates 
the difference in position of objects seen by the left and the 
right eyes, has become popular for producing stereoscopic 
vision in 3D devices. However, humans perceive depth using 
many other different cues such as retinal image size [2], 
perspective [3], and shadow [4]. Therefore, for more effective 
use of 3D information, it is important to investigate how the 
different cues interact with each other to provide depth 
perception. 

Previous studies have examined the effect of the 
combination of depth cues on perceived depth and proposed a 
linear model and a multiplicative model [5]. In the linear 
model, depth cues are supposed to be computed 
independently and combined linearly (additively). On the 
other hand, in the multiplicative model, the computation of 
depth is not clearly separated among depth cues and the cues 

are supposed to interact with each other. Although these 
models expect completely different results, previous studies 
have found that the cue combination might be based on both 
the linear and the multiplicative models depending on the 
experiment. Based on the discrepancy, Landy et al. [5] 
proposed an alternative depth cue combination model, where 

Fig. 1. Three types of depth cues manipulated in this study. Area cue 
indicates the total area occupied by the dots. Size cue indicates the 
projected (retinal) size of the dots. Disparity cue indicates the difference 
in position of dots seen by the left and the right eyes. 
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depth cues are first computed independently, and then interact 
to be commensurate with each other and combined linearly 
(in small perturbation case) at the end. Although this model 
can well-explain the results of the previous studies, most of 
the studies have measured perceived depth directly using 
localization and depth comparison tasks and it was unclear 
how depth cues interact with each other when people judge 
perceived depth indirectly. 

In the present study, we manipulated the presentation depth 
of random-dot stimuli with three types of depth cues and 
examined the separate and combined effects of the different 
cues on density judgment. Density is defined as mass per unit 
area or volume. Particularly, in the case of 2D random-dot 
patterns, density is generally defined as the number of dots 
per area occupied by the dots [6]. This means that density 
values are reduced as the total stimulus area becomes larger. 
Although retinal size of stimulus area changes as a function of 
observation distance, its perceptual size is kept almost 
constant over the distance. This is because our perception of 
size is based not only on retinal image size but also on 
distance, enabling us to make accurate estimates of the real 
size (size constancy [7]). Thus, distance and depth perception 
are both important for size estimation and, in turn, for density 
judgment. Based on this, we used density judgment as a 
measure of depth perception. We expected that density 
judgment would be influenced by the stimulus area, which 
would change depending on the projected area and the 
perceived depth. 

In the present experiment, the depth cues, “Area”, “Size”, 
and “Disparity”, were manipulated separately. Fig. 1 shows 
schematic illustrations of each manipulation. With the Area 
cue, the total projected area is larger as the plane of dots is 
closer to the observer. With the Size cue, the projected dot 
size is larger as the plane of dots is closer. With the Disparity 
cue, the disparity between the left- and the right-eye images 
changes according to the depth of the plane of dots. There 
were six cue conditions in the present experiment: Area cue 
only, Size cue only, Disparity cue only, Area and Size cues 
combined, Area and Disparity cues combined, and All cues 
combined. Each observer performed all the cue conditions. 

II. METHOD 

A. Observers 
Two psychophysically experienced observers (KY and KT) 

participated in the experiment. Both of them had normal or 
corrected-to-normal visual acuity, and provided informed 
consent prior to the study. 

B. Apparatus 
The stimuli were programmed in MATLAB R2012b 

(MathWorks, USA) using the Psychophysics Toolbox 
extension (version 3.0.8 [8, 9]). The 3D stimuli were 
produced using the OpenGL functions embedded in the 
toolbox. The stimuli were projected by a 3D projector 
(Sight3D, Solidray Co. Ltd., Japan) at a refresh rate of 60 Hz, 
and were displayed on a flat surface (170 cm × 127.5 cm). 

The projector was controlled by a personal computer running 
the Windows 7 operating system. The observers seated at a 
distance of 200 cm away from the projection screen and 
viewed the projected stimuli using 3D glasses (Fig. 2A). 

C. Stimuli and Procedure 
In each trial, two random dot stimuli (the standard stimulus 

and the comparison stimulus) were displayed sequentially  in 
counter-balanced order. Fig. 2B shows a schematic 
illustration of a single trial. Each trial began with a blank 
screen, and the observer initiated the trial by pressing the 
space bar on the keyboard. A fixation cross (0.6 deg × 0.6 
deg) appeared at the center of the screen for 500 ms. Then, the 
first stimulus appeared for 400 ms and followed by another 
fixation screen for 500 ms. The second stimulus then 
appeared for 400 ms, followed by another fixation screen. The 
observer was asked to determine whether the first or the 
second stimulus had a higher density of dots. The observer 
made the judgment by pressing the predetermined keys. Then, 
the trial ended with the disappearance of the fixation cross. 

Fig. 2. Schematic illustrations of the apparatus (A) and the procedure (B). 
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The dots (virtual spheres of 0.6 cm in diameter) in each 
stimulus were presented on a fronto-parallel square plane with 
a size of x (horizontal) × y (vertical) = 60.5 cm × 60.5 cm at 
the distance of 200 cm. The dots were presented in random x- 
and y- positions while avoiding overlapping. The standard 
stimulus was always at the projection plane with 50 dots. The 
comparison stimulus contained a total of 10, 20, 30, 40, 50, 60, 
70, 80, or 90 dots and at a fronto-parallel plane of either -30, -
15, 0, +15, or +30 cm from the projection plane. For example, 
in the +30 cm condition, the dots were at the plane of 30 cm 
closer to the observer than the projection plane, i.e., at a 
distance of 170 cm from the observer. 

 Depth planes of the comparison stimulus were manipulated 
by three depth cues: (a) the total area occupied by the dots 
projected on the projection plane depending on the simulated 
depth with perspective (52.6 cm × 52.6 cm in the farthest (-30 
cm) condition, 60.5 cm × 60.5cm in the no depth (0 cm) 
condition, and 71.2cm × 71.2cm in the closest  (+30 cm) 
condition), (b) the size of dots projected on the projection 
plane (0.52 cm × 0.52 cm in the farthest (-30 cm) condition, 
0.60 cm × 0.60 cm in the no depth (0 cm) condition, and 0.71 
cm × 0.71 cm in the closest (+30 cm) condition), and (c) the 
binocular disparity corresponding with depth (0.85 cm in the 
farthest (-30 cm) condition, 0 cm in the no depth (0 cm) 
condition, and -1.15 cm in the closest (+30 cm) condition). 

 The experiment consisted of a total of 30 conditions: 6 Cue 
conditions (Area, Size, Disparity, Area+Size, Area+Disparity, 
All) × 5 depth conditions of the comparison stimulus (-30, -15, 
0, +15, +30 cm). The cue was fixed within a session, and each 
session consisted of 270 trials: 5 depth × 9 dot-numbers × 2 
presentation orders × 3 repetitions. Each observer repeated 
twice for each session, resulting in 12 sessions (3240 trials) in 
total. 

III. RESULTS 

The proportion of trials that the comparison stimulus was 
judged to have higher density than the standard stimulus was 
calculated and plotted as a function of the number of dots in 
the comparison stimulus. Then, the data of each observer in 
each depth and cue condition were separately fitted with a 
logistic function (1): 

 
f(x) = 1/(1 + exp[β(x0 − x)]) 

 
where x0 is the x-value at the midpoint, andβis slope of the 
curve. Fig. 3 shows an example of psychometric function 
from a typical condition. The point of subjective equality 
(PSE), at which the number of dots in the comparison 
stimulus that the observers judged to be equal in density to 
that of the standard stimulus (i.e. midpoint of the 
psychometric function), was computed and used for the 
analysis.  

Fig. 4A shows the averaged PSEs of the two observers in 
each condition. A 6 (depth cue) × 5 (comparison depth) two-
way within-subject analysis of variance (ANOVA) showed 
neither a significant main effect of depth cue (F(5, 5) = 1.62, 
p = .30) nor a significant main effect of comparison depth 

(F(4, 20) = 4.31, p = .09). However, there was a significant 
interaction between depth cue and comparison depth (F(20, 
20) = 5.12, p < .001). Simple main effect analyses based on 
the interaction revealed significant main effect of comparison 
depth in the Area cue and Disparity cue conditions (Area: F(4, 
24) = 21.13, p < .001; Disparity: F(4, 24) = 3.13, p < .05), but 
not in the other cue conditions (Fs < 2.5, ps > .07). 

The results of the PSE analyses suggest that the perceived 
density changes depending on both the comparison depth and 
the depth cue. Specifically, with the Area cue only, the PSE 
became higher (i.e., the perceived density was decreased) as 
the dots were presented closer to the observer. This indicates 
that the density of dots appeared sparser as the projected 
(retinal) size of the stimulus area was larger; and this is not 
surprising because an increased area with fixed dot number 
means an increased average space between the dots. On the 
other hand, the differences in PSE among the comparison 
depths were negligible in the other conditions except for the 
Disparity cue condition. 

For a more direct comparison of the influence among the 
depth cue conditions, we also computed the linear slopes of 
PSE change as a function of the presentation depth of the 
comparison stimulus. As shown in Fig. 4B, the slope value in 
the Area cue condition was positive and relatively large in 
each observer, while the slope values in the Size and 
Disparity cue conditions were negative and small. When the 
cues were combined, however, the steep slope observed in the 
Area cue condition became flattened; the PSE slope values 
were closer to zero in the Area and Size cues, Area and 
Disparity cues, and All cues conditions. These differences 
were also confirmed by a one-way ANOVA which showed a 
significant main effect of depth cue (F(1, 5) = 6.56, p < .05).  

These findings imply that, although the size and disparity 
cues per se have little effect on density perception, the 

(1) 

Fig. 3. Psychometric function obtained from one of the observers when 
the dots were presented at -15 cm with the disparity cue. The proportion 
of responses that the comparison stimulus had higher density than the 
standard stimulus was plotted against the number of dots in the 
comparison stimulus. The point of subjective equality (PSE) is indicated 
by the arrow. 
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combination of the two or three depth cues reduces the effect 
of the area cue. 

IV. DISCUSSION 

The present study examined the separate and combined 
effects of different depth cues on density judgment in the 
random-dot display. We found that the stimulus area strongly 
influenced density judgment, while the dot size and binocular 
disparity per se had less impact. However, if each 
manipulation was combined with the manipulation of the 
stimulus area, the strong influence of stimulus area on density 
judgment was largely attenuated. This attenuation effect was 
more pronounced when all cues were manipulated together. 
Given that the projected stimulus area is the same as the Area 
cue condition, the attenuation effect can be attributed to the 

change in perceived depth of stimulus presentation. These 
findings suggest that depth cue combination is important for 
providing more precise depth perception of the dots and 
helping interpretations of “3D valid density.” 

When the disparity cue was manipulated alone, the 
perceived density significantly increased as the presentation 
plane was closer to the observer. This influence was opposite 
to the effect of the area cue. This is because, in the Disparity 
cue condition, the projected area was unchanged irrespective 
of the comparison depth, and thus the perceived stimulus area 
should be changed in the opposite direction from the Area cue 
condition due to size constancy [6]. In contrast, the influence 
of the size cue on density judgment was not significant. These 
results suggest that, different from pictorial (monocular) depth 
cues such as stimulus size and area, binocular depth cue is 
enough to influence density judgment by itself, though the 

Fig. 4. Results of the experiment. (A) Averaged PSEs in each depth cue condition as a function of comparison depth. Error bars indicate the 
standard error. (B) Slope values of linear regression lines fitted to PSE change in each depth cue condition. 
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magnitude of the effect was much weaker than when stimulus 
area was physically manipulated. This is consistent with 
previous studies that suggested that binocular disparity alone 
can be used as a depth cue [10]. 

Although the area and size cues were not sufficient to 
provide depth perception when they were manipulated 
independently, the erroneous density judgment due to 
stimulus area largely disappeared when the cues were 
combined, suggesting that area and size cues may be regarded 
as depth information only when they are manipulated together. 
This is inconsistent with the previous models, which predict 
linear or multiplicative effect of cue combination, and 
indicates the specificity of the area and size cues on depth 
perception. Because retinal size changes with actual size of 
the object and observation distance, it is possible that 
perceptual system interpret that actual size rather than 
observation distance is changed when only stimulus area or 
size is changed. The present results may suggest the 
importance of manipulating stimulus area and size together 
when they are used as depth cues.  

V. CONCLUSIONS 

Here we present evidence that the combination of different 
depth cues is important to provide enough depth information 
to judge the density of random-dot patterns, which were 
presented in different depth planes, without being affected by 
the retinal size of stimulus area. In addition, the disparity cue 
influenced density judgment by itself, indicating that 
binocular disparity alone is sufficient for stereoscopic depth 
perception. Our findings suggest the importance of combining 
different kinds of depth cues for more effective application of 
3D information. 
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