
Seeing through virtual windows 
Measuring binocular cues and new technology 

Frank A. de Boer 
Media Technology Department 

Leiden University 
Niels Bohrweg 1, 2333 CA, Leiden,  

The Netherlands 
frank.de.boer@gmail.com 

Fons J. Verbeek 
Leiden Institute of Advanced Computer Science 

Leiden University 
Niels Bohrweg 1, 2333 CA, Leiden,  

The Netherlands 
fverbeek@liacs.nl 

 
ABSTRACT 
Previous research from environmental psychology shows 
that human well-being suffers in windowless environments 
in many ways. In addition, research shows that a window 
view of nature is psychologically and physiologically 
beneficial to humans. Current window substitutes, still 
images and video, lack three dimensional properties 
necessary for a realistic viewing experience. In this research 
we look at the efficacy of binocular disparity in creating a 
realistic virtual see-through experience. An innovative 
system was designed using true stereoscopic 3D imaging 
combined with motion parallax. Evaluation data obtained 
from a group of subjects suggest that the virtual window 
prototype, containing the binocular disparity depth cue, 
gives a more convincing illusion that one is looking 
‘through’ a window. The viewing conditions with binocular 
disparity were rated significantly higher when compared to 
a static picture or motion parallax and therefore our main 
hypotheses were supported. Test subjects had not expected 
the system prototype to be such a natural and realistic 
representation of a real window.  

Author Keywords 
Artificial window, binocular disparity, windowless 
environment, virtual reality, stereoscopic imaging, viewing 
experience. 

ACM Classification Keywords 
H.5.1 [Multimedia 
Information Systems]: Artificial, augmented, and virtual 
realities; J.4 [Social and Behavioral Sciences]: Psychology.  

INTRODUCTION 
“Another criterion for successful window design might be a 
dynamic one - i.e. the amount of change in the view that 
takes place for a given change in the viewing position of the 
observer. As a result of this movement parallax not only do 

objects at a different distance within the view change their 
relative position but also the window-view relationship 

changes. This is why two-dimensional artificial windows, 
even when very carefully contrived, are unrealistic and 
soon cease to satisfy; they lack 'depth' within the view and 
the parallax of window aperture-view is also absent.” [11] 

In his 1967 study, Markus argued that artificial windows 
fail to satisfactorily substitute for real windows, because of 
the lack of three dimensional properties necessary for a 
realistic viewing experience – primarily, motion parallax. 
“Motion parallax is a depth cue from the change in relative 
position of objects as a result of movement. In simple 
terms, when one moves to the left in front of a window, 
scene view moves to the right with respect to the wall 
aperture.” [16] The goal of this research was to further 
explore three dimensional properties for a realistic viewing 
experience. Using binocular disparity as a depth cue, we 
wanted to create an artificial window with the illusion of 
true natural 3D imaging. Binocular disparity is known to be 
one of the strongest cues at a certain distance [14]. 
Binocular depth cues originate from the process known as 
stereopsis. “Stereopsis is the process in visual perception 
leading to the sensation of depth from the two slightly 
different projections of the world onto the retinas of our two 
eyes. Because each eye views the visual world from a 
slightly different horizontal position, each eye’s image 
differs from the other. Objects at different distances from 
the eyes project images in the two eyes that differ in their 
horizontal positions, giving the depth cue of horizontal 
disparity, also known as retinal disparity or binocular 
disparity.” [19]. The aim of this research was to experiment 
with binocular cues in creating a see-through experience. 
The virtual see-through experience refers to a scenario of 
that viewers observe a virtual scene on the display screen as 
if they were seeing the outside world through one or 
multiple windows [23]. 

RELATED WORK 

Windowless Environments 
Previous research from environmental psychology shows 
that human well-being suffers in windowless environments 
in many ways and a window view of nature is 
psychologically and physiologically beneficial to humans.  

 
 

Chi Sparks Conference proceedings 23 june 2011



 

Windows are strongly desired by those who lack them and 
people desire to sit close to windows [11]. Perceived 
pleasantness and spaciousness of rooms are strongly and 
positively affected by windows. Furthermore, windowless 
or underground environments can cause negative feelings, 
feelings of claustrophobia and loss of association with 
nature [13]. Nagy argued that 90% of female office workers 
in windowless environments were dissatisfied with the lack 
of windows and 55% also believed that it affected them and 
their work adversely, because of feelings of isolation, 
depression and tension. Of all window functions, daylight 
and a view to the outside are among the most important.  

Another line of research has shown that views of nature 
increase arousal, positive affect or feelings, interest and 
reduce negatively-toned feelings such as tension [21]. 
According to Kaplan (1993), a window view of only 
human-built elements is almost as bad as no view at all. 
This is important to consider in a world where urban areas 
are constantly expanding. Some guidelines are available 
from prior work in office settings, where shape and size of 
windows were manipulated using apertures [9]. Keighley 
(1973) argued that windows occupying less than 10% of the 
window wall were regarded as extremely unsatisfactory, 
whereas window sizes of 20% and larger were deemed 
most satisfactory. In addition, participants preferred a wide 
lateral scan, selecting wider windows over taller ones. A 
review on the effects of windows is available in [3].  

“Even though views onto natural scenes are known to be 
beneficial, the majority of the world’s population lives and 
works in increasingly urbanized environments, looking out 
of their windows onto other housing blocks or apartment 
buildings, shopping malls, parking lots and roads, or having 
no window view at all. In addition to urban home and office 
environments, a number of specialized environments exist 
in which access to a window view is limited or entirely 
absent. For example, in prison, many cells do not have a 
window view for control or safety reasons. In a number of 
hospital settings, such as intensive care units, patients only 
have a very limited view outside, if at all. It is important to 
mention that these particular environments can all be quite 
stressful to their inhabitants. In these situations an artificial 
window could potentially provide beneficial effects similar 
to those of real views.” [6] 

Virtual Windows 
“The ideal 3D virtual window uses auto-stereoscopic 
imaging in such a way that the viewer sees different images 
from different viewpoints” [16]. Unfortunately, auto-
stereoscopic displays at this time do not have acceptable 
cost, computational requirements, resolution, size or 
viewing angle. A simple workaround to simulate a 3D 
display is to restrict the number of viewers to a single 
viewer and render the scene based on that one viewer’s 
position. Such displays are called head-coupled displays 
and they primarily provide motion parallax. 

Radikovic (2004) hypothesized that an artificial window 
view of nature would elicit more positive mood responses 
than the static nature picture. A prototype system was 
created and evaluated to test the importance of motion 
parallax to the observer in a simulated window view. 
Evaluations show that it is a better window substitute than a 
static image, with stronger effect on human well-being and 
a good simulation of a window interface. “The artificial 
window compared to the static picture was more preferred, 
judged much more realistic, far more involving and a much 
better replacement”. 

Radikovic argued that in the future, an artificial window 
video with stereopsis would be an excellent replacement for 
a window in all single-person spaces with a limited view of 
nature, such as underground, underwater, outer space, or 
just strictly urban areas. “One could also control window 
views: perhaps a mountain meadow one day, park with 
flowers another or a tropical island yet another.” “Even for 
people with a view of nature, on a rainy day an artificial 
window could show a sunny view, or for people living 
close to the poles it could simulate normal day and night. 
The possibilities are endless.” 

Kahn et al (2007) investigated the physiological effects of a 
plasma display window, compared to a glass window or a 
blank wall. 90 participants (30 per group) were used in the 
experiment. Results showed that in terms of heart rate 
recovery from low-level stress the glass window was more 
restorative than a blank wall; in turn, a plasma window was 
no more restorative than a blank wall. Moreover, when 
participants spent more time looking at the glass window, 
their heart rate tended to decrease more rapidly; that was 
not the case with the plasma window. Furthermore, Kahn et 
al used only 2D video and did not consider any particular 
depth cues. 

IJsselsteijn et al. (2008) investigated the efficacy of three 
monocular depth cues, i.e., movement parallax, blur, and 
occlusion, in engendering a window-like “see-through 
experience”. They investigated whether in addition to 
movement parallax, other monocular depth cues could be 
usefully deployed in creating a window substitute, giving 
rise to a more convincing illusion that one is looking 
through a window at an outdoor scene, rather than at a flat 
image projected on the wall. Results indicate that all three 
cues have a significant main effect on the viewer’s see-
through experience, with movement parallax yielding the 
greatest effect size. One aspect that participants were 
missing however, was naturalness of the view. They 
thought this was caused by several factors, mainly, depth 
within the image. “Although motion parallax enhanced the 
depth impression, participants still had the feeling they 
were watching a 2D picture.” “The research reported here 
has only touched upon the investigation of three particular 
visual cues relevant to window simulations, many other 
sources of sensory information are of relevance in creating 
a convincing window substitute, such as stereoscopic 
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imaging, spatial audio characteristics, temperature, light, air 
quality, flow and olfactory cues, to name but a few.” 

Yuan (2009) describes a novel approach for creating virtual 
3D see-through experiences on large-size 2D displays. “The 
approach aims at simulating the real-life experience of 
observing an outside world through one or multiple 
windows.” Yuan created a virtual 3D scene which was 
placed behind the display in order to generate the see-
through experience. Viewers’ 3D positions and motion 
were tracked using IR cameras. The virtual scene was 
rendered by 3D graphics engines in real-time speed, based 
on the tracked viewer positions. A prototype system was 
implemented on a large-size tiled display and was able to 
bring viewers a realistic and natural 3D see-through 
experience. 

Other (commercial) approaches to virtual windows are for 
example the TESS Round Skylight, where semi-transparent 
photographs are placed in front of a light source to simulate 
a window in windowless medical facilities [20]. Another 
example is the SensoryScape panel, which provides 
multisensory stimulation, combining nature views, soothing 
sounds, and botanical aromas [18]. The above examples 
typically rely on transparent photo sheets with a light 
source placed behind them. Replacing content in these 
cases requires additional effort and can be time-consuming. 
Other manufacturers use electronic displays for the purpose 
of simulating window views. For example, the Armas 
Magic Window system, which links an array of eight TFT-
screens per window, enabling the user to change the content 
of each window view dynamically using a computer [1].  

Rationale of the Current Study 
The aim of the current study was to investigate if, in 
comparison to previous research, we could create a more 
convincing see-through experience using binocular 
disparity as a depth cue. A traditional 2D viewing 
experience as shown in Figure 1(a), will provide the viewer 
with the same image even when they are at different 
positions [7]. For a more realistic see-through experience 
depth cues like motion parallax, blur and occlusion are used 
[6,14]. Yuan (2009) created a see-through viewing 
experience as shown in Figure 1(b). A moving viewer will 
observe different parts of the scene that are visible through 
the window (defined as the visual cone). The viewers can 
observe that the scene is moving in the opposite direction 
using a form of motion parallax. Visual cues, including 

occlusion and relative motion, help to improve the viewer’s 
sense of 3D immersion and depth. Although these examples 
try to create a realistic viewing experience, using several 
(monocular) depth cues, one of the more important depth 
cues humans utilize in daily life, namely binocular 
disparity, is not taken into account.  

METHOD 
The goal was to investigate whether binocular disparity 
would contribute to the virtual see-through experience. 
Three research questions were investigated; “Does 
binocular disparity increase the see-through experience 
when compared to a static picture?”; “Does binocular 
disparity increase the see-through experience when 
compared to a simple form of motion parallax?”; and “Does 
the addition of special 3D glasses influence the see-through 
experience?”. 

Design 
An experiment was set-up where four conditions were 
evaluated: 1. Static Picture (SP), 2. Motion Parallax (MP), 
3. Binocular Disparity (BD), 4. Motion Parallax ‘and’ 
Binocular Disparity (MP+BD) (see Figure 2). A within-
subjects design was chosen to get a good overview of the 
relative effectiveness of each cue in engendering a window-
like see-through experience.  

Participants 
Fifty-six (56) persons participated in the experiment, with 
ages ranging between 18 and 42. From the fifty-six 
participants, fifty-three (53) (35 male, 18 female) were used 
in the actual result. One participant was biased because of a 
20% vision on one eye. Another participant did not fill in 
the complete answering form. Almost all participants were 
employees from Sony Netherlands. Besides persons from 
within the company, also persons from outside the company 
were asked to participate. In order to ensure unbiased 
results, participants with ‘and’ without glasses were used in 
the experiment. The measurements were analyzed to see if 
the special glasses needed to view binocular disparate 
images had any effect on the results. Figure 1. Traditional 2D and see-through 3D 

viewing experiences from: Yuan (2009). 

 

   

   
Figure 2. Schematic representation of the experimental 

design; four conditions varying in the presence of motion 
parallax, and the presence of binocular disparity. 
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Environment and Hardware 
The experiment was conducted in a dedicated room at Sony 
Netherlands. The virtual window prototype was created 
using a full high definition Sony Bravia KDL-52HX900 3D 
television. The 52 inch (132 cm) 3DTV was placed on a 
piece of furniture at a height of approximately 100 cm. A 
wooden window framework was constructed and placed in 
front of the display to create the illusion of a window 
(Figure 3). The displayed image was sent to the 3DTV 
using an HDMI connection on a Sony VAIO Z notebook, at 
a resolution of 1920 x 1080 pixels (side-by-side). The 
screen size was about 126 cm wide and 77 cm high. The 
virtual window thus covered about 20% of the wall size, 
approximately in line with Keighley’s (1973) 
recommendations regarding preferred window size. 
Furthermore, a table and two chairs were placed in the 
room at about 3,5 m distance from the virtual window. A 
camera tracking device was deployed to keep track of the 
participant’s head location. Custom software was 
engineered to retrieve the information from the participant’s 
location and to send the 3D images to the television. In a 
pilot experiment, the optimal gain factor was determined at 
0.50. During the experiments, the lighting level in the room 
was adjusted to ensure that the displayed view would 
appear brighter than the environment. 

 

 

Stimuli and Depth Cue Manipulations 
The experiment was set-up using a simple form of motion 
parallax. The first scene to be rendered contained a nature 
view with spatial openness, background scattered trees and 
other natural elements in line with Ulrich (1993) (see 
Figure 4). The second scene also contained some natural 
elements, however, some objects (trees) were positioned 
more in front of the viewer. According to Cutting & 
Vishton (1995), binocular disparity is one of the strongest 
cues at a certain distance until about 30 meters. The scenery 
was therefore chosen to have objects within this distance. 
Motion parallax was created by using high resolution video,  

 

 

 

 

 

 

 

 

 

 

of which the virtual window only showed a part. The 
picture was placed at some distance behind the window 
frame, such that viewpoint-dependent transformations 
differed between the window frame and the outside view as 
a whole. Tracked head movements of the participant 
resulted in matched translations of the image (the picture 
being moved in the same direction as the head to display 
the correct view), thus simulating motion parallax. 
Binocular disparity was implemented by using two high 
resolution (1920x1080) video sources (one for the left, and 
one for the right eye). These were taken on a professional 
3D-One CP-31 digital camera [24]. The 3D images were 
also placed at some distance behind the window frame, 
such that the depth within the image was more ‘behind’ the 
window than in front. 

Measurement 
Participants were asked to rate their “see-through 
experience”, which was defined as “the feeling that you are 
watching through a window, that is, the feeling that the 
view is beyond the ‘window’ instead of a slide of a 
window-view on the wall.” They were asked to mark their 
assessment on the scoring form using the visual analogue 
scale (VAS) [5] depicted in Figure 5. The VAS end points 
were defined as “Weak” and “Strong”. All VAS responses 
were measured with a ruler and entered into a spreadsheet. 
The full length of the scale was 100 mm. 

 

Figure 5. Visual Analogue Scale used to assess see-
through experience (original scale: 100 mm). 

 

Figure 3. 3D virtual window prototype and setup. 

 

Weak Strong 

Figure 4. Two different nature images used as a 
viewing scene. 
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Condition Mean Std. Deviation 

Scene 1   

Static Picture 29.09 22.13 

Motion Parallax 55.32 22.70 

Binocular Disparity 53.21 20.57 

Motion Parallax + 
Binocular Disparity 60.49 19.83 

Scene 2   

Static Picture 28.36 23.61 

Motion Parallax 56.58 22.53 

Binocular Disparity 49.40 20.92 

Motion Parallax + 
Binocular Disparity 59.94 19.26 

*Note: N = 53. 

Table 1. See-through experience ratings for each 
experimental condition* 

Procedure 
Upon entering the room, participants were seated behind a 
desk and received written instructions to put on the special 
3D glasses and to make moderate lateral head movements 
while viewing the scene. They were asked to watch “out” of 
the window, not directly at the frame. Once the participants 
finished reading the instructions, the experiment leader 
dimmed the light. Subsequently, a training session was 
presented with different examples of the monocular and 
binocular depth cues, to allow participants to get used to the 
setting as well as the task and to calibrate their use of the 
scale based on the range of variance between the different 
views. The experiment leader stayed in the room during the 
whole session to answer possible questions and to check 
whether the participants interpreted the instructions 
correctly. Participants were encouraged to use the full scale 
during the actual experiment. Then the experiment leader 
initialized the software and the participants commenced 
with the experiment. The order of the conditions was 
counterbalanced between participants. During the loading 
time of each new view, an inter-stimulus adaptation field 
(ISAF) was displayed to eliminate influence from a 
previous stimulus due to inheritance. Participants were 
offered a small token of appreciation (a cookie) for their 
time. The experiment lasted approximately 15 min. 

 
 
 

 

RESULTS 
An experiment was set-up where four conditions were 
evaluated: 1. Static Picture (SP), 2. Motion Parallax (MP), 
3. Binocular Disparity (BD), 4. Motion Parallax ‘and’ 
Binocular Disparity (MP+BD). The effects were measured 
using the visual analogue scale depicted in Figure 5. The 
average scores for the two images in each of the 
experimental conditions are reported in Figure 6; the 
average ratings for each individual frame in every 
experimental condition are reported in Table 1. 

Reliability Statistics 
According to Gift (1989), visual analogue scales are good 
measurements of subjective phenomena. In the current 
study the Cronbach alpha coefficient was .84, .80, .75 and 
.82 for respectively Static Picture, Motion Parallax, 
Binocular Disparity and Motion Parallax + Binocular 
Disparity. These values are above .7, so the scale can be 
considered reliable with our sample. 

Part 1 - See-through Experience 
In the first and main part of the scoring form, subjects rated 
their “see-through experience” for each of the four 
conditions. The distributions were checked and can be said 
to be normal for the MP, BD and MP+BD conditions. 
However, the normal distribution for the SP (Static Picture) 
condition was somewhat positively skewed. Nevertheless, 
paired-samples t-tests were conducted to evaluate the 
impact of binocular disparity on the reported see-through 
experience. According to previous research, when using 
sample sizes of 30+, violation of the normal assumption is 
unlikely to cause any serious problems. This resulted in a 
significant increase in see-through experience when 
comparing the SP (M=28.73, SD=21.27) to the BD 
[M=51.30, SD=18.56; t(52)=8.11, p<.0005] condition. The 
eta squared statistic (.56) indicated a large effect size. MP 
(M=55.95, SD=20.69) compared to the MP+BD condition 
[M=60.22, SD=18.04; t(52)=1.74, p=.08] almost reached 
significance. 
  
Additional analyses of simple effects between males and 
females were conducted (see Figure 7 and 8). A paired-
samples t-test separated for males indicated a significant 
increase in see-through experience when comparing the MP 

Figure 6. Mean scores and 95% confidence intervals for 
each of the four experimental conditions, averaged across 

participants and images. 
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(M=53.47, SD=21.62) to the MP+BD [M=60.89, SD=18.85; 
t(34)=2.71, p=.01] condition. The eta squared statistic (.18) 
indicated a large effect size. A paired-samples t-test for 
females indicated a non-significant decrease in see-through 
experience when comparing the MP (M=60.78, SD=18.38) 
to the MP+BD [M=58.92, SD=16.81; t(17)=0.40, p=.69] 
condition. The magnitude of the differences in the means 
was very small (eta squared=.009).   

 
 

 

 
 

 

 

 

 

 
 

Gender Differences 
An independent-samples t-test was conducted to compare 
the overall see-through experience scores for males and 
females. There was no significant difference in scores for 
males (M=60.89, SD=18.85) and females [M=58.92, 
SD=16.81; t(51)=0.37, p=.71] for the condition with 
MP+BD. The magnitude of the differences in the means 
was very small (eta squared=.003). This also counts for the 
other conditions where there was no significant difference 
found. 

Differences in Wearing Glasses 
Another independent-samples t-test was conducted to 
compare the see-through experience scores for people with 
and without glasses. There was no significant difference in 
scores for people with glasses (M=60.74, SD=16.34) and 
people without glasses [M=59.93, SD=19.16; t(51)=0.16, 
p=.88] for the condition with MP+BD. The magnitude of 
the differences in the means was very small (eta 
squared=.0005). This also counts for the other conditions 
where there was no significant difference found. 

Part 2 - Estimating Distance 
In the second part of the scoring form, subjects were asked 
to estimate the distance between two trees in the first scene 
and a garden seat and a waste bin in the second scene. Both 
for the MP and the MP+BD condition. Figure 9 shows the 
mean ratings (in meters) for the objects in the two 
conditions. A paired-samples t-test was conducted to 
evaluate the impact of binocular disparity on participants’ 
distance estimates. There was a statistically significant 
increase in distance estimates when comparing the MP 
(M=3.95, SD=2.13) to the MP+BD condition [M=5.25, 
SD=2.12; t(52)=5.94, p<.0005]. The eta squared statistic 
(.40) indicated a large effect size. 

 

 
 

 

Figure 9. Mean distance ratings and 95% confidence 
intervals for the MP and MP+BD experimental conditions, 

averaged across participants and images. 

 

Figure 7. Mean scores and 95% confidence intervals for 
each of the four experimental conditions, averaged across 

images and separated for males. 

 

Figure 8. Mean scores and 95% confidence intervals for 
each of the four experimental conditions, averaged across 

images and separated for females. 
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Gender Differences 
An independent-samples t-test was conducted to compare 
the distance estimates for males and females. The mean 
ratings for the MP and MP+BD condition, separated for 
males and females, are depicted in Figure 10. There was a 
significant difference in scores for males (M=4.45, 
SD=2.35) and females [M=2.99, SD=1.15; t(51)=3.03, 
p=.004] for the condition with MP. The eta squared statistic 
(.15) indicated a large effect size. There was also a 
significant difference in scores for males (M=5.82, 
SD=2.17) and females [M=4.15, SD=1.54; t(51)=2.89, 
p=.006] for the condition with MP+BD. The eta squared 
statistic (.14) also indicated a large effect size. 

METADATA AND GUIDELINES 
In addition to the above results we did some further analysis 
of the data. During the experiment it appeared that not all 
people used the answering scale in the same way. Most 
people did use the full scale while some did not. This means 
that formally the raw scores should be normalized within 
participants before analysis. This was done by subtracting 
‘the average within the participant’ from the score and then 
divide the result by the standard deviation. Figure 11 shows 
the normalized scores for each of the four experimental 
conditions averaged across participants and images. When 
visually comparing Figure 11 and Figure 6 only minimal 
differences are found. A paired-samples t-test of the 
normalized scores confirmed this. The same main effects 
were significant with only marginal differences in p-values. 
However, when conducting an independent-samples t-test 
once more to compare the overall see-through experience 
scores for males and females, an almost significant 
difference was found in scores for males and females 
(p=.06) for the condition with MP+BD. This means there 
was a difference in see-through experience scores for males 
and females, although we could not confirm this with 

the raw data. Figures 7 and 8 clearly illustrate some 
differences between the MP and MP+BD conditions. Males 
rated the MP+BD condition significantly higher than the 
MP condition. Females did somewhat the opposite. They 
rated the MP condition as highest and the MP+BD 
condition somewhat lower. This could possibly be 
explained by looking  at some additional comments. After 
the experimental session subjects were asked to give some 
additional comments according to a think-aloud protocol. 
They were asked what they thought about the experiment 
and why they rated a particular view as ‘weak’ or ‘strong’. 
In the following section we briefly summarize their 
comments. 

Participants did not expect this to be such a realistic and 
natural representation. Participants indicated that the 
translation of the image according to head movements was 
the most important manipulation, then the addition of depth 
within the image and then a dynamic image. They 
mentioned that the addition of binocular disparity increased 
the feeling of watching ‘through’ a window. They also 
emphasized the importance of a dynamic image. At some 
times participants experienced the static picture conditions 
as a still image. We recommend to amplify the dynamics of 
an image in a virtual window experience. Furthermore, 
some participants were more focused on the motion 
parallax manipulation than on the depth within the image 
and vice-versa. Also, some (female) participants judged the 
images with binocular disparity as ‘blurry’ when compared 
to the other conditions. This was a known problem of the 
camera footage we had available. The right eye camera 
image was shot a little out-of-focus. This resulted in a less 
stronger rating. Another strange side-effect: apparent 
‘movement of the image’ appeared, when subjects made 
lateral head movements in the binocular disparate 
conditions. This caused the BD condition to be rated a bit 

Figure 10. Mean distance ratings and 95% confidence 
intervals for the MP and MP+BD experimental conditions, 

separated for males and females. 

 

Figure 11. Normalized mean scores and 95% confidence 
intervals for each of the four experimental conditions, 

averaged across participants and images. 
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higher. Normally, only the MP and MP+BD conditions 
should contain a form of motion parallax. This side-effect 
also caused a sort of motion parallax and thus the BD 
condition was rated too high. Participants found the 
experiment pretty ‘enjoyable’ and thought it could best be 
used in areas such as hospitals, waiting and conference 
rooms and shopping malls in order to create a certain 
atmosphere. However, participants found it difficult to 
judge the different views. We also noted that participants 
strongly focused on one of the different aspects of judging 
the see-through experience. Some participants were more 
focused on the motion parallax manipulation and therefore 
judged the conditions without motion parallax a bit weaker. 
Other participants were more focused on the depth within 
the image and therefore they rated the BD and MP+BD 
conditions higher. Again other participants were more 
focused on the ‘sharpness’ of the image and therefore 
judged the conditions with binocular disparity as weaker. 
One participant for example found the MP condition to be 
‘brighter’ and ‘sharper’ than the conditions with binocular 
disparity. We recommend to use different scales for each of 
the different aspects of rating the see-through experience. 
Different weights could then be assigned to each of the 
aspects and finally the combination could form a total 
score. The validity of this approach should of course be 
investigated. Finally, participants also thought the effect of 
depth within the image was ‘too strong’ for the BD and 
MP+BD conditions. They said this made the view too 
‘unreal’. This issue should be investigated further. Possibly, 
some camera-vergence adjustments can solve this problem. 
Another important element to consider when working with 
special 3D glasses is lighting. Participants found the scenes 
with binocular disparity to have more ‘reflection’. The 
environment in which the experiment was located contained 
tubular lighting. The frequency of these lights caused 
flickering in the glasses when viewing the different scenes. 
This had a negative effect on the see-through experience 
scores for the BD and MP+BD conditions. Future research 
should take this into account.  

Besides the above statistical analysis, an additional analysis 
was conducted to see if there was a relationship between 
judging the see-through experience and estimating 
distances. Possibly, people with high see-through 
experience scores gave higher ratings when estimating 
distances and vice-versa. A Pearson product-moment 
correlation indicated no significant relationship between the 
two variables. We also conducted all of the above analysis 
using non-parametric alternatives, because for example the 
distribution for the SP (Static Picture) condition was not 
normal. The distributions for the MP, BD and MP+BD 
conditions can be said to be reasonably normal. Non-
parametric alternatives such as the Wilcoxon Signed Rank 
Test and the Spearman’s Rank Order Correlation did not 
show any significant differences. 

CONCLUSION AND DISCUSSION 
In his 1967 study, Markus argued that artificial windows 
fail to satisfactorily substitute for real windows, because of 
the lack of three dimensional properties necessary for a 
realistic viewing experience – primarily, motion parallax. 
This paper presents an investigation on the efficacy of 
binocular cues in creating a see-through experience with a 
virtual window. The goal was to further explore three 
dimensional properties for a realistic viewing experience. 
Binocular disparity was selected on the basis of an analysis 
of the role this cue is thought to play in the visual 
perception of humans in daily life. Binocular disparity is 
known to be one of the strongest cues at a certain distance. 
Additionally, in previous investigations concerning virtual 
windows, they tried to create a realistic viewing experience 
using only ‘monocular’ depth cues. Results from those 
investigations indicate that participants were still missing 
‘depth’ within the image. By adding binocular disparity in a 
virtual window experience, it should give the impression of 
more depth within the scene and therefore enhance the ‘see-
through experience’. Thus, we expected the BD (Binocular 
Disparity) condition to increase the see-through experience 
when compared to a SP (Static Picture). Similarly, we 
expected the MP+BD (Motion Parallax ‘and’ Binocular 
Disparity) condition to increase the see-through experience 
when compared to the MP (Motion Parallax) condition. 

An experiment was set-up where four conditions were 
evaluated; 1. Static Picture, 2. Motion Parallax, 3. 
Binocular Disparity, 4. Motion Parallax ‘and’ Binocular 
Disparity. A within-subjects design was chosen, because 
judging the see-through experience of a virtual window is 
quite a difficult task in a between-subjects setting. A 
comparative setting (i.e., within subjects) allowed us to get 
a good overview of the relative effectiveness of each cue in 
engendering a window-like see-through experience. The 
results indicate that Binocular Disparity had a significant 
main effect on the see-through experience. Binocular 
Disparity increased the see-through experience significantly 
when compared to a Static Picture. Participants clearly 
found the condition with Binocular Disparity the more 
realistic see-through experience. This was also indicated by 
the large effect size. The condition with Motion Parallax 
‘and’ Binocular Disparity also increased the see-through 
experience when compared to a simple form of motion 
parallax, however, not significantly. Further analysis 
indicates a significant increase, however, only for males. 
This could be because the male subjects from Sony 
Netherlands were more into the 3D technologies and were 
therefore more focused on the depth within the image than 
the female subjects. A longitudinal study could give some 
better indications of the differences between the viewing 
conditions and the differences between males and females.  
In the second part of the experiment, subjects were asked to 
estimate the distance between several objects, both for the 
MP and the MP+BD condition. The results indicate a 
significant increase in distance estimates for the MP+BD 
condition. In other words, the addition of Binocular 
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Disparity increased the see-through experience, i.e., 
subjects could actually ‘see more’ and had a better 
perception of the distance between objects. These findings 
are in line with our own expectations as well as prior work 
(Ware et al., 1993). What is particularly notable is that 
males have higher distance ratings than females (as seen in 
Figure 10). From the results, we can conclude that males 
can better estimate distances than females. We also looked 
at the addition of special 3D glasses on the reported see-
through experience. We expected the special 3D glasses to 
possibly influence the see-through experience. The results 
indicate no significant differences in scores for people with 
and without glasses. Therefore we can conclude that people 
who were not accustomed to wearing glasses, were not 
influenced by wearing the special 3D glasses. To 
summarize; the viewing conditions with binocular disparity 
were rated significantly higher when compared to a static 
picture or motion parallax and therefore our expectations 
were supported. Although there were many limitations of 
the current study, binocular disparity increased the see-
through experience significantly. However, the largest 
effect was produced by the motion parallax condition, in 
line with our own expectations as well as those from 
Markus (1967) and IJsselsteijn et al. (2008). Similarly to 
IJsselsteijn et al., the motion parallax effect was highly 
significant even though the implementation of motion 
parallax was a simplified one, only transforming the 
relationship between the window frame and the outside 
view, without transforming the relation between objects 
contained within the view.  

Overall, this is a promising result. Adding binocular 
disparity in a virtual window experience gives the 
impression of more depth within the scene and therefore 
enhances the ‘see-through experience’. This experiment can 
be considered as one of the first steps towards involving 
binocular disparate cues in virtual window simulations. 
Moreover, evidence has been found which shows it is worth 
investigating this even further. Future research can build 
upon the provided guidelines when implementing binocular 
disparate cues. 

Limitations of the Current Study 
Besides the limitations mentioned in the ‘Metadata and 
Guidelines’ section, there were some additional limitations 
of the current study which influenced the results one way or 
another. The most important limitation was the use of 
special 3D shutter glasses to view the binocular disparate 
images, because at this time auto stereoscopic displays were 
not available. During the experiment participants tended to 
bend their head a little while making the lateral head 
movements to view the scene. Bending the head caused one 
of the side-effects of 3D glasses, which is a difference in 
contrast because of the limited viewing angle. Not only 
does this cause a decrease in contrast, the binocular 
disparate cues are also lost. Another effect known as 
‘crosstalk’ appeared while viewing the binocular disparate 
images, which is one of the biggest drawbacks of active 

shutter glasses. Crosstalk refers to the ghosting of images 
when the right eye sees some residue of the image intended 
for the left eye and vice-versa.  

FUTURE RESEARCH 
When we look at the results reported in this paper, it would 
be interesting to investigate the application of a virtual 
window in places like hospitals, waiting and conference 
rooms and shopping malls. Future research should look at 
minor changes in the actual implementation. One of the first 
steps would be to implement true ‘auto stereoscopic’ 
imaging to remove the limitations of the current 
technology, which is the need of special 3D glasses. A 
second step would be implementing stereoscopic imaging 
for the tracking part, such that the viewer’s position is 
measured on more than two dimensions, which can then be 
translated to a third dimension in the presented image. 
Other steps would be minor changes in for example the 
used stimuli. It is particularly important to consider the 
vergence distance when recording images with a 3D 
camera. An incorrectly set vergence plane can cause 
flowers to come ‘through’ the window. With virtual 
windows it is particularly important to have the view 
‘behind’ the window. In future research, live cameras could 
show live 3D images from exotic nature scenes all around 
the world. When future virtual windows will integrate 
advanced forms of motion parallax rendering such as used 
by Radikovic et al. (2005), combined with the strength of 
binocular disparate cues, a true virtual window will arise.  
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