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bstract. The term “image quality” is often used to describe the
erformance of an imaging system. Recent research showed how-
ver that image quality may not be the most appropriate term to
apture the evaluative processes associated with experiencing
hree-dimensional (3D) images. The added value of depth in 3D
mages is clearly recognized when viewers judge image quality of
nimpaired 3D images against their two-dimensional (2D) counter-
arts. However, when viewers are asked to rate image quality of

mpaired 2D and 3D images, the image quality results for both 2D
nd 3D images are mainly determined by the introduced artifacts,
nd the addition of depth in the 3D images is hardly accounted for.
n this article we describe an experiment where we applied and
ested two alternative evaluative concepts: naturalness and viewing
xperience. It was hypothesized that these concepts would be more
ensitive to the added value of depth in 3D images. Four scenes
ere used, varying in dimension (2D and 3D) and noise level (six

evels of white Gaussian noise). Results showed that both viewing
xperience and naturalness were rated higher in 3D than in 2D
hen the same noise level was applied. Thus, the added value of
epth is clearly demonstrated when the concepts of viewing experi-
nce and naturalness are being evaluated in contrast to earlier re-
ults found using image quality. The added value of 3D over 2D,
xpressed in noise level, was 2 dB for viewing experience and 4 dB
or naturalness, indicating that naturalness appears the more sensi-
ive evaluative concept for demonstrating the psychological impact
f 3D displays. © 2008 Society for Imaging Science and
echnology.
DOI: 10.2352/J.ImagingSci.Technol.�2008�52:2�020504��

NTRODUCTION
ince the introduction of the television, much has been done
o improve the overall experience of viewers. Improvements
n picture quality, sound quality, and increasing involvement
ased on larger screen sizes have contributed to a better
verall viewing experience. A logical next step is the intro-
uction of three-dimensional (3D) content. Proponents of
D-TV have argued that it will bring the viewer a whole new
xperience, a fundamental change in the character of the
mage, not just an enhancement of quality.1,2

Stereoscopy is the major depth cue and occurs because
he human eyes are horizontally displaced in the head, re-

eceived Dec. 10, 2005; accepted for publication Nov. 23, 2007; pub-
ished online Apr. 2, 2008.
p062-3701/2008/52�2�/020504/5/$20.00.
ulting in a slightly different image for each eye. The brain
uses these different images to one image and extracts depth
nformation from the difference between the two.3 Different
echnologies exist for rendering the binocular depth cue
rom two-dimensional (2D) images.4 Most common is the
ystem where lenticular lenses are used to direct the images
o the appropriate eye. These systems can be viewed without
he use of an optical device (unaided viewing) and are called
uto-stereoscopic systems. Another technique displays left
nd right images on the screen in a different color or a
ifferent polarization and red-green color filters or polarized
lters in glasses are used to determine which image should
e received by which eye. These systems, where the viewer
eeds to wear an optical device, are known as aided viewing.

Comparisons between television sets are done quite
egularly on perceptual and/or technical aspects to deter-

ine where to put future investments. The performance of a
D television system is often evaluated using 2D image qual-
ty models.5 Perceived image quality is considered to be a

ultidimensional attribute. Earlier research in this area de-
ned some dominant perceptual factors affecting 2D image
uality, for instance, blur, brightness, color, blockiness, or
oise. Psychophysical scaling experiments are used to quan-

ify the strengths of these artifacts. People use perceptual
ules to combine the measured strengths into a prediction of
he overall image quality. Perception research in the area of
D-TV has shown that the 2D Image Quality Circle model
s proposed by Engeldrum is not adequate to measure the
dded value of depth since the depth reproduction is not
ncorporated in the perceived image quality.6,7

Therefore, we need a higher level concept that takes into
ccount the image quality as well as the added value of
epth. In this study, we evaluated the concepts’ viewing ex-
erience and naturalness in order to check whether these
oncepts take both the image quality of the image as well as
he added value of depth into account. The concept natural-
ess was originally introduced to determine the perceived
uality of color reproduction. The concept is often defined
s perceptual realism which is believed to have a depth com-

onent as well as a quality component. The concept of view-
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ng experience is defined as the users’ perceptual and cogni-
ive experience of the entire application. In addition, our
xperiments served to calibrate the sensitivity of these con-
epts in relation to each other in terms of their response
attern to increasing levels of noise introduced in the 2D
nd 3D images. This method also allows us to quantify the
otential stereoscopic advantage in terms of dB noise level.

ETHOD
esign
he experiment had a mixed design with image (four im-
ges), dimension (2D versus 3D), and noise (six levels) as
ithin subject factors, and the two different evaluation con-

epts (naturalness and viewing experience) tested between
ubjects.

bservers
hirty observers working in a research environment (includ-

ng some graduate students) participated in the experiment.
wenty observers participated in the experiment evaluating
iewing experience and ten observers participated in the ex-
eriment evaluating naturalness. All participants had a vi-
ual acuity of �1 (as tested with the Landolt-C test) and
ood stereo vision, �30 s of arc (as tested with the Randot
tereo test). The viewing distance was 1.5 m.

aterials
quipment
20� Philips nine-view autostereoscopic display was used in

his experiment. The advantage of this display, besides 3D
iewing without glasses, is the support of motion parallax
laterally) enabling viewers to look around objects by mov-

igure 1. Panel �a� shows an observer watching a set of objects. The
iewing window is divided in nine different perspective views in panel
b�. In this experiment the nine different views were generated by using
ine different cameras as shown in panel �c�. The screen displays the nine
ifferent views in a viewing zone in panel �d�.
ng their head. Figure 1 explains the basic principle. Figure n

20504-2
(a) shows an observer watching a set of objects. The left
nd right eye both receive a different view of the scene. By
oving the head, the observer receives different views of the

cene enabling him to see nine different views. Figure 1(b)
hows the same viewing window, but this time for practical
easons divided into a finite set of horizontal frames. When
roperly positioned, each eye receives a view from a different

rame, thereby preserving disparity. When moving the head,
oth eyes will shift to a different view, resulting in perceived
otion parallax, but with a reduced amount of views. In a

ractical setup, nine different views were generated using
ine cameras [Fig. 1(c)] and these nine views were inte-
rated in a multi-view autostereoscopic display [Fig. 1(d)]. A
et of nine successive views is called a viewing zone and
epetition of this viewing zone enables multiple viewers to
atch 3D. Figure 2 shows three zones consisting of
ine views each. The resolution of the display was
600�1200 pixels and the optics were optimized for a
iewing distance of 1.5 m. Custom built software was used
o display the image material on the Philips multi-view
utostereoscopic display.

timuli
he image material used in this experiment consisted of four

till images, Minibeamer, Puzzle, Rose, and Shaver, recorded
ith a nine camera setup. The advantage of recording all the
iews with nine cameras instead of converting a 2D image
nto nine views, is that all required information is available
nd no distortions due to limited depth information are
ntroduced in the 3D material. Displaying the nine views on
he multi-view autostereoscopic display resulted in 3D per-
eption of the image because each eye receives a different
iew with a different perspective. The 2D situation was
imulated by implementing the middle view (view five) into
ll nine views. In this case, the observer always perceives the
ame image on both eyes, resulting in 2D perception. The

iddle view (camera five) of each image is shown in Figure
.

Since our main goal was to quantify the added value of
epth through the concepts viewing experience and natural-

igure 2. Three viewing zones consisting of nine different perspective
iews each. The repetition of viewing zones enables multiple viewing.
ess in terms of the affordable loss in image quality, an

J. Imaging Sci. Technol. 52�2�/Mar.-Apr. 2008
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ppropriate image distortion had to be chosen. Artifacts like,
or instance, blurring, blocking, and ringing appear in differ-
nt forms on different TV systems and their visibility de-
ends on image content. Additive noise, however, seems to
anifest itself in the same way over many different systems,

nd in principle, is image independent. It can be modeled as
he image f�i , j� being the sum of the true image s�i , j� and
he noise n�i , j�. The model is shown in Eq. (1)

f�i,j� = s�i,j� + n�i,j�. �1�

The noise is modeled with an independent, additive
odel, where the noise n�i , j� has a zero mean �x=0� Gauss-

an distribution described by its standard deviation ���, or
ariance ��2�. This means that each pixel in the noisy image
s the sum of the true pixel value and a random, Gaussian
istributed noise value. The additive noise is evenly distrib-
ted over the frequency domain (i.e., white noise). The
hite Gaussian noise impairment was implemented using

he MATLAB image noise filter with five levels of noise
x=0, �2 =0.00125, 0.0025, 0.005, 0.01, 0.02). An increasing
2 parameter produced more noise in the images. Figure 4

hows the four scenes with additive noise (x=0 and
2 =0.02).

rocedure
he experiment consisted of two sessions: one for measuring
iewing experience and one for measuring naturalness. In
oth sessions exactly the same setup was used. The observers
ere given a brief instruction about the experiment on paper

s well as a definition of the concepts’ naturalness and view-
ng experience (see Introduction). Any remaining questions
ere answered and subsequently a short training session was

onducted. The training session allowed the participants to
et used to the setting as well as the tasks. In the training, six
till images were presented with different noise levels, includ-
ng the extremes used in the actual experiment. The observ-

igure 3. The four panels show the original scenes Minibeamer, Puzzle,
ose, and Shaver.
rs were asked to rate viewing experience and naturalness on f

. Imaging Sci. Technol. 52�2�/Mar.-Apr. 2008
scale labeled with the adjective terms [bad]-[poor]-[fair]-
good]-[excellent] according to the ITU8 recommendation
or subjective quality assessment. Participants were free to

ark their assessment anywhere on the vertical rating scale.
he order in which the images appeared was randomized

hroughout the experiment and each image was evaluated
wice. The images were displayed for 10 s followed by a gray
eld for 3 s. In total, 20 participants had to indicate their
iewing experience 96 times [4 images �6 distortion levels
original +5 noise impairment levels) �2 conditions (2D
nd 3D) �2 (repetition)]. Exactly the same setup was used
or the naturalness ratings, only this session was done by 10
ifferent participants. The lighting conditions of the room
ere constant for all participants and the level of light in the

oom was 25 lux, measured perpendicular to the display in
he direction of the viewer.

ESULTS
igure 5 shows the mean ratings for viewing experience av-
raged over the four images. On the horizontal axis the dif-
erent noise levels are presented (increasing noise along the
otrizontal axis). The vertical axis represents the averaged
alues for viewing experience, from bad to excellent. The
wo lines in the figure represent the dimensions 2D and 3D.
rror bars reflect the standard error of the mean.

A multivariate analysis of variance (ANOVA) (with
oise, Image, and Dimension as factors) was carried out on

he raw subjective ratings to test the main effects and inter-
ctions for statistical significance. The results revealed sig-
ificant main effects of Image (F�3 ,17�=6.413, p�0.01),
imension (F�1 ,19�=5.251, p�0.05), and Noise

F�5 ,15�=46.521, p�0.001) on the viewing experience rat-
ngs. No significant interactions between Image, Dimension
nd Noise were found. Figure 5 clearly shows the main effect
f a decreasing viewing experience with increased noise level

igure 4. Noise impaired scenes Minibeamer, Puzzle, Rose, and
haver.
or both 2D and 3D images. The viewing experience of 3D

020504-3
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mages is rated systematically higher than for 2D images for
ll noise levels explaining the main effect of Dimension. The
ain effect of Image was mainly caused by different parallel

hifts in the four images, but the main effects of Noise and
imension were clearly visible in all images. The difference

n viewing experience between 2D and 3D for a given noise
evel is equivalent to a difference in noise level of around

dB. Thus, 3D images with 2 dB more noise than their 2D
ounterparts result in an equal viewing experience. So, the
valuation term viewing experience takes into account the
dded value of depth, as this is the only difference between
he 2D and 3D images.

Figure 6 shows the mean ratings for naturalness aver-
ged over the four images. On the horizontal axis the differ-
nt noise levels are presented (increasing noise along the
orizontal axis). The vertical axis represents the averaged
alues for naturalness from bad to excellent. The two lines in
he figure represent the dimensions 2D and 3D. Error bars
eflect the standard error of the mean.

A multivariate ANOVA (with Noise, Image, and Dimen-
ion as factors) was carried out on the raw subjective ratings
o test the main effects and interactions for statistical signifi-
ance. The results revealed only significant effects of Dimen-
ion (F�1 ,19�=9.448, p�0.013) and Noise
F�5 ,15�=16.285, p�0.004) on naturalness ratings. No sig-
ificant interactions between Image, Dimension, and Noise
ere found for any of the subjective ratings. Figure 6 clearly

hows the main effect of a decrease in naturalness with in-
reasing noise level for both 2D and 3D images. The natu-
alness of 3D images is rated higher than for 2D images for
ll noise levels explaining the main effect of Dimension. The
ifference in naturalness between 2D and 3D is around
dB, when expressed in an equivalent difference in noise

evel.
Figures 5 and 6 both show that noise considerably de-

igure 5. Mean viewing experience ratings averaged over all scenes.
he horizontal axis represents the original image �org� and five noise
mpaired images �PSNR� and the vertical axis represents the subjective
atings for viewing experience. The lines in the figure represent the dimen-
ionality �2D and 3D�.
reases viewing experience and naturalness ratings for both d

20504-4
he 2D and 3D cases. Furthermore, both figures show a
igher score for the 3D mode than for the 2D mode, which

mplies that both viewing experience and naturalness take
nto account the added value of depth. The difference be-
ween 2D and 3D is larger for naturalness than for viewing
xperience, which implies that the added value of depth is
aken more into account in naturalness than in viewing ex-
erience. The fact that the difference between 2D and 3D
atings remains constant over all the noise levels suggests
hat the perceived depth is independent of the noise level.

ISCUSSION
ur results show that both viewing experience and natural-
ess are sensitive image evaluation concepts when it comes

o measuring the added value of stereoscopic depth as well
s the image quality (in this case noise). Earlier studies dem-
nstrated that when participants are asked to rate image
uality in impaired stereoscopic images, the added value of
epth is hardly taken into account, if at all. However, when
sking observers to assess viewing experience or naturalness,
hey do not only assess the level of impairment (in our case,
he induced noise level), but also other aspects in the image,
uch as depth, which is illustrated by the fact that there are
wo distinctive lines for the assessment of 2D and 3D im-
ges. So, the added value of depth is taken into account
hen observers are assessing viewing experience, and even
ore so when they are assessing naturalness (see Figs. 5 and

).
The results of the multivariate ANOVA tests show that

oth Noise and Dimension significantly affect viewing expe-
ience and naturalness. For viewing experience Image also
ad a significant influence (vertical shift of the 2D and 3D

ine), but the added value of depth as measured by viewing
xperience was clearly recognized in all four images.

The method applied to quantify the added value of

igure 6. Mean naturalness ratings averaged over all scenes. The hori-
ontal axis represents the original image �org� and five noise impaired
mages �PSNR� and the vertical axis represents the subjective ratings for
aturalness. The lines in the figure represent the Dimension �2D and 3D�.
epth expressed in noise level yields an appropriate and use-

J. Imaging Sci. Technol. 52�2�/Mar.-Apr. 2008
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ul measure. The potential stereoscopic advantage can thus
e quantified in terms of dB noise level. The difference in
iewing experience and naturalness between 2D and 3D im-
ges expressed in noise level is, respectively, 2 dB and 4 dB.
n other words, more noise is allowed in 3D images (respec-
ively 2 dB and 4dB) for an equal viewing experience and
aturalness of 2D and 3D images.

The results in Figs. 5 and 6 show a remarkably linear
nd thus predictable behavior, while being quite stable (low
rror) within the chosen stimulus set. Apparently observers
re well capable of assessing the image impairment and
dded value of depth in the range used in this experiment.

Thus, quantifying naturalness or viewing experience by
eans of introducing a controlled impairment, such as

oise, and expressing the results in units of this impairment
ields a sensitive and reliable metric. Although the first re-
ults are very encouraging, more insight into the behavior of
iewing experience and naturalness in combination with dif-
erent types of 2D and 3D artifacts as well as moving 3D

aterial will be needed. Future research could determine to

hat extent the underlying aspects of viewing experience

. Imaging Sci. Technol. 52�2�/Mar.-Apr. 2008
nd naturalness are accountable for the difference in assess-
ent of 2D and 3D images.
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