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Summary 

For a good introduction of 3D-tv in the public market it is argued that the users' visual 
experience needs to be at least as good as conventional tv. Measuring the quality of 3D 
content is the first step in measuring the full visual experience of 3D-tv. The conventional 
subjective attribute for measuring the quality of conventional displays is image quality. 
This attribute, however does not incorporate the added value of the third dimension of 3D 
displays, namely depth. Other attributes (naturalness, viewing experience and presence) 
have been proposed that depend on the image quality and also incorporate the added value 
of depth; the most appropriate attribute weighs depth the most in addition to image quality 
and can differentiate the best between different levels of image quality and depth. Research 
consistently revealed naturalness as the most appropriate attribute. Lambooij et a1. (2005) 
and Seuntiens (2006) described a 3D quality model in which image quality and depth serve 
as weighted attributes of naturalness. However, because datasets were sometimes 
ambiguous and only a few attributes of image quality were taken into consideration, it 
remains uncertain how and to what extent image quality and depth influence naturalness. 
Even more, an important attribute of image quality, namely color has not been examined to 
date. Another problem is that the research has been done on different 3D displays, while it 
is unknown if naturalness, image quality and depth are perceived the same on different 3D 
displays. Two experiments are conducted to validate the model and resolve these issues. In 
both experiments the participants assess the perceived image quality, perceived naturalness 
and perceived depth of 2D and 3D images with different levels of image quality and depth. 
Different depth levels are created by varying the screen disparity. The image quality is 
varied with different artifacts: Gaussian blur in the first experiment and chroma 
manipulation in the CIELab color space in the second experiment. 
The settings of the first experiment make a direct comparison between the experiment of 
van Vugt (2007) conducted on a 2-view mirror 3D display and our experiment on a 9-view 
auto stereoscopic display of Philips possible. Results for perceived naturalness, perceived 
image quality and perceived depth are very similar for both displays, which implies that 
research on different 3D displays can be coupled to substantiate the 3D quality model. It 
also implies a more generalisable model, which is display-independent. The amount of 
screen disparity allowed while maintaining a high image quality is however display 
dependent; disparity induced blur is perceived in the content with high disparities only on 
the 9-view display, mainly because of the high levels of crosstalk. The results of both 
experiments reveal that the naturalness attribute is a good attribute to evaluate 3D quality; 
it takes the added value of depth into account and can differentiate between different levels 
of image quality and depth. The naturalness attribute takes the added value of depth into 
account even when 3D artifacts are perceived. Furthermore, the results indicate that the 
naturalness attribute is appropiate to evaluate both natural and unnatural stereoscopic 
images. Within certain boundaries the image quality is not influenced by the introduced 
depth, and also the added value of the depth is not influenced by the image quality 
artifacts. Based on these results, naturalness is modelled with a regression analysis as a 
weighted sum of perceived image quality and perceived depth. For both experiments 
naturalness can be considered as existing for approximately 80% of image quality and 20% 
of perceived depth. For chroma manipulated 2D and 3D images there is a small, but 
significant shift between image quality and naturalness, i.e. , preference in image quality is 
shifted to more colorful images with regard to preference in naturalness. 
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Chapter I Introduction 

1 Introduction. 

Three dimensional television (3D-tv) has become a widespread application that will 
become available for the public consumer market in the near future. 3D-tv allows people to 
watch content in three dimensions, i.e., not only on the display, but also in front and behind 
the display. Proponents of 3D-tv argue that "it will bring the viewer a whole new 
experience, a fundamental change in the character of the image, not just an enhancement of 
the quality" (IJsselsteijn, 2004, p. 68). 
To assure to some degree a good introduction in the market the users' visual experience 
must be at least as good as conventional television. Users' visual experience is evaluated 
perceptually by subjective assessment methods. The subjective evaluation criterion most 
often used for conventional two dimensional (2D) displays is the multi-dimensional 
attribute image quality; it enables engineers to enhance and optimize their systems and can 
be regarded as one of the most important considerations of customers in purchasing a 
display product. Recent research, however, revealed that the attribute image quality as an 
evaluation criterion does not incorporate the added value of the third dimension of 3D-tv, 
namely depth. Other higher level attributes have been proposed to measure 3D quality that 
do not only depend on the image quality of the content, but also incorporate the added 
value of depth. 
Seuntiens, Heynderickx and IJsselsteijn (2005a) and Lambooij, IJsselsteijn, Heynderickx, 
and Seuntiens (2005) applied viewing experience, naturalness and presence as evaluation 
criteria. Based on a model in which image quality and depth served as weighted attributes 
for these evaluation criteria, they proposed that a suitable evalution metric for 3D-tv should 
incorporate depth, as well as be sensitive to image quality impairments (e.g., blur, noise) 
and could differentiate the best between different levels of perceived image quality and 
perceived depth. Different experiments revealed naturalness as most appropriate; it 
weighted depth the most and showed the best differentiation between different levels of 
perceived image quality and perceived depth . However, datasets were sometimes 
ambiguous and only a few attributes of image quality were taken into examination. Even 
more, the model was based on experiments performed on different stereoscopic systems, 
yet it remained unknown whether participants assessed the evaluation criteria, e.g. image 
quality, naturalness and depth, similarly on different systems. This graduation project deals 
with these problems to validate the 3D quality model. 

1.1 Human depth perception 
One of the major functions of our visual system is depth perception, the ability of 
extracting depth information from two dimensional retinal images. Patterns of reflected 
light of the surrounding environment form an image on our retina; thereby creating a 2D 
representation of the environment, like a photograph. So how can the brain construct a 
three dimensional (3D) representation of the world surrounding us, from a 2D retinal 
image? The first reason is that the brain acquires depth information from the retina of both 
eyes that have a slightly different viewpoint of the environment. These slightly different 
viewpoints create retinal disparity, from which the brain can extract depth information 
(stereopsis). The second reason is that the retinal image is continuously changing due to 
movement of our head and movement of objects in the environment. These changes 
provide a rich source of depth information called motion parallax. Stereopsis and motion 
parallax are the main reasons why we perceive the world in three dimensions, but there are 
also other depth cues to extract depth information from. In Figure 1.1 a rough classification 
of the depth cues is given. A distinction is made between visual cues and oculomotor cues. 

1 



Chapter 1 Introduction 

The oculomoter cues are derived from the muscular contraction of the fibers controlling 
the focus of the lens (accommodative cue) and/or the fibers controlling the in and outward 
rotation of the eyes (vergence cue). The visual cues are divided in monocular and binocular 
cues. Monocular cues can be static, also called pictorial cues because they can be perceived 
in 2D images, and dynamic, with as only cue motion parallax. A more detailed discussion 
of the depth cues is given below. 
Error! 

Depth information 

Oculomotor Visual 

Accommodation Vergence Binocular 

Static cues 

Figure 1.1: Classification of the depth cues 

1.1.1 Oculomotor cues 

Monocular 

Motion / movement 
parallax 

Oculomotor cues are kinesthetic, i.e., the cues are derived from the act of muscular 
contraction. There are two oculomotor cues, namely vergence and accommodation of the 
eye. Vergence is the simultaneous movement of both eyes in opposite directions to fixate 
on an object of interest. When looking at an object our eyes rotate to project that object on 
the fovea (i.e., the centre of the retina with the highest visual acuity) of both eyes. The 
inward movement of the eyes is called convergence, the outward movement is called 
divergence. The amount of vergence of our eyes depends on the distance of the object, the 
closer the object, the more our eyes need to converge to fixate the object, and vice versa, 
the further away the object, the more our eyes need to diverge to fixate. The vergence 
process of our eyes is primarily disparity driven, i.e., our eyes fixate to eliminate the retinal 
disparity produced by an object of interest, and thus fixate the object on the fovea of both 
eyes. Accommodation is the alteration of the lens to focus the area of interest on our retina. 
The more the lens is accommodated the stronger the convex power of the lens. The closer 
the object, the more the lens has to accommodate to focus the object on the retina. The 
accommodation of the lens is primarily blur driven; it changes shape to eliminate the blur 
in the area of interest by focusing the area on the retina. Under normal viewing conditions 
the vergence process of our eyes and the accommodation of the lens are coupled, i.e., the 
objects in focus are also fixated upon and a change in accommodation of the lens leads to a 
change in vergence of the eyes and vice versa. 
The oculomotor cues play only a restricted role in depth perception. For relatively close 
distances, e.g. up to approximately 6 meters, these cues can be used to estimate the 
absolute distance of an object, i.e., the distance from an observer to the object. These cues 
are not active at longer distances. 
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1.1.2 Visual cues 
Static cues 
Static depth cues do not rely on binocular vision or motion. With these cues depth relations 
can be resolved in static events, and thus these cues are the reason depth can be perceived 
~n 2D pictures. For this reason these cues are often called pictorial depth cues. The most 
powerful pictorial cue is interposition. When an object occludes part of another object, the 
partially occluded object is automatically perceived as the more distant one. Another 
powerful cue is relative size; objects of familiar size are perceived further away when they 
produce a smaller retinal image and are perceived closer when producing a larger retinal 
image. Also the height in the visual field is a pictorial depth cue. Objects below the horizon 
appear closer to the observer if they are positioned lower in the visual field and objects 
above the horizon (like clouds) appear closer when they are positioned higher in the visual 
field . Shading provides depth information for objects. Our visual system assumes that light 
is coming from above, thereby providing information about the shape of the objects via the 
shadows that are cast on 3D objects. Moreover, flat surfaces can get the appearance of a 
volume by adding shadows (see Figure 1.2). Other pictorial depth cues are the perspective 
depth cues, which refer to "changes in the appearance of surfaces or objects as they recede 
in distance away from an observer" (Sekular and Blake, 2002). The three most important 
perspective cues are linear perspective, texture gradient and aerial perspective. The 
convergence of parallel lines, such as railroad tracks, at increasing distance from the 
observer is termed linear perspective, and provides a strong depth impression in pictures. 
Texture gradient refers to the density of the surface texture, such as grain of grass, which 
appears to vary with distance. The last perspective cue is aerial perspective. Objects in the 
distance are seen less clearly than closer objects due to the scattering of light. Light is 
scattered as it travels through the atmosphere, especially if the air contains dust or rain. As 
a consequence objects lose saturation, are reduced in contrast, and appear blurred. Light 
reflected from more distant objects is scattered more than light reflected from nearby 
objects. 

Figure 1.2: The static cue shading can provide depth information onjlat surfaces. 

Motion and movement parallax 
When we move our head, objects at different depth planes shift position relative to one 
another within the field of view, see Figure 1.3 . When moving our head to the left, objects 
closer than the fixation point appear to move in opposite direction, whereas objects further 
away from the fixation point appear to move in the same direction. The amount of relative 
shift provides a very effective cue to the relative distance of objects. There is also 
differential speed of movement dependent on distance from a moving observer. Objects 
closely seem to move at faster speeds than objects far away (e.g., the moon). 
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Figure 1.3: 

• ) 
"----------=-/ < :::;;;;;;:;===;:;;;;;;;;;;:;;;:::;;;:::1 

Head movement 

Principle of movement parallax. The arrows represent the relative shift of 
objects at different depth planes to the object in focus (tree) when making a 
leftward head movement. 

Binocular disparity 
Because human eyes are separated approximately 6.4 cm, each eye receives a slightly 
different viewpoint of the scene. Objects at different depth planes are laterally shifted in 
the right and left eye view, creating retinal disparity. The brain fuses the two retinal images 
into a single image and the perception of depth in this image resulting from retinal 
disparity is called stereopsis. This depth cue is a relative depth cue, i.e., it specifies the 
relative distance between objects. Objects at the same perceived distance as the object in 
focus are projected on corresponding positions on each retina and therefore have zero 
retinal disparity (see Figure 1.4). The line that can be drawn through all these 
corresponding points is known as the horopter. Objects in front of the fixating point are 
said to have crossed (or negative) disparity and objects behind the fixating point are said to 
have uncrossed (or positive) disparity. Retinal disparity increases with the distance from 
the horopter. The area around the horopter within which disparities still can be fused into a 
single image, is called Panum' s fusional area. Points outside this area cannot be fused and 
are perceived as blurry or double images. 
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Panum's area 

Left eye 

Double images 
(uncrossed disparity) 

Fused images 

Horopter 

Right eye 

Figure 1.4: Panum's fusional area. Points inside the Panum's area are perceptually 
fused to a single image. Point outside this area produce double images of 
crossed {in front) or uncrossed (behind) disparity (IJsselsteijn, 2004). 

1.2 3D displays 
3D displays make use of the principle of stereopsis by providing a slightly different view 
of the content to the left and the right eye, creating retinal disparity from which our brain 
can extract depth information. To perceive depth on a 3D display corresponding points in 
the right and left eye view must contain horizontal disparity on the screen (see Figure 1.5). 
If screen disparity between corresponding points is positive, the point is perceived behind 
the display screen. If it is negative, the point is perceived in front of the display screen. 
Corresponding points are perceived on the display if they contain zero disparity. 
There are many techniques that are used for the separation of the appropriate view for the 
left and right eye. A classification of the different techniques is given below. An overview 
of the different 3D displays can be found in Sexton and Surman (1999), Schreer, KaufF 
and Sikora (2005), Dodgson (2005) and Holliman (2005). The displays used in the 
research relevant to our study are discussed below. 
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Figure 1.5: Principle of screen disparity. Left image shows no disparity between 
corresponding pixels, and so, objects are perceived on the display plane. 
Middle image shows negative disparity, and so, objects are perceived in 
front of the display plane. Right image shows a positive disparity, and so, 
objects are perceived behind the display plane. 

1.2.1 Classification 
A common distinction in 3D-display systems is whether or not the user needs additional 
head-gear (e.g., polarized glasses, shutter glasses, mirrors, colored glasses) to separate the 
views. If so, the systems are called stereoscopic, in contrast to display systems that can be 
freely viewed without aids, the so called auto-stereoscopic displays (see Figure 1.6). Auto
stereoscopic displays can be divided in volwnetric displays and flat displays. In volwnetric 
displays the image is produced within a volwne of space. This has the advantage that light 
is generated at the exact depth where the image information is situated, which means that 
there is no rivalry between convergence and accommodation. A drawback is that light of 
deeper depth levels is not blocked by closer depth levels making it very difficult to display 
video content on these displays. Flat screen auto-stereoscopic displays can be two-view or 
multi-view. Two-view auto-stereoscopic displays only provide stereopsis on one specific 
position in front of the screen. The loss of depth perception when moving our head 
sideways can be resolved with head-tracking, which adjusts the views based on the 
position of our head, and thus, provides some freedom of movement. A drawback is that 
the same content is perceived on each horizontal position in front of the screen, resulting in 
an unnatural perception when shifting our head sidewards, because objects do not 
transform appropiately as would be expected based on the user's head movements. Multi
view displays allow the viewers some freedom of movement without losing depth 
perception and support motion parallax by producing more than two views of the content 
across the viewing field. A sideward movement of the head results in a shift between 
different views, looking at the content from a different angle. The principle of a multi-view 
display is discussed later on the basis of the Philips multi-view auto-stereoscopic display. 
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3D displays 

~- ... 

With additional 
head-gear 

Auto-stereoscopic 

Volumetric Flat displays 

Figure 1.6: Classification of 3D displays 

1.2.2 Screenscope mirror stereoscope 
The screenscope stereoscope is based on the Wheatstone stereoscope and uses mirrors to 
separate the left and right view (see Figure 1.7). The one used in the research of Seuntiens, 
Meesters and IJsselsteijn (2005b) and van Vugt (2007) was attached to a CRT-monitor, 
and designed for a viewing distance of 30 em, i.e., three times the stimulus' height. 
The advantage of this system is that it contains no crosstalk (i.e., leakage of information 
from the left eye view to the right eye view, or vice versa, resulting in the perception of 
double contours or ghosting (Meesters, IJsselsteijn and Seuntiens, 2004». Disadvantage is 
that the observer must look through the screenscope at the exact right position to maintain 
depth perception, which is not comfortable, as freedom of movement is restricted. 

Figure 1.7: 

s~reoscoplC imagt' 

left eyt' vi ew 
lJisplay 

2 IllllTcn 2 llli1T()f'; 

eyes ob5erver 

Principle of the Screenscope mirror stereoscope. Four mirrors are used to 
separate the left and right eye view. The left and right eye images are 
displayed at the same time next to each other on a single display (Seuntiens 
2006). 
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1.2.3 Polarized stereoscopic display 
The second stereoscopic display uses the principle of polarized glasses to separate the left 
and right eye view (see Figure 1.8). The display used in the research of IJsselsteijn, de 
Ridder and Hamberg (1998), IJsselsteijn, de Ridder and Vliegen (2000) and Seuntiens, 
Meesters and IJsselsteijn (2006) consisted of two CRT monitors mounted perpendicular to 
each other. Both monitors were perceived simultaneously using a half see-through mirror. 
A linear polarized filter was placed in front of each display, with their polarization 
direction mutually perpendicUlar. Observers wore polarized glasses with similar 
perpendicular polarization directions, allowing the light of the display that was polarized in 
the same direction to pass to the correct eye and block the light that was meant for the 
other eye. With this system the view of the right and left eye could be separated with less 
than 0,1 % crosstalk with some freedom of movement (Pastoor and Wopking, 1997). With 
linear polarization however, crosstalk levels rapidly increase with an incorrect head 
position (tilted head) resulting in ghosting. Another disadvantage is that the polarizer' 
typically absorb half of the light, resulting in a low brightness. 

Polarized filters 

Two CRT monitors 

Half see-through 
mirror 

Polarized glasses 

Figure 1.8: Polarized stereoscopic display. The left and right eye images are displayed 
at the same time on two perpendicularly mounted CRT monitors and are 
perceived simultaneously using a half see-through mirror. Polarized jilters 
in front of the monitors and polarized glasses are used to separate the left 
and right eye view (Seuntiens 2006). 

1.2.4 Philips multi-view auto-stereoscopic display 
With an auto-stereoscopic display the stereosopic views are not separated with the help of 
glasses, but within the display itself. In the case of the Philips multi-view auto-stereoscopic 
display a sheet of cylindrical lenses (lenticulars) is placed in front of a Liquid Cristal 
Display (LCD) to separate the views (van Berkel and Clarke, 1997). The principle of the 
lenticulars is that each lens projects the underlying sub-pixels of the LCD into horizontally 
distinct viewing zones (see Figure 1.9). So if each eye is positioned in a different viewing 
zone and the correct image information is put on the different sub-pixels, the observers 
experience 3D. 
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Lenti~ul;ar 

Sub pixels ---
Figure 1.9: Principle of a lenticular. The lenses project the underlying sub pixels into 

distinct viewing zones. 

The Philips display used in the experiments provides nine views of the content, which are 
separated by the lenticular into nine distinct viewing zones. A set of nine successive views 
is called a viewing cone, in which observers can move freely without losing depth 
perception. Another advantage is that these displays support motion parallax. As in the real 
world, when shifting our head, objects at different depth levels shift position relative to one 
another within our field of view. This effect is illustrated for nine views in Figure 1.10. 
When moving our head in front of the display within one viewing cone, it shifts from one 
view to a neighboring view. When the right information is placed in these views, the effect 
of motion parallax is preserved. These displays have several viewing cones, so multiple 
viewers can watch 3D at the same time. The disadvantage of providing mUltiple views is a 
loss of spatial resolution, since more views are interwoven in one display. 
The lenses of the Philips display are slanted to avoid the visibility of black boundaries 
between the views and to smoothen the transition between views. The black boundaries are 
the result of the black mask between individual pixels, which is magnified by the lenses. 
Figure 1.11 shows the principle of a 7 -view system with slanted lenses. All the sub pixels 
on the dashed line 'a' are perceived simultaneously by one eye of the observer at one 
specific horizontal viewing angle; in this case the sub pixels 3 correspond to view 3. 
Analogously line 'b' represents view 4. Due to the slant, a shift between view 3 and view 4 
results in a smooth transition, and the amount of black mask is the same along every 
vertical line in the LCD, making it uniformly distributed along the display and thus 
perceptually less visible. 

9 



Chapter 1 Introduction 

Figure 1.10: Principle of the rendering process of the nine views from RGB (2D) + Z
image. The nine views are interwoven into a single image. The interwoven views are 
separated by the lenticular into nine distinct viewing zones; 3D is experienced if each eye 
is positioned in a different viewing zone (Philips 3D Solutions, 2007). 

The slightly slanted position of the lenses works remarkly well to avoid the perception of 
black boundaries and to smoothen the shift between views, but at the cost of larger 
amounts of crosstalk. Looking at the dashed line 'a' in Figure 1.11 it is obvious that not 
only information from view 3 is perceived in view 3, but also from the neighboring views 
2 and 4. The high level of crosstalk limits the depth that can be introduced while 
maintaining a high 3D image quality, i.e., increasing depth increases the visibility of 
crosstalk, which decreases image quality. 
Three-dimensional content can be recorded with nine different cameras to acquire the nine 
views, but the system can also render the nine views from a 2D image with a depth map 
(see Figure 1.10). The depth map, also called Z image, contains a depth value per pixel 
describing the location of each 2D pixel on the Z (depth) axis, i.e., in front or behind the 
display. The depth map values range from 0 to 255, which means that it can contain 256 
different depth layers. The value 0 corresponds to the depth layer farttest behind the 
display and the value 255 corresponds to the depth layer farttest in front of the display. 
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LCD 
pilce·1s 

Si ng'f leMkult. 

Figure 1.11: Principle of a 7-view system with slanted lenticulars. The sub pixels 
underlying a dashed line are perceived simultaneously by one eye of the observer at a 
specific horizontal viewing angle. The sub pixels 3 underlying the dashed line 'a' 
correspond to view 3; analogously line 'b' represents view 4 (Holliman, 2005) 

The use of a 2D image with a Z-image has the advantage that the Z-image can be 
efficiently compressed for storage and distribution, enables user control over the amount of 
perceived depth (Philips 3D solutions, 2007) and is suitable for a wide range of different 
stereoscopic displays and projection systems (Fehn, 2004). Despite the mentioned 
advantages there are two important disadvantages that must be taken into account. First, 
the quality of the rendered stereoscopic views depends on the accuracy of the depth values 
per pixel (Fehn, 2004). The conversion to generate the required depth information is not 
yet perfect. The second disadvantage is that areas that are occluded in the original 
viewpoint might become visible in the virtual right and left views. However, no 
information of these occluded areas is available in the original image content. These areas, 
often referred to as holes, must be replaced with useful color information. A so-called hole
filling algorithm can be used to replace the missing information in the virtual views. These 
algorithms all interpolate from the existing information of the original view, so they can't 
be fully accurate, and thus the rendering process introduces artifacts. 
The screen disparity between two neighboring views is determined by the Z-image and the 
depth factor. The Z-image defines the relative disparity between the corresponding pixels 
of two neighboring views, i.e., in which depth plane the pixel is perceived. The depth 
factor determines the maximum screen disparity between two neighboring views, and thus 
the maximum amount of perceived depth between the closest and the farttest depth layer. 
Also the lens design and viewing distance affect the amount of perceived depth, by 
determining which view is directed to each eye. 
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1.3 Measuring 3D quality 
Subjective assessment methods are widely used to perceptually evaluate conventional 20-
tv. Psychophysical experimental attributes, such as perceived image quality and perceived 
sharpness, are measured, quantified and standardized in recommendations of the ITU 
(Meesters, et al. 2004). These recommendations enable engineers to optimize and enhance 
their systems and to evaluate competitive systems. Many studies report a clear preference 
for stereoscopic images over their 20 counterparts (Tam, Stelmach and Corriveau, 1998; 
Berthold, 1997; Freeman and Avons, 2000). So, the introduction of the third dimension 
does contain an added value. The question is which attribute is the most appropriate to 
evaluate 3D-tv, as recent research revealed that the most used attribute, namely image 
quality, does not take the added value of depth into account (Stemach and Tam, 1998; 
Lambooij et aI., 2005; van Vugt, 2007). IJsselsteijn (2004) argues that the evaluation 
criteria need to take the user's visual experience fully into account and not only the 
perceived image quality. In the recent years new evaluation criteria are proposed that 
incorporate this added value of depth. These attributes are viewing experience, presence 
and naturalness (Lambooij et aI. , 2005; Seuntiens et aI., 2005a). Lambooij et a1. (2005) 
argue that the most appropriate criterion is sufficiently sensitive to depth and can 
differentiate the best between different levels of perceived image quality and perceived 
depth. Based on different experiments Lambooij et al. (2005) and Seuntiens (2006) 
propose a 3D quality model, in which image quality and depth serve as weighted attributes 
of naturalness. In this section we discuss the research on the perceptual evaluation of 3D
tv, starting with perceived image quality, perceived depth and perceived naturalness. Then 
we briefly discuss the other two proposed attributes and end with the discussion of the 3D 
quality model. 

1.3.1 Perceived image quality 
Perceived image quality is the most often used subjective evaluation criterion for 2D 
displays and can be regarded as one of the most important considerations for customers in 
purchasing a display product. It is regarded to be a multidimensional construct consisting 
of several attributes. Such attributes can be display related such as resolution, color 
rendering and contrast of the display, but also signal related such as blur, noise, blockiness 
and ringing. There are different theories how observers make quality judgments. Janssen 
and Blommaert (1997) argue that image quality judgments are not based on the visibility of 
image distortions, but on the adequacy of the image to enable humans to interact with their 
environment. They use two requirements, usefulness (discriminability of image content) 
and naturalness (identifiability of image content), to quantify the image quality. So, the 
degree to which an image satisfies the requirements usefulness and naturalness determines 
the quality of an image. Engeldrum (2000, p. 3) describes image quality "as the integrated 
perception of image excellence". According to Engeldrum (1999) there are two 
fundamentally different ways to approach image quality; the impairment approach and the 
quality approach. The former refers to the impairment of an image compared to a reference 
or ideal image. The latter emphasizes the image quality judgment directly, without a 
reference. 
Perceived image quality is also used as an evaluation attribute for stereoscopic images as it 
is standardized in the recommendations of the ITU (lTU -R BT.143 8 recommendation for 
stereoscopic television pictures (ITU, 2000a». Berthold (1997) argues that perceived 
image quality can be an appropriate attribute to evaluate stereoscopic images, i.e., 
perceived image quality takes the added value of depth into account. She finds that 
stereoscopic presentation significantly improves image quality for all levels of blur 
degraded still images. This result is in contradiction with the finding of Stelmach and Tam 
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(1998), Tam et al. (1998), Seuntiens et al. (2006), Lambooij et al. (2005) and van Vugt 
(2007). They all report that perceived image quality does not take the added value of depth 
into account. Tam et al. (1998) report a low correlation between image quality and depth, 
indicating that when observers are asked to assess perceived image quality of MPEG-2 
compressed images, the score are mainly determined by the introduced impairments and 
not by depth. More recently Seuntiens et al. (2006) show that JPEG coding artifacts 
degrade the image quality, but that different camera base distances (CBD) do not influence 
the image quality. Similar results are obtained by Lambooij et al. (2005) for noise degraded 
images. However, they find that image quality scores drop with larger CBD due to 
conversion artifacts. These results are recently confirmed by van Vugt (2007) for images 
degraded with Gaussian noise and Gaussian blur filters. Both noise and blur degrade the 
image quality, but the introduction of stereoscopic depth does not influence the image 
quality. 
It seems that with the exception of Berthold (1997) consensus has been reached that 
introducing stereoscopic depth has no effect on the perceived image quality, at least not for 
relatively low CBD and if there are no 3D artifacts (e.g. blur, conversion artifacts) 
introduced. For a CBD above approximately 8 cm image quality drops, to an extent, 
depending on the content and display, due to the fact that 3D artifacts become more visible 
with increasing depth and/or the depth is perceived as unnatural (Seuntiens et al. 2005b, 
Lambooij et al. 2005, IJsselsteijn et. al. 1998, 2000). 

1.3.2 Perceived depth 
An increase in the CBD leads to an increase in screen disparity, and so, to an enhancement 
of the depth perception. Other key features of the depth perception in 3D displays are the 
viewing distance and the eye separation (Holliman, 2005). The relation between screen 
disparity and physical depth can be described by Equation 1.1 and 1.2 for depth behind and 
in front of the screen plane, respectively. This relation is thus not linear. For screen 
disparities below ± 5mm, which are used in our experiments, the relation between screen 
disparity and physical depth is, however, very close to linear, if the viewing distance is 
constant. 

Equation 1.1 

Equation 1.2 

z 
p = --:-----:--

(1:1)-1 

with p 
z 
e 
d 

= physical depth 
= viewing distance 
= eye separation 
= screen disparity 

[mm] 
[mm] 
[mm] 
[mm] 

Results of Seuntiens et al. (2005b, 2006) indicate that decreasing the image quality, 
through the introduction of crosstalk or JPEG coding, has no effect on the perceived depth. 
However, Berthold (1997) and van Vugt (2007) find that a decrease in image quality, 
through the introduction of blur, degrades the depth perception. Blur degrades the 
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perceived depth of both 2D and 3D images; this suggests that the added value of the 
stereoscopic depth remains the same at every blur level. Van Vugt (2007) reports similar 
results for perceived depth degraded through the introduction of noise. Moreover, the same 
tendecy is also obtained by Tam et al. (1998) for MPEG-2 coded sequences; they find that 
perceived depth drops in a similar way for both stereo and non-stereo sequences when the 
bit-rate is reduced from 6 Mbits/s to 1 Mbits/s. Lambooij et aI. (2005), however, find that 
the introduction of noise only degrades the stereoscopic depth perception and has almost 
no influence on the perceived depth of 2D images. They argue that the perceived depth is 
influenced by the noise because the noisy pattern is displayed at a single depth layer, and 
as a result, it is perceived as a 'dirty window' degrading the depth perception. 

1.3.3 Perceived naturalness 
The term naturalness is originally introduced in the color reproduction science. The 
assumption is that images of high quality should at least be perceived as natural, meaning 
that "an image conforms as much as possible to the ideas and expectations the observers 
have about the original scene at the time the picture was taken" (Fedorovskaya, de Ridder 
and Blommaert, 1997, p. 96). IJsselsteijn et ai. (2002) state that perceived image quality 
refers to a subjective preference scale and not to the most realistic or truthful reproduction. 
Perceived naturalness, however, refer to the subjective fidelity of the reproduction 
(IJsselsteijn et aI., 2002). High correlations between naturalness and image quality are 
reported for non-stereo images (de Ridder, Blommaert and Fedorovskaya, 1995; de Ridder, 
1996; Fedorovskaya et aI., 1997) and also for stereoscopic images (ljsselsteijn, 2004; 
Lambooij et aI., 2005; Seuntiens, 2006). However, research also shows, that people can 
reliably differentiate between naturalness and image quality judgments. De Ridder et al. 
(1995) and de Ridder (1996) find a small but systematic shift between image quality and 
naturalness for chroma manipulated non-stereo images, i.e., observers prefer more colorful 
images even though these images are perceived as less natural. Also for stereoscopic 
images a similar shift is found between quality and naturalness; when assessing the quality 
of depth and the naturalness of depth, observers prefer higher stereoscopic depth levels 
even though these depth levels are perceived as less natural (IJsselsteijn et aI., 1998; 2000). 

1.3.4 Other attributes 
Freeman and A vons (2000) show that non-experts spontaneously describe feeling of 
presence when referring to stereoscopic TV, relating it to involvement, naturalness and 
realism. IJsselsteijn, Seuntiens and Meesters (2002) argue that stereoscopic displays are 
expected to give viewers a heightened sense of presence. Next to presence, it is stated by 
many researchers that 3D-tv enhances the viewing experience of people. However until a 
few years ago viewing experience is not used as an evaluation criterion itself. Seuntiens 
(2006) argues that viewing experience incorporates the added value of the third dimension. 
For an extensive description of presence, see IJsselsteijn (2004). For a more extensive 
description of viewing experience, see Lambooij et al. (2005). 

Presence 
Presence is defined by amongst others Witmer and Singer (1998, p. 225) as "the subjective 
experience of being in one place or environment even when one is situated in another". 
IJsselsteijn (2004) describes presence as the experience of 'being there' in a mediated 
environment. Presence is linked with attributes as naturalness, realism, involvement and 
immersion (Witmer and Singer 1998; Lessiter, Freeman, Keogh, and Davidoff, 2001) and 
is closely associated with virtual reality and teleoperations. However, IJsselsteijn, de 
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Ridder, Freeman and A vons (2000) have shown that presence can be an appropriate 
evaluation attribute for stereoscopic moving images as well. They find that the introduction 
of depth leads to an enhanced sense of presence if depth is perceived as natural. However, 
in terms of presence the added value of introducing depth is only minor in comparison to 
the added value of introducing motion. It is reasonable to state that presence seems more 
appropriate to assess sequences than stills. 

Viewing experience 
Viewing experience is the overall experience of an application, taking all the possible 
characteristics of the application into account. Seuntiens et al (2005a) pose that viewing 
experience accounts for image quality, but also incorporates stereoscopic depth, image 
content, experienced realism, power and presence. Indeed Lambooij et al. (2005) report 
high correlations of viewing experience with image quality and naturalness, and lower 
correlations with depth and presence. Seuntiens et al. (2005a), Lambooij et al. (2005) and 
van Vugt (2007) all report that viewing experience indeed incorporates the added value of 
depth, however to a lesser extent than naturalness. 
Lambooij et aI. (2005) compare the evaluation criteria presence, viewing experience and 
naturalness for the assessment of different 2D-to-3D conversion algorithms. Their results 
indicate that naturalness and viewing experience have the most discrimination power 
between the different conversion algorithm for stills and short sequences. However, they 
could not neatly control the experimental conditions across their stimuli because they used 
imperfect 2D-to-3D conversion algorithms to generate depth causing different 3D 
artefacts. Under more controlled conditions Seuntiens et aI. (2005a) compare the 
evaluation criteria viewing experience and naturalness for monoscopic and stereoscopic 
images with different levels of introduced noise. Their results indicate that both viewing 
experience and naturalness can differentiate between different levels of image quality 
(different noise levels) and depth (different CBD), however the naturalness attribute 
incorporates depth to a greater extent in comparison to viewing experience. These results 
are confirmed by Lambooij et al. (2005) for noise degraded images and recently by van 
Vugt (2007) for noise and blur degraded images. The evaluation attribute naturalness also 
incorporates the added value of depth for stereoscopic images degraded with JPEG coding 
and different levels of crosstalk (Seuntiens et aI., 2005b; Seuntiens, 2006). 

1.3.5 3D quality model 
As mentioned before, research indicates that introducing stereoscopic depth does not 
influence perceived image quality, and vice versa, degrading image quality does not 
influence perceived depth. This indicates that perceived image quality and perceived depth 
are to a large extent independent. 
Viewing experience and naturalness are both proven to be appropriate higher level 
attributes to measure 3D quality; they can differentiate between different levels of image 
quality and take the added value of depth into account. However naturalness is consistently 
shown to be the most appropriate attribute, i.e., it takes the added value of depth most into 
account. 
Based on these results Lambooij et al. (2005) and Seuntiens (2006) describe a 3D quality 
model for the evaluation of 3D content, in which perceived image quality and perceived 
depth serve as determinants of naturalness (see Figure 1.12). 
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Naturalness 
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Figure 1.12: 3D quality model. The higher level attribute naturalness is factored as the 
weighted sum of perceived image quality and perceived depth. Naturalness 
is the attribute to assess 3D quality. 

They argue that naturalness is a weighted sum of perceived image quality and perceived 
depth plus an error term, depicted in a simple function (see Equation 1.3). 

Equation 1.3: Na = a * IQ + J3 * D + t5 

with Na 
IQ 
D 
a 

fJ 
b 

= perceived naturalness 
= perceived image quality 
= perceived depth 
= coefficient of image quality 
= coefficient of depth 
= residual term 

Because image quality and depth are independent (to a large extent) an increase in 
perceived depth does not influence perceived image quality, and thus leads to an increase 
in perceived naturalness. Vice versa, decreasing image quality leads to a decrease in 
naturalness, not influencing perceived depth. 
In different experiments conducted by Lambooij et al. (2005) observers assess in separated 
sessions perceived image quality, perceived depth and perceived naturalness on a scale 
with a range as described by the lTD (lTD 2000b). With a regression analysis they 
determine the values of the weighting coefficient a and ~ of image quality and depth 
respectively. They assume that for most observers the given scores are not absolute scores, 
but rather relative scores. As a consequence, the coefficients a and ~ in the formula are 
only relative contributions and not absolute coefficients. 
This 3D quality model is a first step in measuring the full visual experience of 3D-tv. The 
model so far is mainly based on research on stereoscopic still images. When viewing 3D 
content for longer periods of time other attributes, for example visual comfort, may 
become more important. Lambooij et al (2005) and Seuntiens (2006) argue that it may be 
necessary to incorporate attributes, such as visual comfort, in the model because visual 
comfort is of great importance for the visual experience of 3D-tv, and thus for a successful 
introduction of 3D-tv in the market. 

16 



Chapter 1 Introduction 

1.4 Definition of the problem 
A robust attribute to evaluate the quality of 3D-tv, which reflects both image quality and 
depth aspects of the imaging system, is needed in order to optimize and enhance 3D 
displays and 3D content generation, to compare competing systems and to ensure a good 
introduction on the public consumer market. This higher level attribute needs to 
incorporate the added value of depth and needs to be able to differentiate between different 
levels of image quality. Research argues that image quality, the most often used attribute to 
evaluate conventional 2D-tv, does not incorporate the added value of depth, yet this 
argument is contradicted as well. 
Lambooij et al. (2005) and Seuntiens (2006) describe a model in which image quality and 
depth serve as weighted attributes for the evaluation criterion. Research reveals naturalness 
as most appropriate evaluation criterion; it takes depth most into account and shows the 
best differentiation between different levels of depth and image quality (created with 
different 2D and 3D artifacts). Recent research supports the 3D quality model, there are 
however, still some problems. Because some datasets were sometimes ambiguous, as a 
result of the use of imperfect 2D-to-3D conversion algortihms, and because only in a few 
experiments all three evaluation criteria, perceived image quality, perceived naturalness 
and perceived depth, were rated in one single experiment, it remains uncertain how and to 
which extent image quality and depth influence naturalness. More research is needed to 
investigate whether the 3D quality model is display independent. The model so far is based 
on experiments done on different 3D displays. Although similar results are obtained, it 
remains unknown whether image quality, depth and naturalness are assessed the same on 
different 3D displays; especially between a 2-view system with no crosstalk and the Philips 
multi-view system with deliberately introduced crosstalk. 
Furthermore, an important attribute of image quality, namely color, is not taken into 
consideration yet. Especially chroma is very interesting because of the small, but 
systematic shift between image quality and naturalness found for chroma manipulated 2D 
images by amongst others de Ridder (1996). It is very interesting to investigate if this shift 
between image quality and depth can be reproduced for 3D images, while naturalness still 
remains sensitive for changes in image quality and depth. 

1.5 Aim of this report 
The aim of this report is to determine whether the 3D quality model is valid to evaluate 
3D-tv. In this model image quality and depth serve as weighted attributes of naturalness; 
and naturalness is the attribute to measure 3D quality. Based on this aim two main goals 
are formulated . The first goal is to verify whether naturalness is an appropiate attribute to 
measure 3D quality. The second goal is to model perceived naturalness in terms of 
perceived image quality and perceived depth, i.e. , what is the relative weight of perceived 
image quality and perceived depth on perceived naturalness. 
To reach these goals it is useful to test the findings of Berthold, who found that image 
quality is a good attribute to evaluate 3D-tv. It is also useful to determine whether image 
quality, depth and naturalness yield the same results on different 3D displays, so that the 
model can be assumed to be valid for different 3D displays. Furthermore, it is useful to 
determine whether the naturalness attribute is appropriate to evaluate color manipulated 3D 
content, especially chroma manipulated 3D content. 
In the first experiment image quality is degraded with blur to create the same conditions as 
used by Berthold (1997). Because also van Vugt (2007) conducted an experiment in which 
participants assessed perceived image quality, perceived depth and perceived naturalness 
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for 2D and 3D images with different levels of blur, our results can be used to determine 
whether the 2-view system used in the experiment of van Vugt (2007) and the 9-view 3D 
system used in our experiment are assessed in a similar way. In the second experiment 
image quality is degraded by means of different chroma levels, in order to investigate if the 
shift between image quality and naturalness as found for 2D images (i.e., whether 
participants tend to prefer more colorfull images even though these images are perceived 
less natural) can be reproduced for stereoscopic images, while naturalness still remains 
sensitive for changes in perceived image quality and perceived depth. 
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2 Image Quality artifacts 
As mentioned before, the appropriateness of the naturalness attribute to measure 3D 
quality is, among others, based on how good it differentiates between variations in image 
quality and depth. The artifacts that are used to vary image quality are discussed in this 
chapter. In the first experiment a Gaussian blur filter was used to create different levels of 
image quality; in the second experiment the chroma value per pixel was manipulated in the 
CIELAB color space. 

2.1 Blur 

2.1.1 Introduction 
Blur is generally referred to as the appearance of a defocused image, causing a vague 
image. When the light reflected from objects is not focused properly on the retina, these 
objects are perceived as blurred. This defocus can be caused by an object that is out of the 
depth of field of the human eye, which denotes a limit range of distances that can be 
sharply perceived by the eye. Blur can also be perceived in images because the camera has 
a limited depth of field. Usually, blur is an undesired property of display systems and can 
be regarded as an image quality artifact. Blur is, however, an inherent property of 3D 
displays; crosstalk and accomodation-vergence conflict are the most important causes that 
part of the content is perceived blurred to some degree. 

2.1.2 Perception of blur 
In our physical envirolU11ent we focus on an object of interest, i.e., the lenses of our eyes 
accommodate to focus the object of interest sharply on the retina. Objects in front and 
behind the focused object are not focused on the retina and as a result appear somewhat 
blurred. There is, however, a range of retinal defocus that is tolerated without the 
perception of blur; this range is called depth of focus. The resulting range in front or 
behind the object in focus that appears sharply focused (i.e., is perceived without blur) is 
called depth of field . Objects in front or behind the depth of field appear somewhat blurred; 
this phenomenon is called accommodative blur or optical blur (see Figure 2.1). 
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'be depth of field . , 

~l. 

-::e to i J"1 fi 11 i .. r 1: 

Figure 2.1: Example of blur caused by depth of field limitations. 

Kotulak and Schor (1986) have shown that accommodation is stimulated by a reduction in 
perceived blur. This suggests that the visual system can filter the perception of blur out of 
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our conscious awareness while still effectively using blur to guide the accommodation 
response (Kotulak and Schor, 1986). 0' Shea, Govan and Sekuler (1997) found similar 
results, they argue tahat accommodation acts directly to eliminate blur of objects we are 
about to fixate. As a consequence, we rarely perceive blur caused by depth of field 
limitations in the real world (O'Shea et aI., 1997). 

2.1.3 Reproducing blur 
Blur caused by depth of field limitation results in a loss of the high frequency content, so it 
can be reproduced in an image by applying a low-pass filter. Pentland (1987) showed that a 
Gaussian blur filter, which is a low-pass filter, offers a close approximation to blur induced 
by depth of field limitations. Such a Gaussian filter uses a normal distribution described by 
Equation 2.1. 

Equation 2.1 : 
-(x'+/) 

G(x,y)=e 2,,' 

The standard deviation (cr) of the normal distribution determines the blur extent, while x 
and y are the spatial dimensions around the center point, creating a distribution as shown in 
Figure 2.2. The Gaussian filter is applied as a pixel-per-pixel transformation between the 
original image and the resulting blurred one. The value of each pixel is distributed over the 
neighboring pixels based on the normal distribution, i.e., the original pixel receives the 
highest proportion of the original pixel value and neighboring pixels receive smaller 
proportions as their distance to the original pixel increases. So the new value of each pixel 
is a weighted averaged of that pixel's neighborhood. 
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Figure 2.2: Two dimensional Gaussian distribution with mean (0,0) and (J = 1. 

This type of low-pass filter is often used to remove noise from images and to avoid 
(reduce) aliasing in images, especially when images are reduced in size. A drawback of the 
implementation, however, is that it reduces the sharpness of the image, and thereby, the 
image quality. Hence, in this way blur can be regarded as an image quality artifact 
(Engeldrum, 2000). 

2.1.4 Pictorial blur 
Different regions of a picture are blurred by different amounts, because of the depth of 
field limitations of the camera. The more distant an object is from the point of focus, the 
more the object is blurred. The variation in blur between objects offers a cue for the 
relative distances between the objects. Marshall, Vurbeck, Ariely, Rolland and Martin 
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(1996) and Mather (1996) found evidence for the use of blur in pictures to segregate depth 
signs. They showed that textures blurred by different amounts were perceived at different 
depth planes (see Figure 2.3). If the boundary between the textures itself was sharp (left 
images), the sharp texture appeared nearer (occluding the other texture). But if the 
boundary itself was blurred, the blurred texture appeared nearer. Also, O'shea et al. (1997) 
showed that blur in conjunction with occlusion is an effective pictorial depth cue for 
resolving depth relations. In photographs blur is often used to enhance the depth effect by 
displaying a blurred background behind a sharp foreground (Pentland, 1987). 

Figure 2.3: Blur as depth cue; two textures with different blur gradations. If the 
boundary between the two textures is sharp (left image) the sharp texture 
appears closer. If the boundary between the two textures is blurred (right 
image) the blurred texture appears closer (Marshall et aI., 1996). 

':'he effect of blur, introduced by means of low-pass filtering, on stereoscopic depth 
perception is studied by amongst others Stelmach, Tam, Meegan, and Vincent (2000) and 
Yaroslavsky, Campos, Espinola, and Ideses (2005). Stelmach et al. (2000) found that 
perceived depth was unaffected by low-pass filtering one channel (i.e., one image) of a 
stereo video-sequence. They gave as an explanation that low-pass filtering left the lower 
frequencies of the image unaffected; these low frequencies were sufficient to carry the 
disparity signal. Also Yaroslavsky et al. (2005) found that asymmetrically blurring stereo 
images did not substantially decrease stereo acuity. 
Blurring both stereoscopic images, however, is expected to degrade the depth perception 
for two reasons. The first reason is that low-pass filtering an image decreases the strength 
of blur as a depth cue. Because low-pass filtering causes a loss of the high frequency 
content, the sharp (in focus) regions of a picture are influenced more than the already more 
blurred regions of the picture that contain less high frequency content (Crete, Dolmiere, 
Ladret and Nicolas, 2007). Thus the variation of blur between different blurred regions 
decreases and thus the strength of blur as a depth cue is reduced. Secondly, low-pass 
filtering has a strong effect on edges of objects in an image. So, the transition between 
objects is blurred and thus less clear, degrading the effect of the occlusion depth cue. 
Research from Berthold (1997) and van Vugt (2007) shows that the depth perception is 
indeed degraded by low-pass filtering both images of the stereoscopic view. The effect of 
blur on depth perception is, however, small in relation to the effect of blur on perceived 
image quality and perceived naturalness. 
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2.1.5 Disparity induced blur 
Blur is an inherent property of 3D display systems (except for holographic and volumetric 
display). To make a distinction between blur caused by low-pass filtering and blur that is 
perceived because of the stereoscopic presentation, the latter one is called disparity 
induced blur. When watching a 3D display the accommodation of the eyes is fixed at the 
display because there the content is displayed the sharpest. The vergence of the eyes 
fluctuates in depth depending on where the object of interest is displayed (in front or 
behind the display). If the content is displayed within the depth of focus of the eye, the 
mismatch between accommodation and vergence is tolerated and does not result in the 
perception of blur (Lambooij, IJsselsteijn and Heynderickx, 2007). The depth of focus of 
the human eye is approximately ±O.4diopter (Wang and Ciuffreda, 2006) although lower 
values are reported as well. 3D displays that only display moderate depth ranges remain 
well in the depth of focus of the human eye. For example, the maximum depth range of the 
42" Philips nine-view auto-stereoscopic lenticular display of the comfort type, used in our 
experiments, is ±0.04diopter. Also within the depth of focus range disparity induced blur 
can be perceived in 3D displays because of, for instance, 2D-to-3D conversion algorithms 
and rendering processes. As mentioned before, conversion algorithms that are used to 
extract depth information from 2D content are not perfect, because they are based on 
assumption and estimations. This process can result in artifacts, including blurring. 
Additionally, areas that are occluded in the original viewpoint can become visible in the 
virtual view(s). These areas, often referred to as holes, are replaced with useful color 
information by so called hole-filling algorithms. These algorithms can only interpolate 
from existing information of the original view, and thus, can not be fully accurate, but 
introduce artifacts. These algorithms often use blur filters to reduce the visibility of these 
artifacts. 
Another important reason why disparity induced blur can be perceived in 3D displays is 
crosstalk. As mentioned before, crosstalk is deliberately introduced in the multi-view 
displays of Philips to reduce banding and to smoothen the transition between views. 
Because in these multi-view systems a monocular view typically contains contributions of 
three or more views, crosstalk is often perceived as blur (Kaptein and Heynderickx 2007). 
The visibility of crosstalk increases with increasing screen disparities, limiting the amount 
of depth that can be introduced while retaining a high image quality (Seuntiens et aI., 
2005b; Meesters et aI., 2004). 

2.2 Chroma 

2.2.1 Introduction 
Chroma is a color attribute. To better understand the concept chroma it is useful to define 
the attributes that are used in color science to specify a color. In color science, color 
perception is generally described by three dimensions, i.e., hue, colorfulness/chroma and 
brightness/lightness. 
Most people associate color with the hue of a color, i.e., a color is perceived as for example 
red or cyan. Hue is defined as: "the attribute of a visual sensation to which an area appears 
to be similar to one of the perceived colors: red, yellow, green, and blue, or to a 
combination of two of them" (Fairchild 2005, p. 85). In this sense a chromatic color is a 
perceived color that possesses a hue and an achromatic color is a perceived color devoid of 
hue. 
Colorfulness and chroma define the second dimension of color. Both concepts are referring 
to the intensity of a color. Achromatic colors (i.e., white, gray and black) have zero 
colorfulness and chroma and as the intensity of a color increases, the colorfulness and 
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chroma increases. The difference between both concepts is that colorfulness refers to the 
absolute perception, defined as: "a visual sensation according to which the perceived color 
of an area appears to be more or less cluomatic" (Fairchild 2005, p. 87), while chroma is 
colorfulness normalized for changes in illumination and viewing conditions. A blue paper 
looks more colorful when seen under sunny daylight conditions than under typical office 
~ight conditions, while the chroma of the blue paper remains approximately the same, i.e., 
the paper still appears blue. Chroma is defined as the "colorfulness of an area judged as a 
proportion of the brightness of a similarly illuminated area that appears white or highly 
transmitting" (Fairchild 2005, p. 87). So, if the illumination and viewing conditions are 
held constant, chroma and colorfulness are linked directly. 
Varying the cluomalcolorfulness of an image normally results in variations of the image 
quality. Observers have expectations about the original scene at the time the picture is 
taken (Fedorovskaya et aI., 1997). If the reproduced image is less colorful than expected, 
the image is judged lower in image quality (de Ridder et aI., 1995). The reproduced image 
can also be too colorful resulting in an unnatural image, and as such degrading the image 
quality (de Ridder et aI., 1995). In this sense cluoma (reproduction) can be regarded as an 
image quality artifact. 
Brightness and lightness define the last dimension of color. The distinction between the 
two is the same as the distinction between colorfulness and chroma. Brightness is the 
absolute level of perception, defined as: "a visual sensation according to which an area 
appears to emit more or less light" (Fairchild 2005, p. 86), while lightness can be seen as 
relative brightness. The definition of lightness is: "the brightness of an area judged relative 
to the brightness of a similarly illuminated area that appears to be white or highly 
transmitting" (Fairchild 2005, p. 86). 
These five attributes are required to fully specify color appearance. For color reproduction 
in most color applications only the tluee relative color attributes (i.e., lightness, chroma 
and hue) are of significant importance. The CIE (Commission Internationale d'EcIairage) 
designed three-dimensional spaces, such as CIELab and CIELuv, with dimensions that 
approximately correlate with the perceived lightness, chroma and hue of a stimulus. With 
these color spaces the colors we perceive can be described by only three numbers. The 
science that describes colors in numbers is called colorimetry. The underlying colorimetry 
of the CIELab and CIELuv color spaces, the CIE 1931 system, is outside the scope of this 
report. An introduction of CIE colorimetry, which is still used as a useful international 
standard, can be found in Fairchild (2005) chapter 3. The most generally used color space 
for manipulating color images, the CIELab color space, is described below. 

2.2.2 CIELab color space 
The CIE 1976 (L * a* b*) color space, abbreviated CIELab, is designed to provide a 
perceptually uniform color space, i.e., equal steps in this color space are perceptually 
equal. Each color of a stimulus can be described by tluee values, which present the tluee 
dimensions of the color space (see Figure 2.4). The L * dimension, ranging from dark to 
light, is normalized in such a way that 0 stands for black and 100 for white. The a* and b* 
dimensions correlate approximately with the chromatic perception of red-green and 
yellow-blue respectively. The a* and b* dimensions can be both positive and negative, and 
are zero for acluomatic colors. The color space can be represented in cylindrical 
coordinates in which hab (hue) can be specified by the angle in degrees (of the a*, b* plane) 
and the Cab (chroma) by the distance from the L * axis (see Figure 2.4). 
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Figure 2.4: The three dimensional CIELab color space. The L * dimension rangingfrom 
o (black) to 100 (white) correlates with perceived lightness. The a* and b * 
dimensions correlate with the chromatic perception oj red-green and 
yellow-blue, respectively. The cylindrical coordinates C* and hab correlate 
with perceived chroma and perceived hue, respectively (Fairchild, 2005). 

The CIELAB coordinates are calculated from the CIE XYZ tristimulus values. Because 
colors are normally not judged in isolation, but relative to a similarly illuminated white 
area, the tristimulus values of the stimulus, XYZ, are normalized by the tristimulus values 
of the reference white (Xn Y nZn). The color space also accounts for nonlinear visual 
responses to create a uniform color space. The Equations to calculate the CIELAB 
coordinates are: 

Equation 2.2: 

Equation 2.3: 

Equation 2.4: 

Equation 2.5: 

Equation 2.6: 

Equation 2.7: 

L* = 116j(~] -16 
Y" 

a* = 500[ {n- f(;.]J 
b*=500[f(n- f(nJ 
j(OJ) = (OJ)I/3 OJ> 0.008856 

16 
j(OJ) = 7.787(OJ) + - OJ ~ 0.008856 

116 

C;b=~(a*2+b*2) 

hab = arctan( ! : ) 
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In this color space an image can be described according to its color point distribution. Thus 
for each pixel of an image the value of the three coordinates L *, Cab and hab can be 
determined. By manipulating only the Cab value of each pixel the perceived chroma is 
manipulated, while the perceived lightness and perceived hue remain constant. The 
advantage of this color space is that equal steps on the Cab axis result in equal steps of 
?erceived chroma, and thus, if the illumination and viewing conditions are held constant, in 
equal steps of perceived colorfulness, as shown by Fedorovskaya et al. (1997). 
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3 Experiment 1 

3. 1 Introduction 
The main goal of this experiment was twofold: first to verify whether naturalness is an 
appropriate attribute to measure 3D quality, and secondly to determine the relative 
influence of perceived image quality and perceived depth on naturalness. 
To reach these goals, both the level of image quality (blur) and the level of depth 
(dimension) of our images were varied and they had to be evaluated in terms of 
naturalness, image quality and depth. Blur was chosen to degrade the image quality in 
order to be able to compare our assessments of perceived image quality, perceived 
naturalness and perceived depth on the nine-view lenticular auto-stereoscopic 3D display 
of Philips to those obtained with a 2-view 3D system (experiment of van Vugt (2007)). 

3.2 Experimental setup 

3.2.1 Design 
The experiment had a within-subjects design, with as independent variables: content (4 
scenes), blur (4 levels) and dimension (3 levels). The assessment scores on perceived 
image quality, perceived naturalness and perceived depth were the dependent variables. 

3.2.2 Stimuli 
Four still originals were used in this experiment (see Figure 3.1). The orginal 
'playmobiles' was included to make a direct comparison to the results of van Vugt (2007) 
possible. The original 'puzzle' was applied to make a direct comparison to the results of 
Seuntiens (2006) and Lambooij et al. (2005) possible. In line with Berthold (1997), who 
used natural scenes in her . the ori· s 'nature' and 'balloon' were added. 

Playmobiles Puzzle 

Nature Balloon 

Figure 3.1: The originals used in experiment 1. 
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3.2.3 Stimulus manipulation 
The input format for the Philips 3D display is an RGB image (original) + corresponding Z
image (depth map), with a resolution of 940 x 540 each. The 'nature' and ' balloon' 
originals were already available in the RGB + Z-image format. The 'playmobiles ' and 
'puzzle' originals were only available in stereo view, i.e., with a separate image for the left 
and right eye. From the two images in the stereo view format the Z-images were created 
with a conversion algorithm. The resulting conversion artifacts in the Z-image were 
removed by hand. 
Four levels of blur were introduced to each original (i.e., in the RGB image), using a 
Gaussian filter in Matlab® with a kernel size of7 x 7 pixels and a standard deviation (<J) of 
0, 1, 1.5 and 5. These levels, the same as used by van Vugt (2007), were selected because 
they resulted in a linear decrease of the image quality as shown by van Vugt (2007). Three 
different dimension levels were created by varying the gain factor in the Z-image. This 
resulted in a 2D level (zero screen disparity) and two 3D levels with a maximum screen 
disparity of ± 1.6 mm (3Dhalf) and ±3.2 mm (3Dfull). These screen disparities were chosen 
to approximate the screen disparities used by van Vugt (2007). The actual maximum 
negative screen disparity (i .e., for depth perceived in front of the screen) was different per 
scene depending on the values in the Z-image (see Table 3.1). 
The original RGB image was used as the middle view of the nine views, i.e., view five on 
the Philips 3D-display. The four views to the right and to the left were rendered according 
to the disparities given in the Z-image. The created stimuli had a 1920 x 1080 format. 

Table 3.1 : Positive and negative screen disparity in millimeters per dimension level for 
the different scenes. 

Disparities '2D' Disparities '3Dhalf Disparities '3Dfull' 

Positive Negative Positive Negative Positive Negative 
Balloon 0 0 1.6 0.6 3.2 1.2 
Nature 0 0 1.6 0.65 3.2 1.3 
Playmobiles 0 0 1.6 1.2 3.2 2.4 
Puzzle 0 0 1.6 1.6 3.2 3.2 

3.2.4 Assessment scale 
The assessment scale standardized by ITU-BT.500-11 (recommendations for the 
methodology for the subjective assessment of the quality of television pictures) was used 
(lTU 2000). The scale labeled with the adjectives [bad]-[poor]-[fair]-[good]-[excellent] is 
recommended for assessing image quality, but can also be applied to assess depth and 
naturalness. The same scale was used in the experiments of Lambooij et aI. (2005), 
Seuntiens et aI. (2005a, 2005b and 2006) and van Vugt (2007), making a solid comparison 
between the different studies and the different attributes possible. Between the five 
standard marks four intermediate marks were added to allow the participants to refine their 
assessment; this resulted in a nine point scale, as depicted in Figure 3.2. 

Ba(l Poor Fan: Good Excellent 

Figure 3.2: Assessment scale used in the experiment (lTV, 2000b). 
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3.2.5 Participants 
Nineteen observers participated in the experiment, two of which were female and 
seventeen male. Their age ranged from 22 to 46. Ten of them were employees of Philips 
Research, while nine were internal graduation students. All observers had a normal or 
corrected to normal visual acuity (a visus of at least 1 as tested on the Landolt-C test) and 
good stereo vision (:S 30 second of arc as tested with a RANDOT stereo test). 

3.2.6 Equipment 
The stimuli were displayed on a 42" Philips nine-view auto-stereoscopic lenticular display 
(42-3D6C01/00). The display was of the comfort type, characterized by a large viewing 
zone for comfortable viewing. The width of each view approximately was 2.3 degree and 
the display was optimized for a viewing distance of 3 meters. 
A script in Matlab was written to control the experiment and to collect the assessment 
scores. The assessments were taken on a keyboard. 

3.2.7 Procedure 
The experiment was conducted in an experiment room at Philips Research Eindhoven. The 
lighting conditions of the room were held constant at 3 lux (measured at the screen 
perpendicular to the display in the direction of the viewer). Participants were seated at a 
viewing distance of 3 m. 
They were requested to score perceived depth, perceived image quality and perceived 
naturalness for all 48 stimuli (i.e., 4 different scenes x 4 levels of blur x 3 dimension 
levels). Each attribute was scored in a separate session with at least four days between the 
naturalness and image quality session. All 19 participants participated in all three sessions; 
the order of the sessions was randomized to counterbalance order effects. 
Before the first session the visual acuity and stereo acuity of the participants were 
measured with the Landolt-C test and RANDOT stereo test respectively. Then, the 
participants received a brief instruction on paper about the procedure of the experiment 
(see Appendix 1). Also the use of the assessment scale was explained. They were told that 
they were allowed to move their head only a few centimeters in both directions in order to 
get a better view on the content. If needed, questions about the procedure and the 
assessment criteria were answered. 
Before the experiment started, a short training session was conducted that consisted of two 
parts. The first part of the training allowed the participants to get acquainted to viewing 3D 
images. In total eight images were presented covering the extreme settings occurring later 
in the experiment. These images were different from the ones in the actual experiment. The 
second part of the training allowed the participants to become familiar with the assessment 
scale, the assessment criteria and some of the stimuli. In this part of the training the 
participants were asked to assess six images with different blur and dimension levels. The 
order of the stimuli in the training and the experiment was randomized to counterbalance 
order effects. The stimuli were displayed as long as needed for the participants to assess 
them in terms of perceived depth, perceived image quality or perceived naturalness. 
Between two subsequent stimuli an ISAF (Inter Stimulus Adaptation Field) screen, i.e., a 
gray screen, was displayed for 3 seconds to minimize adaptation effects. The total time 
needed per session was approximately 20 minutes. 

3.2.8 Statistical analysis 
Because unidimensional attributes were rated on an ordinal categorical scale, the data were 
first transformed using Thurstone scaling. With this scaling it was tested whether equal 
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distances on the assessment scale were perceived as equal, i.e., whether the difference 
bet:veen [bad] and [poor] was perceived similar to the difference between for example 
[faIr] and [good]. The ThurcatD program was used for this analysis (Boschman, 2000). 
The data were analyzed in SPSS 15.0. In a repeated measure ANOVA the main effect of 
blur level, dimension level and content, as well as all three two-way interactions, were 
tested for each assessment criterion separately, i.e., for perceived depth, perceived image 
quality and perceived naturalness. The Bonferroni post hoc test was used to specify 
significant main effects and their interactions. To specify the importance of an effect, the 
effect size was calculated based on the omega squared method (00

2
). The 00

2 is estimated 
with Equation 3.1, recommended by Keppel (1991, p. 65). 

Equation 3.1 

with SSA 
SST 
a 
MSS1A 

= the sum of squares factor A 
= the sums of squares total 
= number of groups factor A 
= the mean squares error factor A 

The estimated omega squared is especially useful because it is unaffected by small sample 
sizes and low power (Keppel 1991). For interpretation of the effect size, Keppel (1991) 
gives the following guidelines; 0.01 refers to small effects, 0.06 refers to medium effects 
and 0.15 refers to large effects. 

3.3 Results 
The data were first submitted to Thurstone scaling; the results revealed that equal distances 
on the scale were perceived as equal. Before applying the repeated measure ANOV A 
described in 3.2.8, the assumptions that hold for an ANOVA were tested: normal 
distribution, homogeneous variances and independent observations. The results indicated 
that it was allowed to perform an ANOV A. 
A qualitative study of the data revealed that the 'puzzle' scene was scored very differently 
from the other scenes; the stereoscopic dimension levels were scored considerably lower in 
terms of image quality and naturalness (see Appendix 2). This was mainly due to disparity 
induced blur; the comer of the cube in the 'puzzle' scene that protrudes toward the viewer 
out was perceived as blurred, especially at the highest Dimension level. Because this 
artifact in the 'puzzle' scene had such a strong effect on the image quality and naturalness 
scores, it strongly affected the trends in the whole dataset. An ANOVA was carried out 
with the scores on the assessments (perceived image quality, perceived naturalness and 
perceived depth) as dependent variables and Blur, Content and Dimension as independent 
variables. The results of the ANOV A emphasised above findings. Because of the 'puzzle' 
scene the main effect of Dimension on the image quality scores was significant 
(F(2,26)=28.256, p<.OO 1, 00

2=.012), i.e., introducing depth had a negative influence on 
image quality. Whereas without the 'puzzle' scene Dimension did not affect the image 
quality scores (p=.067), in line with amongst others the research of Seuntiens et al. (2005b, 
2006) and van Vugt (2007). Even more, because the 3D artifact in the 'puzzle' scene 
caused by the introduction of depth was perceived as blur, it caused an unintentional 
interaction effect with the deliberately introduced Gaussian blur artifact for the image 
quality assessment (F(6,78)=16.784, p<.OOl, 00

2=.016). Without the 'puzzle' scene the 
interaction Blur x Dimension was not significant for the image quality assessment 
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(p=.352). For these reasons the 'puzzle' scene was left out of the dataset and is briefly 
discussed separately. 

3.3.1 Assessment of the evaluation criteria 
Figure 3.3 shows the assessment scores of perceived image quality, perceived naturalness 
and perceived depth averaged over all scenes except the 'puzzle' scene and their 95% 
confidence intervals. The X-axis represents the blur level and the Y-axis represents the 
mean assessment scores. The different lines in each graph represent the different 
dimension levels. 

Looking at Figure 3.3 it is clear that the assessment scores of image quality and naturalness 
were highly affected by the amount of blur introduced; they both decreased in a similar 
way with the level of blur introduced. It is also clear that the depth scores degraded with 
increasing amounts of blur, however to a lesser extent than the image quality and 
naturalness scores. The introduced blur degraded the depth scores of each dimension level 
in a similar way; it appears that although the depth perception was degraded by the 
introduced blur, the difference between the dimension lines remained the same for every 
blur level. 
For the perceived depth the three dimension levels were clearly distinguished, i.e., the 
depth perception increased with the amount of screen disparity. It is also clear that the 
introduction of stereoscopic depth did not influence the perceived image quality; there was 
almost no difference between the average scores of the different dimension levels. The 
perceived naturalness scores, however, were enhanced by the introduction of stereoscopic 
depth; the stereoscopic images were scored higher than their 2D counterparts. This implies 
that naturalness took the added value of depth into account, whereas image quality did not. 
Further increasing the screen disparity from dimension level '3Dhalf' till '3Dfull'. did not 
result in higher naturalness scores, despite the clearly perceived difference in depth, as 
confirmed by the depth scores. 
All three scenes were similarly influenced by the introduced blur and screen disparity in 
terms of image quality and naturalness. The 'playmobiles' scene, however, received lower 
averaged values, which is not very surprising because the quality of the original 
'playmobiles' scene was lower than the quality of the two other scenes. Also the highest 
dimension level of the 'playmobiles' scene was scored lower in terms of image quality and 
to a lesser extent in terms of naturalness, mainly because disparity induced blur was 
perceived in the areas displayed with high negative disparities. The difference between the 
scenes in terms of perceived depth was somewhat bigger. Nonetheless, all three scenes 
exhibited the same behaviour; a small decrease in perceived depth as a consequence of a 
higher level of introduced blur for all the dimension levels, and a very good differentiation 
between the three dimension levels. 
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Figure 3.3: Mean assessment scores for Depth, Image Quality and Naturalness as 
function of the blur level; the separate lines represent the different 
dimension levels. 
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An repeated measure ANOVA was carried out with the scores on the assessments 
(perceived image quality, perceived naturalness and perceived depth) as dependent 
variables and Blur, Content (without the ' puzzle scene) and Dimension as independent 
variables. The ANOVA results and their effect sizes are displayed in Table 3.2. As 
expected the introduction of blur had a highly significant effect on the assessment of all 
three evaluation criteria, with a very high effect size on image quality and naturalness and 
a moderate effect size on depth perception. 
The main effect of Dimension level was, as expected, highly significant on the depth 
perception assessment with a very high effect size. For the image quality assessment no 
significant effect of Dimension level was found. In contrast to the image quality 
assessment, the main effect of Dimension level on the naturalness assessment was highly 
significant, yet only with a small effect size. Post hoc tests revealed that in terms of 
naturalness both stereoscopic dimension levels, '3Dhalf and '3Dfull', were scored 
significantly higher than the '2D' dimension level (both p<.008); no significant difference 
was found between the ' 3Dhalf and the '3Dfull' dimension levels (p>.999). 
Finally, image Content was highly significant on the assessment of all three evaluation 
criteria, mainly because the 'playmobiles' scene was scored lower on all three evaluation 
criteria. 

The 2-way interaction of Blur x Dimension was not significant on the assessment of all 
three evaluation criteria. The Blur x Content interaction was significant on the assessment 
of the image quality and naturalness criteria, indicating that the different scenes were 
affected differently by the introduced blur. Further analysis revealed that the difference 
between the different scenes in terms of image quality and naturalness became smaller 
with the amount of blur introduced. As mentioned before the 'playmobiles' scene was 
scored considerably lower in terms of image quality and naturalness than the two other 
scenes; it seems plausible that the perceived difference between the scenes became less 
clear as more blur was introduced. 
The interaction Content x Dimension was significant on the perceived depth assessment, 
which implies that the effect of dimension level on the perceived depth scores was 
significantly different for the different scenes. Further analysis revealed that the mean 
depth scores of the '2D' dimension level were the same for all three scenes. For the 
'3Dhalf and '3Dfull' dimension levels, however, there was an difference between the 
different scenes: the 'nature' scene received higher average scores and the 'playmobiles' 
scene lower average scores than the 'balloon' scene. Thus, only in the stereoscopic 
presentation more depth was perceived in the 'nature' scene and less in the 'playmobiles' 
scene, while the total screen disparity was higher in the 'playmobiles' scene than the two 
other scenes (see Table 3.1). The interaction effect Content x Dimension was also 
significant on the assessment of the image quality, but only with a very small effect size. 
This interaction effect was mainly the result of the fact that the highest dimension level 
'3Dfull' was scored differently in the 'playmobiles' scene (see Appendix 2). As mentioned 
before the image quality was degraded in this scene because of the perception of disparity 
induced blur. 
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Table 3.2 Repeated measure ANOVA results,· the effect of Blur, Dimension and 
Content and all three 2-way interactions on the assessment of the three 
evaluation criteria 

Dependent Variable: Perceived Depth 
Effect df df(error) F Sig. Effect size (u}) 

Blur 3 51 27.791 < 0.001 0.045 
Dimension 2 34 155.102 < 0.001 0.475 
Content 2 34 31.709 < 0.001 0.061 

Blur x Dimension 6 102 0.274 0.572 < 0.001 
Blur x Content 6 102 0.853 0.533 < 0.001 
Dimension x Content 4 68 17.693 < 0.001 0.025 

Dependent Variable: Perceived Image Quality 
Effect df df(error) F Sig. Effect size (u}) 

Blur 3 42 446.872 < 0.001 0.422 
Dimension 2 28 2.986 0.067 < 0.001 
Content 2 28 116.316 < 0.001 0.100 

Blur x Dimension 6 84 1.131 0.352 < 0.001 

Blur x Content 6 84 3.774 0.002 0.005 
Dimension x Content 4 56 2.773 0.036 0.001 

Dependent Variable: Perceived Naturalness 

Effect df df(error) F Sig. Effect size (u}) 

Blur 3 48 146.481 < 0.001 0.424 
Dimension 2 32 13.496 < 0.001 0.019 
Content 2 32 46.447 < 0.001 0.092 

Blur x Dimension 6 96 0.281 0.945 < 0.001 
Blur x Content 6 96 5.557 < 0.001 0.001 
Dimension x Content 4 64 1.522 0.206 < 0.001 
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3.3.2 The 'puzzle' scene. 
For the 'puzzle' scene the 3D images were rated lower in terms of image quality and 
naturalness than the 2D images (see Appendix 2). These low scores were mainly due to 
blur in the detailed areas displayed in front of the screen; i.e., the areas with a large 
negative disparity. Especially the comer of the cube that pointed out contained large 
negative disparity values and was perceived blurred already at the dimension level 
'3Dhalf'. Because the stereoscopic presentation caused some 3D artifacts the perceived 
image quality was negatively influenced by the introduction of depth. An repeated measure 
ANOVA was carried out with the scores on the assessments (perceived image quality, 
perceived naturalness and perceived depth) as dependent variables and Blur and 
Dimension as independent variables. The results revealed that the effect of Dimension on 
image quality assessment was significant with a high effect size (F(2,32)=37.483, p<.OOl, 
(0=.147). The Bonferonni post hoc test revealed that the '3Dhalf' dimension level was 
rated significantly lower than the '2D' dimension level (p=.007), the '3Dfull' dimension 
level was rated significantly lower than the '3Dhalf' dimension level (p<.001). The 
disparity induced blur also degraded the naturalness scores, especially at the '3DfuU' 
dimension level. However, there was a clear shift in comparison to the image quality 
scores; the naturalness scores of the highest dimension level laid closer to the '2D' 
dimension level, while the scores of the '3Dhalf' dimension level were even slightly higher 
than the scores of the '2D' dimension level. The main effect of Dimension on the 
naturalness assessment was found significant with a moderate effect size (F(2,36)=14.677, 
p<.OOI, (0=.093). The post hoc test revealed that only the '3Dfull' dimension level was 
scored significantly lower than both the '2D' dimension level (p=.008) and the '3Dhalf' 
dimension level (p<.001). No significant difference was found between the '3Dhalf and 
'2D' dimension levels (p>.999). The image quality, naturalness and to a lesser extent the 
perceived depth scores were degraded by the introduced blur. And not surprisingly, the 
effect of Dimension was also significant on the perceived depth assessment, with a very 
high effect size (F(2,34)=75.682, p<.OOI, (0=.471). The ANOVA results revealed, as 
expected, a significant effect of Blur on the assessment of all three evaluation criteria, with 
a very high effect size for image quality (F(3,48)=82.258, p<.OOI, (0=.389) and naturalness 
(F(3,54)=33.910, p<.OOl, (0=.287), and a moderate to high effect size for the depth 
perception (F(3,51)=24.073, p<.OOl, (0=.062). 

The interaction effect Blur x Dimension was not significant for the perceived depth 
assessment (p=.304), but it was for the image quality assessment (F(6,96)=9.871, p<.OOI, 
(0=.045) and naturalness assessment (F(6,108)=3.058, p=.008, (0=.014). Further analysis 
revealed that with an increasing blur level the difference between the scores of the different 
dimension levels became smaller (see Appendix 2). The comer of the cube was already 
perceived blurred in the '3DfuU' dimension level, even when there was no additional blur 
introduced (i.e., blur level 0). It seems plausible that introducing blur had less effect in 
terms of image quality and naturalness on this dimension level than on the other two 
dimension levels because introducing blur on an already blurred area has less effect than 
on a detailed area. 

3.3.3 Comparison between the 2-view and 9-view 3D display 
The 'playmobiles' scene was assessed on a 2-view display in the experiment of Van Vugt 
(2007) and on the 9-view display from Philips in this experiment, using the same levels of 
introduced blur and screen disparity. Also the way perceived image quality, perceived 
naturalness and perceived depth was assessed, was similar in both experiments. Hence, the 
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results of both experiments could directly be compared. For both displays the image 
quality, naturalness and to a lesser extent perceived depth degraded with the amount of 
blur introduced. More importantly naturalness took into account the added value of depth 
for both displays, whereas image quality did not. Nonetheless, there were also some 
differences between the results of both experiments. First, the average assessment scores 
on the 9-view display were lower than on the 2-view system. In our experiment the quality 
of the original 'playmobiles' scene was lower than that of the three other original scenes. 
For the 2-view system, however, the two original scenes had about the same quality. In 
both experiments participants were instructed to use the full range of the scale, and so, it 
might be assumed that only relative scores rather than absolute scores were given. Because 
the quality of the 'playmobiles' scene was lower relative to the three other scenes in the 
experiment on the 9-view display it seems logical that the absolute scores of the 
'playmobiles' scene were lower on the 9-view than on the 2-view display. Second, the 
highest dimension level was assessed differently on the two displays. The assessment 
scores of image quality on the 9-view display dropped at the highest dimension level, 
while this was not the case for the 2-view system. As mentioned before detailed areas in 
the 'playmobiles' scene were displayed with large (negative) screen disparities at the 
highest dimension level, resulting in the perception of disparity induced blur, thereby 
degrading the image quality. For the 2-view system no disparity induced blur was reported: 
as a consequence the image quality was not influenced by the introduced depth. It seems 
~hat the disparity induced blur, only visible on the 9-view display, also degraded the 
naturalness assessment scores, since the averaged scores of the highest dimension level 
('3Dfull') were lower than the averaged scores of the '3Dhalf dimension level. On the 2-
view system the highest dimension level received, as expected, the highest naturalness 
scores. 

3.4 Conclusion and discussion 
The main conclusion is that the naturalness attribute seems to be a good attribute to 
measure 3D quality, i.e., the naturalness attribute incorporates the added value of depth and 
shows a good differentiation between the different levels of perceived image quality 
created by the introduction of different levels of Gaussian blur. Even more, it incorporates 
the disparity induced blur as well. This result is in line with the results of Seuntiens et al. 
(2005a, 2006), Lambooij et al. (2005) and van Vugt (2007); they all report that the 
naturalness attribute incorporates the added value of depth and takes into account different 
2D and 3D image distortions. The results also suggests that naturalness is appropiate to 
evaluate both natural and unnatural content; it takes the added value of depth into account 
in a similar way for both natural as unnatural images. 
Perceived image quality is not affected by the introduction of stereoscopic depth in the 
'balloon' and 'nature' scenes, and even decreases when disparity induced blur becomes 
visible in the 'puzzle' scene and to a lesser extent in the 'playmobiles' scene. In line with 
the results of van Vugt (2007) our results contradict the results of Berthold (1997), who 
stated that perceived image quality is enhanced by the introduction of stereoscopic depth 
when assessing natural blur impaired images. 

With respect to the second goal, to model naturalness in terms of perceived image quality 
and perceived depth, two findings are important. First, no difference is found in the 
naturalness scores between the two stereoscopic dimension levels. Although introducing 
stereoscopic depth enhances the naturalness scores, a further increase of depth, by means 
of larger screen disparities, does not further enhance the naturalness scores. Van Vugt 
(2007) and Seuntiens et al. (2006) found similar results which may imply that perceived 
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depth is not linearly related to naturalness. Secondly, in line with the results of van Vugt 
(2007) and Berthold (1997), perceived depth is degraded by the introduced blur, which is 
as expected since blur is a depth cue (see section 2.1.4). Also noise degrades the depth 
perception, although to a lesser extent than blur (Lambooij et al., 2005; van Vugt, 2007). 
This implies that even without 3D artifacts perceived depth and perceived image quality 
are not independent. All three dimension levels, howeyer, are degraded in a similar way, 
i.e., the difference between the dimension lines remains the same for every blur level. It 
appears that the introduced blur only affects the 2D depth cues, which are present in all 
three dimension levels. This means that the added value of the introduced screen disparity, 
in terms of perceived depth, remains the same for every blur level. The modelling of 
naturalness in terms of perceived image quality and perceived depth will be further 
discussed in chapter 5. 

Disparity induced blur is only perceived in the 'puzzle' and 'playmobiles' scene because, 
as shown in Table 3.1 the 'puzzle' scene and to a lesser extent the 'playmobiles' scene 
contain high negative disparities, resulting in objects displayed far in front of the display. 
These areas are perceived as blurred, mainly due to the high levels of crosstalk in the 9-
view display used in the experiment. As explained in section 2.1.5 crosstalk is perceived as 
blur in multi-view displays and becomes more visible at higher screen disparities. The 
' balloon' and 'nature' scene only contain high positive disparities, i.e., depth perceived 
behind the display. As a result, only low detailed areas (backgrounds) are displayed with 
high screen disparities, making crosstalk less visible. 

The results also indicate that perceived image quality, perceived naturalness and perceived 
depth are assessed very similar on a 2-view mirror system as used in the experiment of Van 
Vugt (2007) and on a 9-view system used in our experiment. The only difference is that the 
9-view system may suffer from disparity induced blur, which is not the case for the 2-view 
system. This result implies that research taken on different 3D displays can be coupled to 
substantiate the 3D quality model. The amount of screen disparity allowed to retain a high 
image quality is display dependent. For the 9-view display, increasing screen disparities 
results in an increase in the disparity induced blur as a result of the high levels of crosstalk. 
On the 2-view mirror system, without crosstalk, image quality is not degraded with higher 
screen disparities. 
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4 Experiment 2 

4. 1 Introduction 
The main goal of the second experiment was the same as the first experiment; first, verify 
whether naturalness is an appropriate attribute to measure 3D quality, and second, 
determine the relative importance of perceived image quality and perceived depth on 
naturalness. In this experiment more dimension levels were applied to be able to better 
investigate the influence of stereoscopic depth on naturalness. The level of image quality 
was varied by varying the chroma value per pixel of the originals, creating more and less 
colorful images. Chroma was chosen to determine whether the shift between image quality 
and naturalness as found for 2D images by amongst others de Ridder et al. (1995) (i.e., 
observers preferred more colorful images even though these images were perceived less 
natural) could be reproduced for 3D images, while naturalness remained sensitive for 
changes in perceived depth and perceived image quality. Furthermore, chroma as image 
quality artefact was expected not to influence the depth perception. 

4.2 Experimental setup 

4.2.1 Design 
The experiment had a within-subjects design, with as independent variables: content (2 
scenes), chroma manipulation (6 levels) and dimension (5 levels). The assessment scores 
on the perceived image quality, the perceived naturalness and the perceived depth are the 
dependent variables. 

4.2.2 Stimuli 
Two still originals were used in this experiment (see Figure 4.1). The original 'Balloon' 
was also included in the first experiment. The original 'People' was included because of its 
colorful composition and because it contains skin tones. 

People Balloon 

Figure 4.1: The two originals used in experiment 2. 

4.2.3 Stimulus manipulation 
The input format for the Philips 3D display is a RGB image (original) + corresponding Z
image ( depth map), with a resolution of 940 x 540 each. Both originals were available in 
this format. 
Six levels of chroma were created by varying the chroma value per pixel in the CIE 1976 
(L* a* b*) color space. The R, G and B values of the original images, scaled back to [0, 1], 
were first gamma (y) corrected with y = 2.2, because it was assumed that the originals were 
color corrected for being displayed on a monitor with a gamma of 2.2. These R, G and B 
values were linear transformed into X, Y and Z tristimulus values, using the monitor 
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characteristics. The chromaticity coordinates for reference white were (xw, Yw) = (0.279, 
0.306). The chromaticity coordinates for the three phosphors of our monitor were (xr, Yr) = 
(0.650, 0.330), (Xg, yg) = (0.272, 0.603) and (Xb, Yb) = (0.141, 0.306). The maximum 
luminance for white was 500 cd/m2

. The resulting 3 x 3 matrix is shown in Equation 4.1. 

Equation 4.1: 

l

Xl

l

o.385 0.315 0.212llRl 
Y = 0.195 0.699 0.106 • G 

Z 0.012 0.151 1.194 B 

From the tristimulus values the CIELAB color coordinates for each pixel were obtained 
with Equations 2.2-2.5. Finally, the hue angle (hab) and the chroma values (Cab) for each 
pixel were obtained with Equations 2.6 and 2.7. 
For the two original images, a set of new images was computed by multiplying the chroma 
value for each pixel with a constant, while the lightness and hue angle were kept constant. 
The chroma values were both decreased, by mUltiplication with a constant of 0.4 and 0.8, 
and increased, by multiplication with a constant of 1.2, 1.4 and 1.8. Including the original 
scene (1.0), six levels of chroma were created. 
The new R, G and B values were computed by first transforming the hue angle and chroma 
value to the new a* and b* values with Equation 4.2 and 4.3. The resulting values were 
transformed to the new X, Y and Z tristimulus values with Equations 4.4-4.7. Finally, the 
new R, G and B values were calculated using the inverse ofthe matrix in Equation 4.1. 

Equation 4.2: 

Equation 4.3: 

Equation 4.4: 

Equation 4.5: 

Equation 4.6: 

Equation 4.7: 

a* = cos(hab) * C;b 

b* = sin(hab ) * C;b 

y = Y I(L * +16) 
n 116 

X = X I( L * + 16 +~) 
n 116 500 

Z=Z I(L*+16 _~) 
n 116 200 

1(0)) = (0))3 0) > 0.2069 

1(0)) = 0.1284(0) -~) 0):::; 0.2069 
116 

Pixels with a value larger than one were outside the gamut of the display and were clipped 
to 1. After that the R, G and B values were corrected for the gamma of the LCD display by 
applying an inverted y of2.69. Finally the resulting R, G, and B values were scaled back to 
[0,255]. 
Five different dimension levels were created by varying the gain factor in the Z-image. 
This resulted in a 2D level (zero screen disparity) and four 3D levels with a maximum 
screen disparity of ±1 mm (3D l), ±2 mm (3D2), ±3 mm (3D3) and ±4 mm (3D4). However, 
the Z-image of both originals did not contain values that result in high negative screen 
disparities (i.e., for depth perceived in front of the screen), as a result only 1/3 of the 
maximum negative screen disparity was reached in both originals. 
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The original RGB image was used as the middle view of the nine views, i.e., view five. 
The four views to the right and to the left were rendered according to the disparities given 
in the Z-image. The created stimuli had a 1920 x 1080 format. 

4.2.4 Assessment scale 
The same assessment scale as in experiment 1, standardized by ITU -BT.500-11 (ITU 
2000b), was used (see Figure 3.2). 

4.2.5 Participants 
Twenty participants participated in the experiment, six of which were female and fourteen 
male. Their age ranged from 24 to 46. Nine of them were employees of Philips Research, 
while eleven were internal graduation students. Ten participants also participated in the 
first experiment. All observers had a good visual acuity 2: 1 (as tested with the Landolt-C 
test), good stereovision (~ 30 second of arc as tested with a RANDOT stereo test) and no 
color deficiencies (as tested with the Ishihara test). 

4.2.6 Equipment 
The stimuli were displayed on a 42" Philips nine-view auto-stereoscopic lenticular display 
(42-3D6W02). This display was of the comfort type, characterized by a large viewing zone 
for comfortable viewing. The display was, however, a newer model than the one used in 
experiment 1. This display was optimized for a viewing distance of 3 meters. 
A script in Matlab was written to control the experiment and to collect the assessment 
scores. The assessments were taken on a keyboard. 

4.2.7 Procedure 
The experiment was conducted in an experimental room at Philips Research Eindhoven. 
The same viewing conditions were created as in experiment 1 (see section 3.2.6). 
Participants were asked to score perceived depth, perceived image quality and perceived 
naturalness for all 60 stimuli (i.e., 2 different scenes x 6 levels of chroma x 5 dimension 
levels) in three separate sessions, with at least four days between the naturalness and image 
quality session. All 20 participants participated in all three sessions; the order of the 
sessions was again randomized to counterbalance order effects. 
Before the first session the visual acuity and stereo acuity of the participants were 
measured with the Landolt-C test and RANDOT stereo test respectively. An additional test 
was taken to test the participants for color deficiencies with the Ishihara test. Only 
participants with a good stereo and visual acuity and with no color deficiencies could 
participate in the experiment. They received a brief instruction on paper about the 
procedure of the experiment. Also the use of the assessment scale was explained. In the 
paper it was explained that they were allowed to move their head only a few centimeters in 
both directions in order to get a better view on the content. If needed, questions about the 
procedure and the assessment criteria were answered. 
Before the experiment started, a short training session was conducted that consisted of two 
parts. The first part of the training allowed the participants to get acquainted to viewing 3D 
images. In total six images were presented covering the extreme settings occurring later in 
the experiment. These images were different from the ones in the actual experiment. The 
second part of the training allowed the participants to become familiar with the assessment 
scale, the assessment criteria and the stimuli. In this part of the training the participants 
were asked to assess eight images with different chroma and dimension levels including 
some of the extremes. The order of the stimuli in the training and the experiment was 
randomized to counterbalance order effects. The stimuli were displayed as long as needed 
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for the participants to assess them in terms of perceived depth, perceived image quality or 
perceived naturalness. Between two subsequent stimuli an ISAF (Inter Stimulus 
Adaptation Field) screen, i.e., a gray screen, was displayed for 3 seconds to minimize 
adaptation effects. The total time needed per session was approximately 25 minutes. 

4.2.8 Statistical analysis 
The same statistical analyses were conducted as in experiment 1. The data was first 
submitted to Thurstone scaling. With a repeated measure ANOVA the main effect of 
chroma level, dimension level and content, as well as all three two-way interactions, were 
tested for each assessment criterion separately, i.e., perceived depth, perceived image 
quality and perceived naturalness. Significant main effect were specified with the 
Bonferroni post hoc test and the omega squared (co2

) effect size (see chapter 3.2.7). 

4.3 Results 
The data were first submitted to the Thurstone scaling; the results revealed that equal 
distances on the scale were perceived as equal. Before applying the repeated measure 
ANOVA described in 4.2.7, the assumptions that hold for an ANOVA were tested; normal 
distribution, homogeneous variances and independent observations. The results indicated 
that it was allowed to perform an ANOV A. 

4.3.1 Assessment of the evaluation criteria 
Figure 4.2 shows the mean assessment scores and their 95% confidence intervals for 
perceived image quality, perceived naturalness and perceived depth. The X-axis represents 
the chroma manipulation, the Y-axis represents the mean assessment score, and the 
different lines represent the different dimension levels. 
Looking at Figure 4.2 it is clear that the assessment scores of image quality and naturalness 
were highly affected by the chroma manipulation; they both decreased with lower chroma 
values (i.e., chroma level 0.4 and 0.8) and also when the chroma values were too high (i.e., 
chroma level 1.8), resulting in an inverted 'U-shape' behaviour. The images with a slightly 
higher chroma than the original (i.e., chroma level 1.2) received the highest scores in terms 
of image quality. For the perceived naturalness scores both the unprocessed chroma level 
(chroma level 1.0) and chroma level 1.2 received the highest averaged scores. The 
perceived depth scores were less affected by the chroma manipUlation. For the perceived 
depth assessment a clear distinction was found between the five dimension levels, i.e., 
depth perception increased with the amount of screen disparity introduced. The linear 
increase in screen disparity, however, did not result in a linear increase in depth perception; 
the difference between the dimension lines reduced with increasing screen disparity (see 
Figure 4.2). It is also clear that the introduction of stereoscopic depth did not enhance 
perceived image quality; except for the highest dimension level there is almost no 
difference between the average scores of the different dimension levels. The highest 
dimension level (304) was scored considerably lower in terms of image quality for each 
chroma level. The perceived naturalness scores were enhanced by the introduction of 
stereoscopic depth; the stereoscopic images were scored higher than their 20 counterparts. 
This implies that, as in experiment 1, naturalness took the added value of depth into 
account, whereas image quality did not. A linear increase of the screen disparity resulted, 
as expected, in a linear enhancement of the naturalness scores, but only till the third 
dimension level (302). A further increase of the screen disparity did not result in higher 
naturalness scores, and the highest dimension level (3D4) was even scored considerably 
lower than the '3D2' dimension level. 
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Figure 4.2: Mean assessment scores for Depth, Image Quality and Naturalness as 
function of the chroma manipulation (multiplication with a constant) ,· the 
separate lines represent the different dimension levels. 
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The highest dimension level was scored differently in terms of image quality and 
naturalness; the screen disparity was too high in this dimension level, resulting in the 
perception of disparity induced blur. As a result, the image quality and to a lesser extent 
the naturalness scores decreased. 
The two scenes were assessed very similarly on all three evaluation criteria. Both scenes 
were affected in a similar way by the chroma manipulation and the introduced screen 
disparity in terms of perceived image quality, perceived naturalness and perceived depth. 

A repeated measure ANOVA was carried out with the scores on the assessments 
(perceived image quality, perceived naturalness and perceived depth) as dependent 
variables and Chroma, Content and Dimension as independent variables. The ANOVA 
results and their omega squared (ul) effect sizes are displayed in Table 4.2. As expected 
the Chroma manipulation had a highly significant effect with a large effect size on both 
perceived image quality and perceived naturalness. The effect of Chroma on perceived 
depth was also highly significant, however, only with a very small effect size. The 
perceived depth scores increased with increasing chroma level. Although this effect was 
very small, it was consistent over all the dimension levels (see Figure 4.3). 
The main effect of Dimension level was, as expected, highly significant on perceived depth 
with a very high effect size. For image quality the effect of Dimension level was also 
significant. A Post hoc test revealed that the highest dimension level was scored 
significantly lower than the other four dimension levels (all p<O.OOl); without the highest 
dimension level no significant effect of Dimension on the image quality assessment was 
found (p=O.095) (see also Appendix 4 for the ANOV A results without the highest 
dimension level). The main effect of Dimension level on the naturalness assessment was 
significant with a small effect size. A Post hoc test revealed that in terms of naturalness all 
the stereoscopic dimension levels were scored significantly higher than the '2D' dimension 
level (all pSO.O 19). There were also significant differences between the four stereoscopic 
dimension levels. A Post hoc test revealed in total four groups: '2D'(M= 2.83), '3D4 ' (M= 
2.97), '3D l ' (M=3.14) and '3D3' (M=3.22), and the last group '3D3' (M=3.22) and '3D2' 
(M=3.34). 
The last factor, image Content had no significant effect on the assessment of all three 
evaluation criteria. 

The 2-way interaction of Chroma x Dimension was not significant on the assessment of 
depth, but was significant on the assessment of image quality and naturalness, though only 
with a very small effect size for both. Further analysis revealed that the highest dimension 
level was affected differently by the chroma manipulation than the other four dimension 
levels for both image quality and naturalness. As mentioned before, the high screen 
disparity in the highest dimension level caused disparity induced blur. It seems that this 
artifact had more influence on the chroma levels that were scored on averaged the highest 
(i.e., chroma level 1.0, 1.2 and 1.4) than on the chroma levels that were scored on averaged 
the lowest (i.e., chroma levels 0.4 and 1.8). Without the highest dimension level the 2-way 
interaction of Chroma x Dimension was not significant on the assessment of image quality 
(p=O.18) and naturalness (p=0.75). 
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Table 4.1: Repeated measure ANOVA results; the effect of Chroma, Dimension and 
Content and all three 2-way interactions on the assessment of the three 
evaluation criteria. 

Dependent Variable: Perceived Depth 
Effect df df(error) F Sig. Effect size (ol) 

Chroma 5 95 7.124 <0.001 0.006 
Dimension 4 76 156.125 <0.001 0.594 
Content 1 19 1.534 0.231 <0.001 

Chroma x Dimension 20 380 0.785 0.733 <0.001 
Chroma x Content 5 95 1.265 0.296 <0.001 
Dimension x Content 4 76 8.870 <0.001 0.006 

Dependent Variable: Perceived Image Quality 
Effect df df(error) F Sig. Effect size (0/) 

Chroma 5 95 24.819 <0.001 0.240 

Dimension 4 76 12.402 <0.001 0.046 

Content 1 19 2.243 0.151 0.001 

Chroma x Dimension 20 380 1.640 0.041 0.003 
Chroma x Content 5 95 4.037 0.002 0.005 
Dimension x Content 4 76 1.880 0.123 0.001 

Dependent Variable: Perceived Naturalness 
Effect df df(error) F Sig. Effect size (0/) 

Chroma 5 95 22.191 <0.001 0.227 
Dimension 4 76 4.068 0.005 0.022 
Content 1 19 3.778 0.067 0.004 

Chroma x Dimension 20 380 1.617 0.046 0.002 
Chroma x Content 5 95 0.954 0.450 <0.001 
Dimension x Content 4 76 1.381 0.249 <0.001 
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The 2-way interaction Chroma x Content was significant only on the assessment of image 
quality, and only with a very small effect size. This interaction indicates that the two 
scenes were affected differently, in terms of image quality, by the chroma manipulation. 
Further analysis revealed that the 'people' scene was scored higher than the 'balloon' 
scene for the chroma levels, in which chroma was decreased (i.e., chroma levels 0.4 and 
0.8). The opposite was true when the chroma was increased or not changed. The 'people' 
scene was thus less affected, in terms of image quality, by the chroma manipulation, than 
the 'balloon' scene. 
The last 2-way interaction Dimension x Content was only significant on the perceived 
depth assessment, with again only a very small effect size. For the monoscopic image more 
depth was perceived in the 'people' scene, whereas for the stereoscopic images more depth 
was perceived in the 'balloon' scene. The 'people' scene was thus less affected, in terms of 
perceived depth, by the introduced depth, than the 'balloon' scene. 

4.3.2 Shift between image quality and naturalness 
Figure 4.3 and 4.4 presents the shift between image quality and naturalness. In Figure 4.3, 
the mean naturalness scores are placed against the mean image quality scores for the six 
chroma levels for both the 2D images as their 3D counterparts. In Figure 4.4 the mean 
naturalness scores and the mean image quality scores are presented together for each 
chroma level and again separate for both the 2D images as their 3D counterparts. A small 
shift between the image quality and naturalness assessment can be observed and is found 
for both scenes. From chroma level 0.4 to chroma level 1.0, an increase in chroma results 
in a linear increase in both image quality and naturalness. A further increase in chroma 
(i.e., chroma level 1.2) still results in a higher image quality while the naturalness score is 
almost unaffected. An even further increase in chroma results in a linear decrease in both 
image quality and naturalness. This result was also found earlier in research in research on 
2D images (Fedorovskaya et aI., 1997; de Ridder et aI., 1995; de Ridder, 1996). De Ridder 
et aI. (1995) and de Ridder (1996) argued that participants apparently used different criteria 
when assessing image quality and naturalness; their preference in quality was biased to 
more colorful images, although they realized that these images were perceived somewhat 
unnatural. 
The shift between image quality and naturalness is more pronounced for the stereoscopic 
images than for the monoscopic images. The ANOV A results confirm this finding: the 
effect of chroma level was found significant on the shift (defined as the image quality 
assessment score minus the naturalness assessment score) for the stereoscopic dimension 
levels (F(5,954)=4.161, p=.OOI, co2=.001), however, not for the '2D' dimension level 
(F(5,234)=0.336, p=.891, co2<.001). Although the effect is significant, the size of the effect 
is very small. 

44 



Chapter 4 Experiment 2 

shift image quality and naturalness 
scores for the 20 images 

Shift image quality and naturalness 
scores for the 3D images 

II) 
II) 
Q) 
r::: 

4 

~ 3 
~ 

ni z 

1.0 

II) 
II) 
Q) 
r::: 

4 

~ 3 
~ .... 
<'II 
Z 

1.0 
1.2 

2 +--------------,-------------, 2 +--------------,-------------, 
2 

Figure 4.3: 

Figure 4.4: 

3 

Qualtiy 

4 2 3 

Qualtiy 

4 

Naturalness scores versus image quality scores for the six chroma levels. 
For the 2D dimension level (left) and the four 3D dimension levels (right). 

5 

I/) 4 
CI) ... 
o 
o 
I/) 3 
c 
I'll 
CI) 

:!: 2 

1 

5 

I/) 4 
CI) ... 
o 
o 
I/) 3 
c 
I'll 
CI) 

:!: 2 

1 

Shift between image quality and naturalness scores 
for the 20 images 

0,4 0,8 

• Naturalness 

- .. - Image quality 

1,2 

Chroma multiplication 

1,4 1,8 

Shift between image quality and naturalness 
scores for the 30 images 

--+-- Naturalness 

- .. - Image quality 

---

0,4 0,8 1,2 1,4 1,8 

Chroma multiplication 

Naturalness and image quality scores for the six chroma levels. For the 2D 
dimension level (above) and the four 3D dimension levels (below). 

45 



Chapter 4 Experiment 2 

4.4 Conclusion and discussion 
The main conclusion of experiment 2 is that once again the naturalness attribute is proven 
to be a suitable attribute to measure 3D quality. It incorporates the added value of depth, 
whereas image quality does not, and it shows a good differentiation between the different 
levels of perceived image quality, created by varying the chroma value per pixel. 
Moreover, it also seems to differentiate between different levels of perceived depth, 
created by varying the screen disparity. This result is in line with the results of experiment 
1 and the results of Seuntiens et al. (2005a, 2006), Lambooij et al. (2005) and van Vugt 
(2007); they all report that the naturalness attribute incorporates the added value of depth 
and takes into account different 2D and 3D image distortions. 
Based on the results of experiment 2 naturalness also seems to differentiate between the 
different stereoscopic dimension levels, while there was almost no difference between the 
different stereoscopic dimension levels, in terms of naturalness, in the results of 
experiment 1 and in the results of van Vugt (2007) and Seuntiens et al. (2006). In the 
second experiment, however, a linear increase in screen disparity resulted in a linear 
increase in the naturalness scores. The highest naturalness score, however, was already 
reached with the third dimension level (3D2). Further increasing the screen disparity did 
not further increase the naturalness scores. The fourth dimension level (303) was scored 
somewhat lower and the highest dimension level (3D4) even considerably lower than 
dimension level 3D2. For the highest dimension level the lower image quality and 
naturalness scores were a direct consequence of the perception of disparity induced blur. 
The disparity induced blur also caused a very small, but significant interaction effect 
between the introduced depth and the chroma manipulation. This effect was also found in 
experiment 1, where the disparity induced blur caused the same interaction effect in the 
' puzzle' scene. 

The chroma manipulation significantly affected the depth perception; the perceived depth 
scores increased with increasing chroma levels. In general, it is known that color contrast 
between objects with different chromatic properties decreases when the chroma value per 
pixel is multiplied with a constant below 1, and increases when multiplied with a constant 
larger than 1 (de Ridder et aI, 1995). It seems plausible that this increased color contrast 
have resulted in an increased depth perception. All the dimension levels were influenced in 
the same way, i.e., the difference between the dimension lines remained the same for every 
chroma level. This means that the added value of the introduced screen disparity, in terms 
of perceived depth, remained the same for every chroma level. Similar results were found 
in experiment 1 and by van Vugt (2007) indicating that the image quality artifacts can 
influence the absolute depth perception by influencing the 2D depth cues, but that the 
added value of stereoscopic presentation of the content is not influenced by the image 
quality artifacts. 

The shift between image quality and naturalness, as found for monoscopic images by 
amongst others Fedorovskaya et al. (1997), de Ridder et al. (1995) and de Ridder (1996), is 
also present in stereoscopic images, i.e., participants tend to prefer more colorful images, 
although they realize that these images are perceived somewhat unnatural,. In our results 
the shift is more pronounced in the stereoscopic images than in their 2D counterparts. The 
question remains why there is a shift between image quality and naturalness and why this 
shift is bigger for 3D images. De Ridder (1996) suggests that the preference for more 
colorful images tends to a need for a higher color contrast, which may improve object 
recognition. An improved object recognition may result in an improbed depth pereception 
for stereoscopic images. This could be the reason that higher color contrast images are 
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more preferred, especially for stereoscopic images, although they are perceived somewhat 
urmatural. These results are in line with the computational theory of image quality 
described by Janssen and Blommaert (1997); they suggest that for image quality judgments 
both naturalness and usefulness (discriminability of image content) are weighted in. 
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5 3D quality model 

5.1 Introduction 
The results of the two experiments confirm earlier findings from Lambooij et al. (2005), 
Seuntiens et al. (2005a, 2005b, 2006) and van Vugt (2007) that naturalness is a good 
attribute to evaluate 3D quality, i.e., the naturalness attribute takes the added value of depth 
into account and can differentiate between different levels of image quality and depth. In 
this sense, naturalness is a valid higher level concept to evaluate 3D quality, which weights 
both image quality and depth. This chapter deals with the second goal, namely, to model 
naturalness in terms of image quality and depth. Because perceived naturalness, perceived 
image quality and perceived depth were assessed for different levels of image quality and 
dimension in both experiments, it is possible to model naturalness as a weighted sum of 
perceived image quality and perceived depth in a regression analysis. 

5.2 Disparity induced blur 
The experiments were conduced on two autostereoscopic displays, which allow viewers to 
watch 3D without glasses and with some freedom of movement, however, at the costs of 
high levels of crosstalk. As mentioned before, crosstalk can be perceived as blur in 
autostereoscopic displays, and the visibility of this blur increases with increasing screen 
disparities. In the first experiment the disparity induced blur was perceived in the 'puzzle' 
scene, expecially in the areas displayed with a high negative disparity (i.e., in front of the 
display). The perception of blur degraded the image quality and caused an unintended 
interaction effect with the deliberately introduced blur as explained in section 3.3.2. For 
this reason the 'puzzle' scene was left out of the dataset. Also in the second experiment 
disparity induced blur was perceived in the highest dimension level, degrading the image 
quality and naturalness scores. The disparity induced artifact caused a small but significant 
interaction effects between the introduced disparity and the introduced chroma variation. 
For this reason the highest dimension level (3D4) in experiment 2 shall also be left out of 
the dataset for the regression analysis. Leaving out these data is motivated by the fact that 
we are not interested in the extreme situation of high disparties that fully degrade the entire 
Image. 

5.3 Model assumptions 
Recall that naturalness is expected to be the weighted sum of perceived image quality (IQ) 
and perceived depth (D); the simple linear relation is described by Equation 5.1 (Lambooij 
et al. 2005, Seuntiens 2006). 

Equation 5.1: Na = a * IQ + f3 * D + 8 

Two assumptions have to be met with respect to this model in his current form. The first 
assumption of the model is that depth and image quality are independent, i.e., varying 
image quality has no influence on the perception of depth, and vice versa, varying depth 
has no influence on the perception of image quality. The second assumption is that 
naturalness linearly follows variations in perceived image quality and perceived depth. 
In line with the first assumption, varying perceived depth, by introducing screen disparity, 
has no significant effect on the image quality assessment. The ANOVA results show that 
the effect of dimension is not significant on the image quality assessment in the first 
experiment (p=0.07) and in the second experiment (p=0.1 0), without the highest dimension 
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level 304 . Varying image quality, however, has a significant effect on depth perception in 
both experiments. This issue is circumvented in the following way. The participants were 
asked to rate perceived depth, as the totI amount of depth they perceived. In the 20 images 
only the pictorial (monocular) depth cues were present, while the depth perception in the 
30 images was a combination of the pictorial depth cues and the stereo depth cue. Because 
the image quality artifacts influenced the depth perception similarly at all dimension levels, 
including the 20 dimension, it was argued that these artifacts only influenced the static 
depth cues. Since we were only interested in the added value of the stereoscopic 
presentation and since this added value, in terms of perceived depth, remained the same for 
every blur and chroma level we decidet to split the depth perception into two contributions, 
one for the pictorial cues (20 dimension level scores) and one for the stereoscopic cue. As 
a consequence the stereo depth perception was specified for each image by calculating the 
total perceived depth minus the depth perceived in the 20 image with the same quality 
level. As a result, varying image quality, by means of a blur or chroma variation, had no 
longer a significant effect on the stereo depth perception; the ANOV A results showed that 
the effect of blur level was not significant on the stereo depth perception (p=.70) in 
experiment 1 and that the effect of chroma level was not significant on the stereo depth 
perception (p=.52) in experiment 2. Hence, although varying image quality had an effect 
on the total depth perception, it had no influence on the stereo depth perception. It should, 
however, be noted that there was almost no difference in the regression outcome if the 
naturalness scores were regressed in terms of perceived image quality and perceived depth 
or in terms of perceived image quality and perceived stereo depth. This is not very 
surprising, because the influence of image quality manipulation on depth perception was 
very small compared to its influence on perceived image quality (see Figure 5.2). 
With respect to the second assumption, a linear increase in image quality results in a linear 
increase in the naturalness score in the first experiment (see Figure 5.2a). This linearity 
between image quality and naturalness is also found in the second experiment, however, 
with a small shift between the image quality and naturalness scores, i.e., the image quality 
scores are shifted to higher chromatic images relative to the naturalness scores (see Figure 
5.2b). The influence of depth on the naturalness scores, however, is less clear. In 
experiment 1, the naturalness scores increase with introduced screen disparity, but only to 
a given level; further increasing the screen disparity does not further enlarge the 
naturalness scores (see Figure 5.1a). In experiment 2 more dimension level are applied to 
better investigate the influence of depth on naturalness. It seems that in this case the 
naturalness scores linearly increase with introduced depth, but again only till dimension 
level '302 ' (see Figure 5.1b). Further increasing the introduced depth does not further 
enlarge the naturalness scores; the dimension level '3 D3' is scored even somewhat lower 
than the dimension level '302', This deviation from linearity can be partly explained by the 
influence of image quality. Although the introduced depth has no significant influence on 
be image quality assessment, the image quality scores are somewhat lower in the highest 
dimension levels of both experiments (see Figure 5.1). These lower scores may partly 
explain why the naturalness scores, as weighted sum of image quality and depth, are not 
further increasing for these dimension levels. 

49 



Chapter 5 3D quality model 

5 

4 
III 
C1I ... 
0 
0 3 III 
s:::: 
ca 
C1I 
~ 2 

Influence D on IQ and Na 
(experiment 1) 

-+-Image Quality 

--Naturalness 

3Dhalf 
20 

~ 
-------------: ===: 3Dfull 

20 
3Dhalf 

234 

Perceived Depth 

(a) 

3 Dfull 

5 

Influence D on IQ and Na 

5 
(experiment 2) 

-+-Image Quality 

4 
__ Naturalness 

III 
C1I 20 301 302 303 ... 
0 

~D3 0 
III 3 
s:::: 
ca 20 
C1I 
:!!: 

2 

2 3 4 5 
Perceived Depth 

(b) 
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chroma level (b) are plotted as function of the averaged perceived image 
quality scores of each blur level (a) and each chroma level (b). 

An alternative explanation is that the influence of depth on naturalness is not linear, but 
quadratic. The results of experiment 2 give an indication of a quadratic relation between 
perceived depth and perceived naturalness (see Figure 5.l b). Although depth has a positive 
influence on naturalness, it can be argued that above a certain point (dimension level 3D2 

in experiment 2) adding more depth does not result in a more natural image. Adding even 
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more depth can result in exaggerated depth levels creating an unnatural depth perception. 
As a result the naturalness scores can decrease, even without the presence of visible 
disparity induced artifacts. Such a behaviour is best described by a quadratic function. A 
curve estimation confirms this observation; for the results of experiment 2, a quadratic 
function has a better fit of the influence of depth on naturalness, than a linear function. The 
cJuadratic function also has the best fit for the results of experiment 1. This is not very 
surprising considering that the fit is based on only three data points. The actual fitted 
function, however, is similar between the results of experiment 1 and 2. Based on these 
findings the influence of image quality and depth on naturalness can be described by 
Equation 5.2. 

Equation 5.2: Na = a * IQ + (/3 * D - y * d) + ~ 

5.4 Regression results 
Participants used the same scale and range for the three evaluation criteria. But, because 
the participants were asked to use the full range of the scale, it is argued that relative rather 
than absolute scores were given. This means that a score of 4 on image quality not 
necessarily represents the same experience as a score of 4 on naturalness. As a 
consequence, the coefficients a, ~ (and y) are relative contributions rather than absolute 
coefficients. 
A simple model is easier to interpret, and thus more useful. For this reason the addition of 
the quadratic component (y * D2) is only appropriate if it explains significantly more 
variance. Table 5.1 gives the results of the regression analysis based on equition 5.1 and 
5.2 for both experiments. Note that the residual term is not mentioned because we are only 
interested in the relative weighting coefficients. The addition of the (y * D2) component 
has only a small effect on the explained variance; this effect, however, is significant in the 
first experiment. But because the effect of the addition of the quadratic component is only 
very small in the first experiment and even not significant in the second experiment, we 
consider that the simple linear function more appropiate. 

Table 5.1: R2 and regression coefficients of the linear and non-linear regression model 
based on experiment 1 and 2. 

Ex~ Model Eguation R2 a ~ y ~R2 sig 
1 1 Na = a * 10 + 13 * D + 0 0.970 0.764 0.167 

2 Na = a * 10 + (13 * D - V * D2) + 0 0.974 0.769 0.563 0.064 0.004 0.031 

2 Na = a * 10 + 13 * D + 0 0.880 0.852 0.219 

2 Na = a * 10 + {~ * D - Y * D2} + 0 0.884 0.843 0.563 0.059 0.004 0.228 

The normalized regression results of experiment 1 and 2 are denoted in Equation 5.3 and 
5.4, respectively. 

Equation 5.3: Na(expl) = 0.82 * IQ + 0.18 * D 

Equation 5.4: Na(exp2) = 0.80 * IQ + 0.20 * D 

The contribution of image quality on naturalness is larger than the contribution of depth, 
emphasizing the importance of retaining a high image quality in the stereoscopic 
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presentation of the content. Nonetheless, naturalness also incorporates depth in both 
experiments. Although very different image quality artifacts and different dimension levels 
were used in both experiments, the relative contributions of image quality and depth on 
naturalness is quite similar. Also Lambooij et al. (2005) reported similar results for their 
datasets, except for the dataset with only two dimension levels; in those cases the relative 
contribution of depth was higher and the contribution of image quality thus lower. 

5.5 Applicability 3D quality model 
The 3D quality model established so far and shown in figure 5.3, is a first step to describe 
the overall 3D visual experience of observers when watching 3D-content. The model is 
primarly designed for evaluating appreciation-oriented applications, i.e., applications that 
are designed to enhance the overall visual experience of observers such as, more 
particularly, 3D-tv. It is, however, unknown if the model is also suited for the evaluation of 
other appreciation-oriented applications, such as mobile phones or computer games. The 
model is expected to be less suited for performance-oriented applications because these 
applications are more focussed on task performance, such as e.g. the diagnosis in medical 
Imagmg. 
The 3D quality model is mainly based on research using stills as image content. Based on 
this research, the naturalness attribute is proven to be a very robust, higher order attribute 
that weights both image quality and depth of stereoscopic stills. The applicability of the 
model to the visual experience of moving 3D content or to the contribution of video with 
sound still needs to be investigated. Very recent research of Seuntiens, Vogels and Keersop 
(2007) revealed that naturalness takes image quality and the added value of depth into 
account for moving 3D content with sound, however, to a lesser extent than for stills. Other 
concepts such as visual comfort may also become important when viewing 3D content for 
longer periods of time and hence, should be included in the 3D visual experience model. 
Visual comfort, however, is outside the scope this thesis. 
An important note for using the model is that although the model in its current form 
suggests that by increasing the amount of depth perceived naturalness will be increased as 
well, and thus also the 3D overal visual experience, it must be mentioned that the highest 
naturalness scores are reached with moderate screen disparities (±2mm based on this 
research) and thus also with moderate CBD (between 4cm and 8cm based on research of 
van Vugt (2007), Seuntiens et al. (2006) and Seuntiens (2006)). Results of Ijsselsteijn 
(2004), who used extreme disparities as well, suggests that both image quality and 
naturalness deteriorate at large camera base distances. 

Perceived 
Image QUality 

Figure 5.3: 3D quality model. 
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5.6 Discussion 
Our results confirm that naturalness can be modeled as the weighted sum of perceived 
image quality and perceived depth; the most appropriate model can be described by a 
simple linear function as depicted in Equation 5.1. The naturalness attribute incorporates 
both image quality and depth with a relative weight of approximately 0.80 for perceived 
image quality and for 0.20 perceived depth. 
It is very clear that naturalness linearly follows variations in image quality created with 
blur (experiment 1; van Vugt, 2007), noise (Lambooij et aI., 2005; van Vugt, 2007; 
Seuntiens et aI., 2005a), crosstalk (Seuntiens et aI., 2005b), and JPEG coding (Seuntiens et 
aI., 2006). Only when the image quality is varied with different levels of chroma, there is a 
small but significant shift between the image quality and naturalness scores, i.e., 
participants tend to prefer more colorful 2D and 3D images, although they realize that 
these images look somewhat unnatural. 
It is also very clear that naturalness can differentiate between different depth levels; it is 
however less clear whether the relation between depth and naturalness is linear or not. 
Experiment 1 shows, that the highest naturalness score is reached with a moderate screen 
disparity which is in line with previous results of van Vugt (2007) and Seuntiens et al. 
(2006); further increasing the screen disparity does not further increase the naturalness 
score. Also the results of IJ sselsteijn et al. (1998, 2000) give an indication of a non-linear 
relation of depth with naturalness. Participants had to score the quality of depth and the 
naturalness of depth for images with different camera settings and camera base distances 
(CBD). They found that naturalness increased from a CBD 0 to 4cm, but did not further 
increase when the CBD was increased till 8cm. An even further increase of the CBD 
resulted in lower naturalness and quality scores. The naturalness scores, however, 
decreased already at a lower CBD than the quality scores. This suggests that participants 
preferred higher stereoscopic depth levels even though these depth levels were perceived 
as less natural (IJ sselsteijn et ai. 1998, 2000). These results suggest that even without 
disparity induced artifacts, the introduced depth is not linearly related to naturalness for 
disparities higher than approximately ±2mm, or for a CBD higher than approximately 4cm. 
Experiment 2 gives an indication that the influence of depth on naturalness is not linear, 
but quadratic (see Figure 5.1b). There were however mixed results, the model based on a 
quadratic relation did explain significantly more variance than the model based on a linear 
ralation, however, only in experiment 1. 
The research of Seuntiens et ai. (2007) showed that naturalness takes the added value of 
depth into account even for moving 3D content combined with sound, albeit to a lesser 
extent than viewing experience. This may indicate that viewing experience is a better 
concept to evaluate the 3D experience. They, however, also included ambilight in their 
experiment. Therefor, it can be argued that viewing experience in turn, is a higher level 
concept than naturalness, measuring more of the participants' total visual experience and 
not only the 3D experience. This is, however, speculative and more research is needed to 
investigate the applicability of the model in its current form for the evaluation of moving 
3D content (with sound). As argued before, other concepts, such as visual comfort, may 
become important as well when evaluating the 3D experience of moving 3D content. In 
expectation of more research on these topics the 3D quality model remains in its current 
form (see Figure 5.3). 
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6 Conclusion and discussion 

The first goal of this report was to validate naturalness as the attribute to measure 3D 
quality, i.e., to check whether naturalness can be considered as a higher level attribute for 
evaluating the quality of 3D content, weighting both the image quality and depth. 
Based on the results of both experiments it can be concluded that naturalness is a valid 
attribute for evaluating the quality of stereoscopic stills. Naturalness takes the added value 
of depth into account and can differentiate between different levels of image quality 
(created with different levels of introduced blur and chroma manipulation) and depth 
(created with different screen disparity levels). Furthermore, the results suggest that the 
naturalness attribute is appropiate to evaluate both natural and unnatural 3D content, 
weighting image quality and depth in a similar way for both natural and unnatural 3D 
Images. 

The second goal of this report was to model naturalness in terms of perceived image 
quality and perceived depth. 
It was confirmed that image quality and depth could be assessed separately. Furthermore it 
was confirmed that without disparity induced artifacts image quality was not influenced by 
the depth manipulation. Also the added value of depth was not influenced by the image 
quality manipulation. Based on these results the naturalness scores were regressed as the 
weighted sum of the image quality and depth scores for both experiments. The regression 
model based a the simple linear function as depicted in Equation 5.1 was found the most 
appropriate. The relative weight of image quality and depth on naturalness was 
approximately the same in both experiments namely, 0.80 and 0.20 respectively. 
Two points have to be noted with respect to the model. First, there was a small, but 
significant shift between the image quality and naturalness assessment in the case of a 
chroma manipulation. In line with previous research, participants tended to prefer more 
colorful images although they realized that they looked somewhat unnatural. Second, the 
highest naturalness score was reached at a moderate depth level; i.e., with a screen 
disparity of ±2mm in our results, and with a CBD of about 4 to 8cm in previous research. 
The amount of screen disparity that the participants judge as the most natural seems to be 
robust between our two experiments. 

The results of experiment 1 also showed that perceived image quality, perceived 
naturalness and perceived depth were assessed very similarly on a 2-view mirror system as 
used in the experiment of van Vugt (2007) and on a 9-view system as used in our 
experiments. This result implies that research taken on different 3D displays can be 
coupled to substantiate the 3D quality model, and that the model can be assumed to be 
valid for evaluating different 3D display. 
The amount of screen disparity allowed while retaining a high image quality was however, 
displaydependent. The crosstalk in the 9-view auto stereoscopic display, used to avoid 
banding and to smoothen the transition between views, can result in a blurred perception of 
content displayed with higher disparities. Areas displayed in front of the screen (with a 
high negative disparity) were most sensitive for disparity induced blur. On the 2-view 
mirror system, containing no crosstalk, no disparity induced artifacts were perceived. The 
naturalness attribute, however, took the added value of depth into account even when 
disparity induced blur was perceived, yet maybe to a lesser extent. 
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The results of both experiments verify previous research with respect to the 3D quality 
model. The naturalness attribute is proven to be a robust higher level attribute weighting 
both the image quality and the added value of the stereoscopic depth. The fact that 
naturalness is weighting image quality and depth in a similar way for images degraded 
with different image quality artifact and for images with natural and unnatural content, is a 
clear validation of the 3D quality model. It can be concluded that the 3D quality model is a 
valid and robust model for evaluating the quality of stereoscopic stills. 
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7 Future research 

Based on the current research, a few suggestions can be made for future research. 
First of all with respect to the model it is very interesting to further investigate the 
influence of depth on naturalness. The linear relation between depth and naturalness, 
assumed by the 3D quality model, was found the be to a large extent sufficient. However, 
experiment 2 gave a clear indication of a quadratic relation. The highest scores, in terms of 
naturalness, were already reached with a moderate screen disparty. Further increasing the 
screen disparity resulted in lower naturalness scores even before disparity induced artifacts 
were visible. Also the results of experiment 1 and previous research indicated a non-linear 
relation between depth and naturalness, making it worthwhile to further investigate this 
relation. 

The second suggestion concerns the measurement of the attributes. So far, only the relative 
contribution of depth and image quality on naturalness was determined. It is, however, 
unknown if the image quality manipulations and the depth manipulations used in the 
experiments had the same perceptual impact. Because the participants were asked to use 
the full range of the scale, it may be that the depth and image quality scale reflected a 
different perceptual impact. Future research can concentrate on measuring the absolute 
contributions of image quality and depth on naturalness. 

Another point of interest for futher research is testing the applicability of the model for 
other appreciation-orientated applications such as computer games or mobile phones. 
Moreover, it wouls be interesting to test the applicability of the model for the evaluation of 
moving 3D content with sound. In this sense, it might become necessary to include other 
attributes such as, e.g., visual comfort. Futher research can concentrate on extending the 
3D quality model itself and also extending the applicability of the model; i.e. working 
towards a total 3D visual experience model. 

The last suggestion concerns the depth perception. From the experiments it became clear 
that depth perception was influenced by image quality artifacts. The added value of the 
introduced stereoscopic depth, however, was not influenced by the introduced image 
quality artifacts. Hence, it might be advisable to directly measure the added value of the 
stereoscopic depth and not the total depth perception. It is also very interesting to 
investigate the teclmical parameters underlying the depth perception. In most cases the 
camera base distance is specified in the experimental design. However, a camera base 
distance of 4cm. can result in different screen disparities given different camera settings or 
different distances from the camera to the objects in the field of view. It is also unknown 
how different 3D displays affect depth perception; for instance, it is unknown how 
crosstalk in autostereoscopic displays affects the depth perception. For these and other 
reasons it is very interesting to get more insight in the technical parameters underlying 
depth perception. 
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Appendix I 

Appendix 1 Introduction experiment 

Thank you for participating, 

In this experiment you are asked to assess some images in terms of three different 
evaluation attributes. The experiment is spread out over three sessions, in each session a 
different attribute is applied. In this session you are asked to assess the images on your 
perceived ' naturalness'. 
Between the images a grey screen is displayed for three second, the images are displayed 
for an unlimited amount of time. 

The images are displayed on the 42" 3D display from Philips. The assessment is taken on 
the keyboard positioned in front of you. On the scale, shown below, you are asked to score 
the images on your perceived naturalness. 

The scale has nine different scoring points, white keys. The labels above the scale serve as 
reference, thus the most left white key is the lowest possible score the most right white key 
is the highest score possible. You are expected to use the full range of the scale. 

Before the experiment starts a short training session will take place. In this training session 
you are asked to assess six images, so you get acquainted with the images and the 
assessment scale used in this experiment. It is important to look at the whole image. To get 
a better view of the images, you are allowed to move the position of your head by about 
five centimeter in both directions. 

If you have any questions, please ask them in the training session. 
The experiment starts after the training session and takes about 20 minutes. 

Again, thank you for participation, 

Andre Kuij sters 
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Appendix 2 

Appendix 2 Graphs of the assessments per scene 
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Perceived Naturalness Playmobiles Perceived Naturalness Puzzle 
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Appendix 3 Assessments on 2-view and 9-view system 
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scene on the 2-view screenscope mirror stereoscope (van Vugt, 2007). 
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Perceived Depth Playmobiles 
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Figure A,3. 2: Assessments of depth, image quality and naturalness of the 'playmobiles' 
scene on the 9-view Philips auto-stereoscopic display. 
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Appendix 4 

Appendix 4: ANOVA results without dimension level 
'304' 

Table A4.1: Repeated measure ANOVA results experiment 2 without highest dimension 
level (3D4); the effects of Chroma, Dimension and Content (without 3D4) 
and all three 2-way interactions on the assessment of the three evaluation 
criteria. 

Dependent Variable: Perceived Depth 

Effect df df(error) F Sig. Effect size (cu2
) 

Chroma 5 95 5.877 <0.001 0.007 

Dimension 3 57 148.365 <0.001 0.542 

Content 1 19 0.508 0.485 <0.001 

Chroma x Dimension 5 285 0.792 0.687 <0.001 

Chroma x Content 5 95 0.773 0.571 <0.001 

Dimension x Content 3 57 8.220 <0.001 0.007 

Dependent Variable: Perceived Image Quality 

Effect df df(error) F Sig. Effect size (cu2
) 

Chroma 5 95 25.738 <0.001 0.285 

Dimension 3 57 2.225 0.095 0.003 

Content 1 19 3.205 0.089 0.003 

Chroma x Dimension 15 285 1.335 0.180 0.001 
Chroma x Content 5 95 4.832 0.001 0.007 
Dimension x Content 3 57 1.796 0.158 0.001 

Dependent Variable: Perceived Naturalness 
Effect df df(error) F Sig. Effect size ( c(

2
) 

Chroma 5 95 21.904 <0.001 0.261 
Dimension 3 57 6.369 0.001 0.027 
Content 1 19 3.901 0.063 0.005 

Chroma x Dimension 15 285 0.731 0.753 <0.001 
Chroma x Content 5 95 0.829 0.532 <0.001 
Dimension x Content 3 75 1.721 0.173 0.001 
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