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Abstract 
Analysis of 3D viewing experience via subjective evaluation methods 

 
3D video technology has in recent years become immensely popular given the success 3D movies 
have had at the cinemas. More and more people have therefore requested to be able to experience 
this 3D sensation beyond the cinematic screens, and at the comfort of one’s home in front of the TV. 
Leading television manufacturers have responded by producing modern television sets capable of 
rendering 3D video, and several TV channels around the world have started to broadcast programs 
and movies in 3D. Since it is not yet clear what constitutes the overall visual experience of 3DTV, the 
purpose of this master’s thesis project is to explore through subjective testing methods the relevance 
that some aspects might have concerning the 3DTV viewing experience. Another aim is to advance 
the standardization work regarding subjective evaluation methods for stereoscopic 3D videos. Key 3D 
terminology and concepts are presented, as well as subjective evaluation methodologies. 
Stereoscopic 3D video sequences were produced; a customization of a rating-capable video player 
was made; 3D viewing-and-voting experiments with test subjects were carried out; different 
attributes were incorporated into the experiments and evaluated such as video quality, visual 
discomfort, sense of presence and viewing distance; experiment data were collected and analyzed. 
The experiment results indicated that viewers in general showed an inclination to vote similarly for 
the different attributes that were examined. This in turn showed that video sequences with the 
characteristics presented in the experiments, mostly coding related distortions, could be assessed 
with subjective evaluation methods focusing solely on one rating scale concerning the general video 
quality, which would give a good understanding of the 3D video quality experience. 
  



 
 

Sammanfattning 
Analys av 3D-visningsupplevelse via subjektiva utvärderingsmetoder 

 
3D-videoteknologi har de senaste åren blivit oerhört populärt i och med framgångarna som 3D-filmer 
har rönt på biograferna. Fler och fler människor har därmed efterfrågat att kunna erfara denna 3D-
upplevelse bortom bioduken, och inne i hemmets lugna vrå framför TV:n.  Ledande TV-tillverkare har 
i sin tur svarat med att producera moderna TV-apparater kapabla att kunna återge video i 3D, och 
flera TV-kanaler runt om i världen har även börjat sända program och filmer i 3D. Eftersom det ännu 
inte är helt klarlagt vad som utgör den samlade visuella upplevelsen av 3DTV, är syftet med detta 
examensarbete att genom subjektiva testmetoder utforska relevansen som vissa aspekter kan ha när 
det gäller 3DTV-upplevelsen. Ett annat syfte är att främja standardiseringsarbetet med avseende på 
subjektiva utvärderingsmetoder för stereoskopiska 3D-sekvenser. Nyckelterminologi och begrepp 
inom 3D presenteras, liksom subjektiva utvärderingsmetoder. Stereoskopiska 3D-videosekvenser 
producerades; en modifikation av en röstningskapabel videospelare gjordes; 3D visnings- och 
röstningsexperiment med testpersoner genomfördes; olika attribut infördes i experimenten och 
evaluerades såsom videokvalitet, visuellt obehag, närvarokänsla och visningsavstånd; data 
insamlades och analyserades. Resultaten av experimenten indikerade att tittarna i allmänhet visade 
en benägenhet att rösta på samma sätt för de olika attribut som granskats. Detta visade i sin tur att 
videosekvenser med de egenskaper som presenterades i experimenten, mestadels kodnings-
relaterade distorsioner, kunde evalueras via subjektiva utvärderingsmetoder som enbart fokuserar 
på en skala gällande den allmänna videokvaliteten, som därmed skulle ge en god förståelse för 3D-
videoupplevelsen. 
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1 Introduction 
 

1.1 Background 
Dating back to the start of the silent black-and-white cinematic experience, and then later with the 
invention of the color TV with audio, there has always been an interest in furthering what can be 
offered on our screens in terms of viewing experience. Now with the progress of 3D media, especially 
due to the recent box office successes of 3D films in cinemas, 3D video has become one of the more 
popular and relevant video technologies in regard to pushing our experience even further. 
 
3D video rode its first wave of success back in the 50s and then later in the 70s and 80s when 
moviegoers had to wear red-and-blue 3D glasses to get a semblance of a third dimension. But 
eventually as the years passed the novelty of this viewing method seemed to also pass. Then during 
the mid 80s and 90s another form of immersive video presentation (that had been developed ever 
since the 60s) rose to prominence in the form of Image Maximum (IMAX) movies. 
 
The IMAX films are shot in a special format that allows a larger resolution and size than the ones 
found in regular movie formats. Because of this maximization these movies have to be displayed by 
specially-made projectors on larger screens. This lead to the construction of special cinemas, 
commonly referred to as IMAX cinemas, equipped with the technology and screens necessary in 
order to fulfill the cinematic projection (Shaw & Douglas, 1983). When viewing these types of films, 
the audience’s field of view doesn’t end at the edges of the screen due to the sheer size of it. 
 
The IMAX video presentation technique expanded upon the viewers’ sense of presence by giving 
them a sense of immersion during the viewing which ultimately increased the visual experience. The 
films were at the beginning mostly documentaries, and basically held a scientific emphasis 
throughout the early IMAX years. It was only until the 2000s that it became more common for actual 
full-length entertainment movies to be shown in IMAX cinemas. 
 
Also during the 2000s, 3D video technology further matured and improved where several different 
technologies progressed. The most prominent company providing cinematic 3D technology that 
arose during this period was RealD Inc., where the development and usage of its projector 
technology was at the forefront of the new wave of 3D cinema. Up until that point 3D projection 
depended upon two separate cameras for the projection, whereas RealD’s projector uses a liquid 
crystal based polarization adapter (called Z-screen) that is attached onto a single digital projector. 
The end result of the projection is then a 3D image, based on circular polarization, that is projected 
onto a cinematic screen (Cowan, 2008). 
 
The rediscovered interest in 3D cinema among the general public culminated in terms of success in 
2009 with the blockbuster film Avatar that went on to become the highest grossing movie in the 
world. Reaching a highpoint of 3D interest with the general public due to this film, with even more 
3D movies being produced, well-established media product companies and TV-manufacturers 
wanted to make a profit on 3D outside the cinemas, and thereby started to develop 3DTV sets 
capable of displaying 3D video. 
 
Since up until this point 3D video technology was mostly developed for cinemas, 3D video technology 
for 3DTV screens is still being improved upon and it is still not fully known in what way certain 
aspects may or may not contribute to a satisfying and enjoyable overall 3D experience in the comfort 
of your home. 
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Research is still being made by television manufacturers and standardization organizations in order 
to come closer to a standard regarding what attributes make a difference in order to attain a high 
Quality of Experience (QoE) of 3D videos on a 3DTV. Most studies are centered on subjective 
evaluations with the help of human participants where different characteristics are analyzed in order 
to see if they have some form of positive or negative contributing factors to the 3D viewing 
experience. 
 

1.2 Purpose 
The purpose of this thesis is to examine and explore, via subjective testing methods, the different 
aspects that are relevant to the overall sensation of 3D viewing on 3DTV screens. The thesis will go 
into deeper detail in investigating the more known criterion of video quality and the impact it has on 
the viewing of 3D video sequences of varied and altered content. Newer and less explored attributes 
such as sense of presence and visual discomfort will as well be examined. Whether or not the viewing 
distance plays a factor in the viewing experience will also be studied. 
 
The aim of this experiment also serves to advance the study of finding standardized subjective 
testing methods for stereoscopic 3DTV videos, which is something that has been put forth as a goal 
by the video quality assessment group Video Quality Experts Group (VQEG). This experimental 
project was performed at Acreo AB in co-operation with VQEG. It is similar to the subjective tests 
that have been performed in laboratories at Yonsei University, South Korea, and at University of 
Nantes, France (Barkowsky et al., 2013). 
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2 3D Terminology 
A plethora of concepts and terms regarding 3D video technology exists and in order to give a better 
understanding of what this thesis project entails, explanations of key terminology are presented and 
described in this section. 
 

2.1 Binocular disparity 
When a person with binocular vision views a scene, each of the person’s eyes will get one slightly 
different image of the scene on the retina since the eyes are located in two horizontally (in most 
cases) different positions in the human face. The distance between the two corresponding points 
that fall on the retina in each eye is called binocular disparity (Kaptein, Kuijsters, Lambooij, 
IJsselsteijn, & Heynderickx, 2008). 
 

2.2 Stereopsis 
Based on binocular disparity the Human Visual System (HVS) is given information on how to perceive 
depth when viewing a scene. The ability to perceive depth and get depth perception, based on 
binocular vision, is called stereopsis (Kaptein et al., 2008). 
 

2.3 Stereoscopy 
Stereoscopy is a binocular principle that achieves the 
3D effect by presenting a viewer with two spatially 
different, i.e. presented from two different points of 
view, but otherwise identical images at the same time 
and separating them so that one view reaches one eye 
and the other view reaches the other eye (Wang, & 
Brunnström, 2009). For example, the left eye will see 
one of these images, and the right eye will see the 
other image. The Human Visual System (HVS) is then 
able to merge these two images into a single coherent 
image due to 3D depth perception based on stereopsis. 
It is this principle that is brought into play when 
presenting 3D content on a 3D-capable display, such as 
a stereoscopic or autostereoscopic display. The 
stereoscopy principle is illustrated in Figure 1. 
 

2.4 Pixel 
A pixel is the building block of a digitally represented image. It is the smallest image element and it 
represents a light intensity value. A number of pixels can together form an image where each of the 
pixels have different positions and different (or the same) color. 
 

2.5 Aspect ratio 
Aspect ratio denotes the relationship between the width and height of an image in the form of 
width:height, where the most common ratios are 4:3 and 16:19. 4:3 was the standard video ratio in 
the 20th century, though it is now being overtaken by the widescreen ratio 16:9. This change is 
happening in part because most modern TVs that are being produced are of the widescreen variant. 
 

Figure 1: Illustration of the stereoscopy 

principle 
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2.6 Display resolution 
Display resolution is a measurement detailing how many pixels are shown on a display. The more 
pixels displayed, the more detailed an image you get. It is commonly denoted as width×height, where 
width and height each denote how many pixels there are either widthwise and heightwise 
respectively. Common high-definition display resolutions are 1280×720 (HD 720) and 1920×1080 
(Full HD) where both are considered to be widescreens display resolutions since their aspect ratio 
would be 16:9. 
 

2.7 Frame 
In video terminology a frame is a still image, where many different consecutively displayed frames 
form a moving motion picture or moving image. 
 

2.8 Frame rate 
The amount of frames displayed on a screen per second is referred to as the frame rate. The unit 
used for frame rates is usually denoted in frames per second (fps), where common frame rates are 
within the range of 25-30 fps. 
 

2.9 Motion parallax 
Motion parallax is a visual cue that helps attain depth-related information via the act of moving one’s 
head in order to gain different points of view. This type of information can also be procured via 
viewing objects in motion on a screen. For example moving objects at close range are perceived to be 
moving fast while faraway objects appear to be moving at a slower pace. This cue is used in certain 
types of 3D displays such as autostereoscopic displays where the viewer can freely move his or her 
head around when viewing the screen (Lambooij, IJsselsteijn, Bouwhuis, & Heynderickx, 2011). 
 
Horizontal (left-right) motion parallax is more relevant for 3D visualization than vertical (up-down) 
motion parallax since there is an emphasis on horizontal movement in motion pictures. As a result 
most polarization-based stereoscopic screens take advantage of this by having line-interleaved left 
and right views and thus maintaining the full horizontal resolution at the cost of halving the vertical 
resolution. See section 3.2.1 Polarization-multiplexed displays with polarized glasses for further 
information. 
 

2.10 Binocular rivalry 
Binocular rivalry relates to visual perception, and it presents itself when a person views an image 
composed of two distinct images. This results in the person seeing one of the images briefly and in 
the next moment the other and so forth, basically having the two images vying for the viewer’s visual 
perception as if they were rivals (Grossberg, Yazdanbakhsh, Cao, & Swaminathan 2007). This image 
switching behavior continues as long as the image is being viewed. 
 

2.11 Binocular suppression 
Binocular suppression relates to visual perception, where it occurs when a person is viewing an 
image composed of a stereo pair of views, and one of the eyes takes in high frequency content from 
one view and the other eye takes in low frequency content from the other view. According to Jain, 
Bal, Robinson, MacLeod, and Nguyen (2012) the eye taking in the high frequency content will then 
gain visual preference over the content with low frequency being taken in by the other eye. This then 
results in the creation of a clear combined mental image based on the content taken in regardless of 
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the fact that both eyes received content of different frequencies. This is caused by the Human Visual 
System suppressing the content with low frequency whereas the content with high frequency is 
conversely accentuated by it. 
 

2.12 Crosstalk 
Crosstalk is a form of three-dimensional technical problem that presents itself in the form of an often 
blurry double image (also known as image ghosting) when watching a stereoscopic 3DTV screen with 
passive glasses. The crosstalk occurs when the left and right views aren’t properly isolated from one 
another resulting in the bleeding of one into the other. This can be perceived if a person is viewing 
the 3DTV screen at an improper angle for example not facing directly forward towards the screen, or 
if the image quality of the video is poor (Woods, 2011). 
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3 3D presentation principles 
 

3.1 Anaglyph 3D 
An early method of being able to perceive 3D on a screen was to incorporate anaglyphic glasses into 
the viewing. This method dates back to the 1850s prior to the invention of the television, where 
these glasses were used to view still images with a 3D effect. 
 
For the 3D viewing to take effect you must 
firstly have a 3D image to display on any type 
of color screen, where the image is 
composed of two overlayed spatially 
different views of the very same image. 
According to Woods, & Rourke, (2004) these 
two views have to be prepared in relation to 
the color channel, where the views have a 
color spectrum primarily composed of cyan 
and red respectively. An example of an 
anaglyph image is given in Figure 2. The 
glasses therefore have one cyan-colored lens 

and another red-colored lens, where upon 
using these glasses the lenses act as filters. 
When an image is displayed on the screen, 
light is emitted, whereby the red lens will 
only let red light through, while the other lens will only let cyan light through. The Human Visual 
System can then merge these two images into a coherent 3D image thanks to stereopsis. Since the 
separation is based on color these glasses are also known as color-multiplexed glasses. 
 
A benefit of the anaglyph technique is the fact that a 2D color representation of an image and 
anaglyph glasses is all that is needed to get a 3D representation. But newer and more sophisticated 
techniques for 3D video viewing exist now where the actual screen is also utilized to improve the 3D 
effect, this being the case with stereoscopic and autostereoscopic displays. 
 

3.2 Stereoscopic displays 
Nowadays in order for a person to be able to perceive high quality 3D on a display the screen has to 
be able to present 3D material to the viewer, basically being 3D compatible thanks to stereoscopy. 
Different stereoscopic display techniques have been developed in order to reach this goal, where the 
main ones are further explained below. 
 
Stereoscopic displays are a certain type of displays that are capable of presenting 3D media to 
viewers in combination with 3D-capable visual aids (commonly glasses). The most common practice 
to achieve the 3D effect is then to display a stereo pair of a same image, and since the projection of 
these two images are normally either somehow superimposed or shown in a rapid succession on the 
display, a person who watches this would just see a somewhat blurry image, hence the need for an 
optical aid to trigger the viewers’ 3D depth perception. There are two main types of stereoscopic 
displays, polarization-multiplexed displays and time-multiplexed displays. 
 

Figure 2: Anaglyph image of a column head from 

Persepolis, Iran 
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3.2.1 Polarization-multiplexed displays with polarized glasses 
Polarization-based displays project two polarized 
views of a 3D video simultaneously to the 
viewer, polarized glasses (also known as passive 
glasses) are then used to filter out these views 
for each eye. 
 
In order to display a stereo pair of views 
simultaneously on these displays, each image of 
the stereo pair is cut into stripes row-wise and 
the now striped left and right views are then 
spatially interleaved together line-wise and are 
displayed as such on the screen (Chen, Fournier, 
Barkowsky, & Le Callet, 2010). This principle is 
illustrated in Figure 3. 
 
Each eye would then still get the full horizontal 
resolution but at the cost of half the vertical 
resolution. For example if the original resolution 
is 1920×1080 it would then be halved resulting in 
a resolution of 1920×540, in other words the 
vertical resolution is then sub-sampled by a 
factor of two. 
 
Since the motion parallax in motion pictures is more dependent on horizontal movement, the 
vertical resolution loss is not critical to the effect of 3D viewing, though it is also possible to have the 
stripe-cutting and interleaving made column-wise where the full vertical resolution is maintained but 
at the cost of half the horizontal resolution. But in this case the overall perception of 3D would 
consequently be negatively affected. 
 
Two main types of polarization are utilized when displaying 3D media, namely linear and circular 
polarization. 
 

3.2.1.1 Linear polarization 
Normally, light emitted from a display is in the form of light waves oscillating in every direction. For 
displays with a linear polarization filter however, the direction of the light waves are limited to just 
one direction that is composed of two components, the horizontal and the vertical component 
(“Application Notes 3,” 2001). 
 
In other words, when an observer with passive glasses views something on a display with linear 
polarization, the filtered light emitted from the screen will then pass another polarized filter in each 
lens of the glasses. The principle here is then that the only light that gets through the lens is light that 
is polarized in the same direction as the lens’ filter. For the other lens’ filter, only light that is 
polarized in the perpendicular direction of the former filter gets through. These linear filters are 
generally referred to as vertical and horizontal polarization filters. 
 
  

Figure 3: Principle of left and right views being 

spatially interleaved together 
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3.2.1.2 Circular polarization 
The polarization can also be 
done via circular polarization, 
which follows the same 
pattern of linear polarization, 
but instead of introducing just 
one filter for the display, two 
are introduced. First you have 
the linear filter that will filter 
out the light waves to a single 
direction, and then you add 

the second filter that takes the 
output of the linear filter as 
input. This second filter is a 
quarter wave plate (QWP) that is made of a crystal material that has the ability slow down one of the 
components of the one-directional light. When the light is filtered through the QWP it makes the two 
components out-of-phase resulting in light waves with a rotating property (“Application Notes 3,” 
2001). The principle of circular polarization is shown in Figure 4. 
 
The corresponding passive glasses for a display with circular polarization then follow the same 
principle as for a display with linear polarization, where each lens filters out light of only one 
direction. In this case there are two directions the rotation can take, either clockwise or counter-
clockwise, where one direction corresponds to one of the filters in each lens of the glasses. 
 

3.2.1.3 Linear vs. circular polarization 
Due to the aforementioned steps taken for both polarization methods, each eye will then receive a 
spatially different view of the same image, which the Human Visual System then can combine into a 
single image due to stereopsis. 
 
But these two methods both differ regarding the usage of motion parallax. Using circular polarization 
you can freely move your head around when viewing 3D videos while wearing the polarized glasses. 
This is possible due to there being no actual dependence on the angle in which the light is filtered, 
though an exaggerated amount of head movement will lessen the perception of 3D. For the linear 
method on the other hand, the viewing angle is critical since moving your head changes the viewing 
angle which in turn might filter out light that actually should be let through. 
 

3.2.2 Time-multiplexed displays with shutter glasses 
According to Wang and Brunnström (2009), time-multiplexed displays show two stereo views by 
alternating each view continuously, e.g. left view of image 1, right view of image 1, left view of image 
2, right view of image 2 and so on. 
 
The alternation of the views happens in a rapid fashion, switching each view about 50-100 times per 
second. For the viewers to be able to perceive the 3D effect they need a visual aid in the form of 
shutter glasses (also known as active glasses). 
 
The shutter glasses function in such a way that they can work in a time-synchronized union with the 
display. For example, when the screen is showing the left view of an image, it sends a signal to the 
glasses, whereby a receiver on the glasses prompts the right shutter to close and the left one to 
open, and vice versa when a right view is shown. This also explains the name of these glasses, since 
each shutter effectively shuts down for a fraction of a second only to be opened the next moment. 

Figure 4: Principle of circular polarization 
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The actual opening and closing of the glasses is achieved by having the shutters infused with an 
electricity-triggered liquid crystal. The crystal then either darkens or clears up rapidly whenever a 
shutter has to close or open respectively. 
 

3.2.3 Polarization- vs. Time-multiplexed techniques 
Since shutter glasses have to actively maintain the shutter effect continuously for the duration of a 
3D video sequence, there is a need for a power source to provide the electricity for the liquid crystal, 
which is covered by making the glasses battery-driven. The drawback with this is that viewers need 
to change or charge the batteries when they run out. Viewers might also get the feeling that the 
glasses are rather heavy and bulky, whereas passive glasses would feel just like wearing ordinary sun 
glasses. 
Another downside with active glasses is that they are more expensive than their passive 
counterparts. This makes passive glasses, circularly polarized glasses by RealD Inc., the standard 3D-
viewing aid in cinemas due to their cheap price. 
 
An advantage of active screens over passive screens is that the resolution of the displayed video will 
be full and not halved, since the two views on a polarization-based 3D display are interleaved 
simultaneously, the perceived image quality is cut in half in either horizontal or vertical resolution. 
This has been proven through visual experiments performed by Kim and Banks (2012). Passive 
screens are also more sensitive than active screens in regard to the vertical viewing angle. 
 

3.3 Autostereoscopic displays 
Autostereoscopic displays are used to display stereoscopic 3D content without the use of any type of 
additional visual aids such as active or passive glasses. There are two primary types of 
autostereoscopic displays, namely two-view displays and multi-view displays. 
 

3.3.1 Two-view displays 
This subcategory is in turn also divided into two more subcategories of two-view displays, where they 
consist of the parallax barrier displays and the lenticular lens displays. 
 

3.3.1.1 Parallax barrier displays 
The parallax barrier displays present the observer with a barrier placed in front of the screen where 
light emitted from the display first has to go through the barrier before reaching the viewer. The 
screen shows the left and right image views at the same time where the views have been interlaced 
together column-wise, and when the light emitted from the screen reaches the barrier the light is 
then divided via slits in the barrier (Kong, Jin, & Zhong, 2011). Here light corresponding to the left 
view would reach the spectator’s left eye via the slits and right view light would be blocked by the 
barrier, and vice versa for the other view. This is only possible if the person is situated in a specific 
spot thus limiting the viewer’s option to move freely during the viewing. 
 
Despite the drawback of limited viewer-mobility, the popular handheld gaming device Nintendo DS 
uses the parallax barrier in its gaming screen to get the three-dimensional perception. The game 
console is handheld and could therefore be easily adjusted, since standard gameplay is achieved by 
directly facing the console. 
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3.3.1.2 Lenticular lens displays 
A two-view lenticular lens display is an autostereoscopic display where a so-called lenticular lens is 
placed in front of a specially produced image. This image is composed of two differently angled 
viewpoints of the same image, where the image pair has been striped vertically and interlaced 
together into a single image (Kong et al., 2011). 
 
The lenticular lens is composed of several smaller lenses, and when the previously mentioned image 
is displayed the lens will separate the light rays from this image creating a left and a right view where 
each eye will see a different image and via stereopsis the human mind will then be able to see a 
single coherent 3D image. 
 
For both lenticular lens and parallax barrier displays the drawback that comes with two-view displays 
is that an observer has to be situated in the so-called sweet-spot to be able to perceive any form of 
3D. 

3.3.2 Multi-view displays 
In contrast to single-view displays (e.g. regular 2DTVs and some stereoscopic 3DTVs) or two-view 
displays, where the viewer has to be positioned in a fixed spot in order to perceive the 3D effect, 
multi-view displays (also known as free-view displays) offer the viewer the ability to freely view the 
3D content from any given viewpoint, and thereby utilizing the visual cue of motion parallax while 
maintaining the ability to perceive the 3D effect. 
 
This is possible following the same methodology as for the two-view lenticular lens display, but 
instead of just processing two views this multi-view display can process and create n different views 
(where n is most commonly 8 or 16), thereby giving the viewer the option to move around and still 
perceive 3D. 
 
The amount of views supported has an impact on the view resolution for these displays, where it is 
basically the same as the full panel resolution divided by the amount of views supported. I.e. for a 
42” 3DTV that supports 9 views, it would mean that every view would have one third of the 
resolution in both the horizontal and vertical resolution (Chen et al., 2010). 
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4 Generation of 3D content 
The actual generation of 3D content can be done in various different ways. This section will shed 
some light on some of the more general ones. 
 

4.1 Multiple camera capturing 
In order to capture a live scene in 3D it must be filmed by at least two cameras that are located close 
to each other, typically 6.5 cm, and that are simultaneously recording. This is done in order to get 
more than one viewpoint of the scene at hand.  
 
But to really get the most out of dynamic scenes in terms of 3D visualization, the capturing is made 
via multiple cameras mounted at various viewpoints where synchronization of these cameras is 
paramount. 
 
After the capture process these various views can be processed and, based on which viewpoint is the 
most suitable, pairs of different views can be selected for different frames for the final cut. 
 

4.2 Computer-generated 3D 
The generation of 3D via computer technology is at the forefront of modern computer animation. 
There are two general categories of this type of 3D generation, geometry-based 3D modeling and 
image-based 3D modeling. 
 

4.2.1 Geometry-based 3D models 
Geometry-based 3D modeling uses models based on 3D polygon meshes, essentially sets of different 
geometrical shapes connected in various ways, where color can be applied to every surface of the 
mesh in question (Wang, & Brunnström, 2009). 
 
This method is the most appropriate one for computer animated movies or games where it is not 
critical if the 3D scene does not exactly resemble, or if it does not have the same amount of details 
as, a scene based in reality. 
 

4.2.2 Image-based 3D models 
Image-based 3D modeling conversely uses 2D images as a basis for the creation of a 3D image, and 
what takes place is a conversion from to 2D to 3D, which will be described more in detail in the next 
subsection. 
 

4.3 2D-to-3D conversion 
A recent trend among some film studios is to 
re-release their older movies so that newer 
audiences may enjoy these films on the big 
screen. One of the more successful films given 
this treatment was Titanic, but instead of just 
being re-released it was also converted from 2D 
to 3D. The process of a 2D-to-3D conversion 
involves certain steps, where the first one is to 
extract a so-called depth map from the original 
2D video. 

Figure 5: A 2D image next to its corresponding 

grayscale depth map 
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The depth map is a grayscale map containing pixel-information regarding the depth of the image, 
where each pixel of the original image is represented by the varying degrees of black and white. For 
example if a certain pixel is to be shown as if it were far away in the distance it would be black, 
otherwise if it were at the forefront of a scene it would be white (Wang, & Brunnström, 2009). See 
Figure 5 for an example of a 2D image and its corresponding depth map. 
 
The actual creation of the depth-map adheres to two different cases to take into consideration based 
on how the original video image was captured, either via a single camera or via multiple cameras. 
 

4.3.1 Depth map creation 
If the video is a single-view image the procedure is a bit more complicated and time-consuming since 
it involves human interaction where a person manually has to go through every frame of the video. 
Fortunately there exists a multitude of different extraction methods using diverse computer 
programs that can help with this process. 
 
One method that has been by developed by Battiato, Capra, Curti, and La Cascia (2004) has the 
image source going through a pre-process in order to extract more general information from it such 
as indoor or outdoor scenery, or to see if it contains any geometric elements. Based on this newly-
gathered information the next step is then to properly identify the location of any parallel horizontal 
lines (vanishing lines) converging towards a common point (vanishing point) that might be present. 
 
After the gathering of this information the depth variation can be set via the assignment of depth 
gradient planes. The final step is then reached where the grayscale depth map can be constructed 
based on the previous information. 
 
On the other hand if the video is a multi-view image, i.e. captured by multiple cameras, the 
extraction of the depth map becomes easier since there are multiple different views of the same 
image that can be compared and used to calculate the differences in depth among them (Huynh-Thu, 
Le Callet, & Barkowsky, 2010). 
 
When the depth map has been acquired, in both previous cases, it can then be used in conjunction 
with the original source video in order to create a resulting stereoscopic video via computer 
programs. 
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5 Attributes suitable for subjective 3D testing 
For 3D videos there is a variety of diverse aspects that are in play when it comes to describing how 
well the overall 3D effect is received. Some of them are newer concepts yet to be explored 
thoroughly while others have been mainstays ever since the days of studying 2D video viewing. This 
chapter will describe the attributes that have been examined in recent years as well as ones that 
have been theorized to hold a higher importance in the 3D viewing experience. 
 

5.1 Quality 
In the various 3D video studies that have been done regarding further examination of 3D viewing 
aspects, the quality attribute has practically always been present. This is the case since it has a high 
impact on the overall viewing experience, let alone being the most commonly used attribute to 
include when evaluating 2D video viewing. Quality also already has standardized framework models 
made for subjective 2D system evaluation such as Engeldrum’s image quality circle (Engeldrum, 
1999; Engeldrum, 2004). 
 
For 3D however, the criterion of 3D quality is affected by the alteration and interaction of other 
attributes, for instance there is the case of detrimental 3D aspects referred to as 3D artifacts. They 
might appear due to the nature of actually creating and presenting 3D content. For example if the 
binocular disparity is increased for a video sequence it might lead to added crosstalk instead of 
leading to a deeper showcase of depth, which in turn would lead to a negative portrayal of the 
quality image-wise due to it becoming more blurred. 
 
In that sense for 3D video the quality attribute might not be enough since various different aspects 
also play important roles in the 3D experience, and the question many studies have delved deeper 
into is exploring exactly which criteria play the other key roles. 
 

5.2 Presence 
The aspect of presence is described as the feeling of being in a certain place even when you are 
physically located in another place, and it has been brought up as a potential candidate for further 
examination regarding suitable 3D viewing criteria according to the findings of Seuntiens (2006). 
 
This notion has been given further affirmation in another study by Lambooij (2005) regarding 
appropriate 3D viewing attributes in relation to the judgment of the overall 3D viewing experience, 
where it is proposed that the impact of presence would be an adequate measurement. Within this 
study it is further argued that while it would be less appropriate to include it in studies of 3D still 
images due to the lack of movement, presence would benefit from the fact that you will experience 
actual moving images in 3D videos. It is also deemed that the correlation between quality and 
presence would be an interesting comparison to study in order to see how much they might 
influence each other (Lambooij, 2005). 
 
Though according to this same study, a subjective experiment was performed where there was no 
significant deviation between the presence results of viewing both 3D stills and 3D videos. But yet 
another scientific analysis conducted by IJsselsteijn, Ridder, Freeman, Avons, and Bouwhuis (2001) 
with subjective participants found that presence did indeed achieve higher graded scores in videos 
than stills, but with the distinction that the video in question was filmed from a first-person point-of-
view from a rally car in motion. 
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5.3 Naturalness 
Naturalness encompasses the feeling of viewing something that looks realistic, though not 
necessarily in conjunction with actually feeling as though you are in the same location as the object 
or scenery that is being viewed (Seuntiens, 2006). It has been noted that this concept is closely linked 
to image quality, in particular relating to the screen reproduction of skin color (Yendrikhovskij, 
Blommaert, & De Ridder, 1999). 
 
Although naturalness and image quality are in a way connected, their distinction lies in that 
naturalness focuses more on giving the viewers a sense of a truthful representation of reality, 
whereas image quality may provide high-quality imagery but not stay true to realism. For example in 
one previous subjective experiment by de Ridder, Blommaert, & Fedorovskaya (1995) regarding 
quality it was shown that subjects were more prone to prefer and give higher graded scores to 
colorful and unnatural images over natural ones. 
 

5.4 Depth 
A critical aspect of 3D viewing is the sense of depth. When looking at depth from a strictly human 
perspective in the general sense, added depth should contribute to an increased 3D experience, 
though this might backfire where it might be attributed that an increase in depth may lead to an 
increase in visual discomfort. 
 
In the other case when looking at depth from a technological perspective, the focus shifts to how 
capable a 3D screen is of rendering depth. Here a set of other factors can be considered such as how 
a 3D display represents depth based on the source video; how much of an effect content disparity 
has on it; the aspect of a comfortable viewing zone and so forth (Chen et al., 2010). 
 
But it is not always easy to subjectively express its impact on the viewing solely by rating the amount 
of perceived depth. In some studies viewers rated the depth by having a scale dedicated to this 
attribute (Lambooij, 2005), while other studies opted to instead have it included in a broader term 
such as perceived naturalness (Kaptein et al., 2008). 
 

5.5 Visual discomfort 
Visual discomfort is something that viewers may experience during particularly eye-straining 3D 
scenes, where e.g. depth alterations or bright lights might be responsible for it. One study mentions 
that when subjects have given high visual discomfort ratings, it has gone hand in hand with an 
increase in depth (Kaptein et al., 2008). This discomfort has also been linked to the presence of 3D 
artifacts in video sequences, where crosstalk is the most prominent cause of it (Lambooij, Fortuin, 
Heynderickx, & IJsselsteijn, 2009). 
 
However the image content is not the sole contributing factor to visual discomfort, since the viewing 
distance is also involved being yet another underlying reason. It is said that there are certain comfort 
zones in terms of distances for an adequate viewing, and if one were to be outside of these zone 
limits the discomfort would present itself (Lambooij et al., 2009). 
 
Though the matter of viewing distance is a highly subjective opinion where there is a trade-off 
between visual comfort and other parameters. Some may claim that they sense a higher level of 
viewing comfort when they are situated at a farther distance than normal from the screen, but at the 
same time feel a lack of quality in the sense of attention to finer details or a lack in the sense of 
presence. 
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5.6 Expansion of Engeldrum’s image quality circle 
Kaptein et al. (2008) took a slightly different route in terms of 3D evaluation with the focus of their 
analysis lying upon the display’s capabilities. The study therefore explored the possibilities to expand 
upon Engeldrum’s image quality circle in order to achieve the creation of a similar standard model 
that could then be used for 3D displays. 
 
Engeldrum’s circle, Figure 6, is a 
commonly used framework for 
subjective evaluation of 2D systems 
that centers on the criterion of image 
quality. It is essentially a model that 
divides image quality attributes (e.g. 
brightness, sharpness, noise etc.), 
physical image characteristics (e.g. 
measurable characteristics like 
chromaticity of display primaries, 
gamma etc.), and technology 
parameters of the imaging system into 
different steps, where the model can show how you can predict the image quality of the display 
when knowing the aforementioned steps (Engeldrum, 1999; Engeldrum, 2004). 
 
Because Engeldrum’s quality circle is not sufficient for 3D displays, since other aspects than just 
quality have to be taken into account when evaluating 3D images, Kaptein et al. (2008) conducted 
subjective experiments with the goal of trying to expand Engeldrum’s quality circle so that it can be 
used for 3D systems also. 
 
The study then further discussed which other criteria besides image quality would be relevant to 
include in order to properly assess 3D images, with the final three attributes chosen for this study 
being perceived depth, image quality and naturalness. The experiment consisted of subjectively 
testing 3D images, where each image had been altered blur-wise and depth-wise, and presented on 
an autostereoscopic display. 
 
After the conclusion of the subjective experiments, the results were analyzed and it was concluded 
that their attribute of image quality does not take into consideration the factor of depth; that overall 
naturalness seems to be a good 3D image criterion since it takes in both depth and blur; and that for 
autostereoscopic displays crosstalk (and thereby blur) occurs too often. 
 
Therefore it was then suggested that perceived naturalness would be a good criterion to use when 
assessing 3D displays’ overall performance, and that it would be constructive to somehow in the 
future include it in a standard model for 3D image display evaluation. 
 

5.7 Chosen 3D attributes for the subjective experiment 
After some deliberation, the decision was made to include three different rating scales based on 
relevant attributes in order to better explore the three-dimensional effect that they might have. 
 
The choice was made to include video quality, sense of presence, and visual discomfort in the 
experiment. Video quality was chosen to be defined as the combined viewer experience of 2D and 
3D video quality, thereby also taking depth into account. The sense of presence criterion was defined 
to be how involved in or how immersed in a scene a subject feels during viewing. Visual discomfort 

Figure 6: Engeldrum's Image Quality Circle 
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was chosen to let the subjects be able to express if they feel any sort of discomfort, and the degree 
of it, when viewing. 
 
Taking the concept of visual discomfort a step further, a Simulator Sickness Questionnaire (SSQ) was 
also added to the experiment, where subjects had to fill in the form before, in-between, and after 
the experiment. The SSQ contains a list of gradable symptoms such as headache, fatigue, or blurred 
vision that subjects might experience during the course of the test (Kennedy, Lane, Berbaum, & 
Lilienthal, 1993; Brunnström, Wang, & Andrén, 2013). 
 
In addition to these attributes and the questionnaire it was also decided to have another parameter 
included in the experiment. Therefore the test was performed at two different viewing distances 
with the goal of analyzing whether or not the distance has an effect on the viewing. 
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6 Evaluation methodology 
 

6.1 Subjective test methods 
Since this type of 3D video evaluation differs from the evaluation of regular 2D videos, where the 
main focus is on the video quality, a different evaluation method must be used, where the human 
factor must be taken into a more extensive consideration. Therefore the experiment must be 
conducted with the help of human participants in a subjective manner. There are several types of 
subjective test methods that have been developed, and utilized for different purposes, where the 
following methods are the ones most suited for 3D video experiments. 
 

6.1.2 ACR 
Absolute Category Rating (ACR) is a testing method that is used for the purpose of conducting 
subjective evaluations and it is a single stimulus method (ITU-T P.910, 2008). It is to be used when 
video sequences appear one at a time on the display, where these are afterwards rated 
independently on a five-graded scale with 5 being the highest grade and 1 the lowest. The grades 
that are used in the scale can be seen in Table 1. 

Table 1: ACR rating scale 

5 Excellent 

4 Good 

3 Fair 

2 Poor 

1 Bad 

 
A special-case of the method exists, wherein the unaltered reference video of each of the presented 
altered sequences is also presented unbeknownst to the viewers. This is referred to as a hidden 
reference condition, which consequently changes the name of the method to Absolute Category 
Rating with Hidden Reference (ACR-HR), though the grading process remains the same. 
 

6.1.3 DCR 
Degradation Category Scale (DCR) is another method where the focus lies upon presenting the 
sequences in pairs, thus being given the alternate name of double stimulus impairment method (ITU-
T P.910, 2008). This method presents two videos where the first one is the reference video and the 
other one is an altered version of the first one. The subjects are then prompted to vote via a five-
graded scale whether or not the altered version was negatively affected compared to the unaltered 
source video. The grades that are used in the scale can be seen in Table 2. 

Table 2: DCR rating scale 

5 Imperceptible 

4 Perceptible 

3 Slightly annoying 

2 Annoying 

1 Very annoying 

 
This method differs from ACR, wherein you in this method explicitly compare one sequence to 
another, where it is known that this other video is the original source video, and the grading here is 
done on an impairment scale. 
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6.1.4 SSCQE 
Single Stimulus Continuous Quality Evaluation (SSCQE) is a method where the subject continuously 
grades the viewed video via a sliding scale (ITU-R BT.2021, 2012). It is most suitable for sequences 
that experience a lot of variations during the course of their playback, thereby it is recommended 
that the duration of a sequence should be around five minutes long. 
 
Since the method is to be used via a slider, it is significant that the device can properly read the input 
of the user in a timely manner in order to avoid any errors related to the reaction time. The scale for 
this method can be the same as the one used in the ACR method, with the difference that the user is 
now free to continuously grade the sequence even in-between the five grades. 
 

6.1.5 Chosen subjective test methods 
Since the experiment consisted of video sequences not exceeding a length of 16 seconds each (see 
section 7.1 Dataset for further information regarding the sequences), the SSCQE method was 
discarded due to the shortness of the video clips used, which basically would have made it difficult 
for subjects to properly perform SSCQE type evaluations in such a limited time span. Another reason 
for not using this method was the fact that for the sequences used the distortion variation during the 
course of each of their duration was not that fluctuating. 
 
The two methods left were the ones most suited for this type of 3D video experiment, and 
consequently the ones used for it. Since it was previously agreed upon investigating the aspects of 
video quality, visual discomfort, and sense of presence in this experiment, the conclusion that was 
reached was that for both video quality and sense of presence the ACR-HR method was the most 
suitable one to use for their grading. 
 
Since it was not considered to use a double stimulus method for the rating of visual discomfort, the 
DCR method was also discarded. But as is described in ITU-R BT.500 (2012) it is possible to have an 
impairment scale in conjunction with single stimulus methods.  Therefore it was decided to also use 
ACR-HR as a single stimulus method for the rating of visual discomfort, but in combination with an 
impairment grading scale. The impairment scale that was described for DCR was used but with slight 
descriptive alterations due to the grading being used for visual discomfort. The resulting scale can be 
viewed in Table 3. 

Table 3: Visual discomfort rating scale 

5 No discomfort 

4 Strange feeling, but not discomfortable 

3 Slightly discomfortable 

2 Discomfortable 

1 Very discomfortable 
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7 The subjective experiment 
 

7.1 Dataset 
The test data were based on the NAMA3DS1-COSPAD video database consisting of left and right 
views of 2D videos, where each of the video sequences had a resolution of 1920×1080 (Full-HD) with 
a framerate of 25 fps, which were either uncompressed or encoded at a high bitrate (Urvoy et al., 
2012). 
 
The content of the videos is comprised of indoor and outdoor scenes that in turn range from near-
static to dynamic motion, where the scenes were filmed at both close and faraway distances. 
 
The dataset adheres to the terminology of ITU and VQEG (ITU-R BT500, 2012; VQEG, 2012), where 
there are ten different original unaltered source video sequences called SRCs (Source Reference 
Circuits), and for each SRC there are PVSs (Processed Video Sequences) that have been degraded via 
the processing of eleven different degradations called HRCs (Hypotethical Reference Circuits) 
including one HRC which had no degradation at all, i.e. corresponding to the original reference 
sequence. For an overview of the SRCs used in the experiment see Figure 7a-j. 
 

 
 a) SRC1: Barrier Gate b) SRC2: Basketball c) SRC3: Boxers 
 

 
 d) SRC4: Hall e) SRC5: Laboratory f) SRC6: Reporters 

 

 
 g) SRC7: Phone h) SRC8: Football i) SRC9: Trees 

 

 
j) SRC10: Umbrella 

Figure 7a-j: Still images of the ten SRCs used in the experiment 
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The HRCs correspond to coding impairments relating to primarily image quality. The Quantization 
Parameter (QP) has been altered in HRC1-3, where a small QP leads to a high retention of spatial 
detail whereas a high QP causes the bitrate to decrease at the cost of distortion and quality loss. 
 
HRC4-7 all have different fixed bitrates, where a low bitrate results in a distorted and rather block-
like video image whereas a high bitrate gives a clearer image. 
 
In HRC8 downsampling is involved where the resolution is reduced by a factor of four and thereafter 
it is upsampled back so that it can be displayed properly but at the cost of a loss in image quality. 
 
HRC9 corresponds to a type of degradation that might be more suited to be called an enhancement, 
since it involves the sharpening of the image via edge enhancement which is commonly used as a 
post-processing step in TV applications. 
 
HRC10 is a combination of HRC8 and HRC9, where the downsampling and upsamling take place first 
followed by the image sharpening. 
 
HRC0 contains as was previously mentioned no degradation at all, but rather consisting of the 
original reference sequence untouched by any impairments. 
 
A summarized overview of the HRCs used and their properties can be found in Table 4. 

Table 4: Overview of the properties of the eleven HRCs used in the experiment 

HRC Type Parameters 

0 None – reference sequence - 

1 Video coding (H.264) QP 32 

2 Video coding (H.264) QP 38 

3 Video coding (H.264) QP 44 

4 Still image coding (JPEG2k) 2 Mbps 

5 Still image coding (JPEG2k) 8 Mbps 

6 Still image coding (JPEG2k) 16 Mbps 

7 Still image coding (JPEG2k) 32 Mbps 

8 Resolution reduction Downsampling by a factor of 4 

9 Image sharpening Edge enhancement 

10 Downsampling and sharpening Combination of HRC8 and HRC9 

 
Each of the stereo-paired videos was then vertically sub-sampled, i.e. the left and right views of the 
videos were basically cut into vertical strips. Then these sub-sampled videos were spatially interlaced 
row-wise by merging the sub-sampled left and right views so that they overlap each other 
corresponding to the 3D screen’s polarization lines. This process was made possible by using the 
command line video-tool iconvert. The tool was therefore used in order to produce the 3D videos for 
the experiment. This tool was developed at Nantes University and Acreo has been given express 
consent to use it. A total of 110 three-dimensional PVSs (10 SRCs × 11 HRCs) were produced and used 
in the experiment, where the duration of each sequence was 16 seconds except for the eleven PVSs 
with SRC10 where they instead were 13 seconds long each. 
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7.2 Test environment 
 

7.2.1 Laboratory 
The experiment was performed in the laboratory room pictured in Figure 8, where the laboratory 
environment was set up according to the general viewing specifications of ITU-R BT.500 (2012), and 
where the ambient white illuminance in the lab room was low. 

 

Figure 8: The laboratory room in which the experiment was conducted 

 

7.2.2 Viewing distances 
The viewing distances used in this test were 3H and 5H, corresponding to three times and five times 
the height of the 3D display, which equals 2.1 m and 3.5 m respectively. 
 

7.2.3 3DTV 

The 3D display that was used was a passive Hyundai S465D 46" film pattern retarder stereo 3DTV 
that was used in combination with RealD 3D passive glasses. The display frequency was at 60 Hz, the 
peak white luminance of the display was 177 cd/m2, and 78 cd/m2 with passive glasses. 
 

7.2.4 Computer and customized video player 
The computer setup consisted of one PC with 8GB 
RAM, an ATI Radeon HD 5800 Series graphics card and 
two SSDs in RAID-0, where the PC was connected via 
HDMI cable to the aforementioned 3DTV. The 
operating system used was Windows 7. 
 
The playback and grading of the videos was made via 
the AcrVQWin player (Jonsson & Brunnström, 2007). 
The player was customized in C++ via Microsoft Visual 
Studio 2008 to meet the requirements set forth by the 
experiment, where the most prominent modification 
was the alteration of the rating GUI so that it could 
include all three rating scales used. The ability to 

Figure 9: English version of the voting GUI 
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properly save the voting results relating to the three attributes was also incorporated. Furthermore 
the GUI was adapted in relation to the presentation language, where the subject had the choice to 
perform the experiment in either English or Swedish. The English version of the GUI used is shown in 
Figure 9. 
 
The video sequences were stored in the SSDs and playback of each of the videos was achieved via 
AcrVQWin first pre-loading all the frames of the sequence to be played into the video memory. This 
was done in order to reduce the loading time between the sequences. 
 

7.3 Visual tests 
Before performing the actual experiment with the subjects, they had to go through four different 
visual tests in order to get a better understanding of their visual capabilities and to learn how 
accustomed they were to stereoscopic 3D viewing. The tests also serve the purpose of finding out if 
certain participants are adequate test persons relating to their visual ability. If the tests result in the 
findings of inadequate test subjects, they will nonetheless participate in the experiment but their 
ratings could be discarded for the final data gathering where this is corresponding to a pre-screening 
of the subjects. 
 
These visual tests took place in a room outside of the laboratory and were comprised of firstly testing 
the subjects’ visual acuity via a Snellen chart test, checking their color vision deficiency via an Ishihara 
test, identifying their dominating eye via a Porta test, and finally testing their stereo acuity test via a 
Randot test. The minimum requirement of visual acuity was set to 0.8. If subjects received a lower 
value than this they would subsequently be pre-screened. At the end of these tests the participants 
were briefly questioned on general optical information such as the usage of glasses, if they suffer 
from some form of eye-related conditions and how frequently they watch 3D content et cetera.  
 

7.4 SSQ 
After the visual tests were completed the subjects were asked to fill in a Simulator Sickness 
Questionnaire (SSQ) before they could enter the laboratory room to perform the actual test 
(Kennedy et al., 1993). Since the experiment contained a break after half of its duration, the 
participants were also asked to fill in the form during this break, and after completion of the 
experiment they were asked to fill it in a final third time. 
 

7.5 The experiment 
After the previous steps were completed, the subject was advised to read the written test 
instructions to get a better understanding of the experiment.  Thereafter the test person could then 
enter the laboratory to perform the actual experiment. The experiment was done with one subject at 
a time, where the person was asked to put on the passive glasses provided and to be seated in a 
chair located 3H from the 3D display. A small wooden table was placed in front of the participant in 
order for the computer mouse to be easily reachable and maneuverable since all the voting 
interaction was done exclusively via the mouse. 
 

7.5.1 Pre-test 

Before the actual experiment started, the subject was to perform a pre-test consisting of six PVSs in 
order to get an overview of what to expect in this experiment, and to become familiarized with the 
lab environment and the rating interaction. 
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The videos in the pre-test ranged from the best, the in-between, and the worst clips video-
qualitywise. The rating interface was shown after each short video clip, where the participant had to 
rate the PVS based on the three different criteria. After the voting was done, the test person was to 
click the OK button to continue with the next sequence. 
 
After the final sequence had been graded, a small informational display with the message “End of 
session” appeared marking the end of the test session. 
 

7.5.2 Actual experiment 

After any potential questions from the subject, he or she could then commence the actual 
experiment. 
 
The test was divided into two parts where the subject would watch a set of either 60 or 61 
randomized video sequences at 3H distance first, thereafter a short break could be taken where the 
second SSQ was to be filled out, followed by the second part where the subject would watch another 
set of either 60 or 61 randomized video sequences at 5H distance. The total sum of PVSs viewed by 
the observer was 121, thereby being a combination of either 60+61 or 61+60 sequences depending 
on which video set was viewed first, further details regarding the video sets can be found in section 
8.1 Video sets. 
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8 Results and analysis 

8.1 Video sets 
In total, each subject saw 121 video sequences. These sequences were divided into two sets, video 
sets A and B (VA and VB respectively), based on a 2-by-2 Latin Square. In other words each set had 
different PVSs with the exception of the common set (see 8.1.1 Common set) that was present in 
both sets. 
 
Video set A consisted of 60 PVSs and video set B of 61 PVSs. In both sets each of the ten SRCs was 
represented in some form in combination with an HRC. At most six different PVSs based on each SRC 
were included for each set, with the exception of the common set. This video set division was based 
on video quality rating results from two other similar experiments performed at Nantes University 
and Yonsei University (Barkowsky et al., 2013). The purpose of this division was to get a more 
uniform distribution regarding the Mean Opinion Scores (MOS), see Table 5 for an overview of the 
division. 

Table 5: Overview of division of PVSs among video sets A and B 

 HRC0 HRC1 HRC2 HRC3 HRC4 HRC5 HRC6 HRC7 HRC8 HRC9 HRC10 

SRC1 A B B B A A A B A A B 

SRC2 A, B A, B A, B A, B A, B A, B A, B A, B A, B A, B A, B 

SRC3 B B A A B B A A A A B 

SRC4 B A B A B A A B B A B 

SRC5 A A A B A A B A B B A 

SRC6 B A B B A B A A A B B 

SRC7 A B B A A A B A B B A 

SRC8 B A A A B B B A A B B 

SRC9 A A A A A B A B B B B 

SRC10 A A B A B B A B B B A 

 
The first half of the subjects, denominated as Group 1 (G1), viewed video set A first at 3H then video 
set B at 5H. The second half, Group 2 (G2), conversely viewed video set B first at 3H followed by 
video set A at 5H. Thereby there were in total 110 distinct video sequences where the sequences 
belonging to the common set were shown twice, making the experiment consist of a total of 121 
PVSs. 
 

8.1.1 Common set 

The common set was comprised of eleven PVSs based on SRC2 (Basketball) where this set was 
included in each video set. This scene is also the only scene where camera panning is involved. The 
purpose of the common video set was to have the subjects view the same PVSs at two different 
distances without having to participate in two separate experiments. 
 

8.2 Test participants and screening process 
In total there were 28 experiment participants with different backgrounds and varying degrees of 
experience in watching 3D video. The age of the subjects ranged between 18 and 62 years old, where 
the mean age was 33.7 and the median age was 29. Approximately 32% of the observers were 
female. Half of the participants conducted the experiment in English (though they were not native 
speakers of this language) while the other half performed it in Swedish. 
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One subject’s data were pre-screened due to low visual acuity and color deficiency. 2.5 subjects’ data 
were post-screened due to low correlation (less than 70%) on the Video Quality ratings based on the 
recommendations of VQEG (2010). Since the experiment was divided into two parts, the first part at 
3H distance and the second at 5H distance, the data of each part counted as half the amount of a full 
experiment’s data. 
 

8.2.1 Reparticipants 

With the goal of corroborating the experiment results it was decided to redo the experiment with a 
subset of the original participants. Therefore nine subjects were invited to do the experiment a 
second time, with the distinction being that they now viewed and rated the video sets they had not 
seen at a certain distance during the first experiment. That is if a participant had seen video set B at 
5H distance, he or she would now view this set at 3H distance. The viewing of video set A followed 
this same procedure. 
 

8.3 Correlation between the three attributes 
The averaged results of the video clips or PVSs based on all the ratings of the viewers at both 
distances are shown in Figure 10, a.k.a. the Mean Opinion Score (MOS). In this figure there are three 
line graphs, one for each of the three attributes Video Quality (VQ), Visual Discomfort (VD), and 
Sense of Presence (SP). The MOS of the participants is represented along the y-axis, while the 110 
different PVSs that were viewed are represented along the x-axis. The first point along the x-axis is 
PVS1 that is composed of SRC0 and HRC0, the second point is PVS2 (SRC0 and HRC1), and so forth. 
 

 

Figure 10: Average MOS for the three attributes 

 
As can be seen in the Figure, both VQ and SP follow each other quite closely, where VQ tends to lean 
towards the extremes of the scoring in the majority of the graded PVSs. This tendency to follow each 
other is mirrored in the computed correlation between the two attributes. The correlation for the 
mean per PVS was calculated for VQ and SP with a result of 0.96. 
 
One case where you can view a deviation from this notion regarding low-rated PVSs can be found in 
PVS93, wherein both VQ and SP scores are very low, around 1.3. This particular PVS is the result of a 
combination of SRC9 (Trees) and HRC4 (2 Mbps). The PVSs formed from SRC9 span from PVS89-99 
and are ordered in an HRC-incremental fashion, and can be viewed more closely in Figure 11. 
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Figure 11: Average MOS for the three attributes for PVS89-99 

It is evident from the figure that SP-wise PVS93 ranks lowest among SRC9-based PVSs let alone 
among all of the experiment’s PVSs. This can be seen as the result of always garnering low SP and 
even lower VQ votes whenever HRC4 is involved in the resulting PVS. This happens due to the very 
low bitrate HRC4 offers which always negatively affects the scoring. This can be attested by the 
Figure since the majority of the lowest-scored PVSs are composed of HRC4 along with one of each of 
the ten SRCs (for more analyses regarding different HRCs, see 8.5 Analysis based on SRCs and HRCs). 
When this is coupled with SRC9 in PVS93, where SRC9 is a video sequence of leaves on trees being 
gently moved by the wind, the end-result is a very muddled and green PVS with features that are 
hard to distinguish. It is therefore plausible to view this as the cause of PVS93 receiving the lowest SP 
score since the participants weren’t able to get any presence sensation out of the sequence, which 
also contributed to the viewers’ low VQ gradings. 
 
There are only very few cases in which high-rated scorings of SP overtake the high-rated VQ scores. 
The most apparent examples of this are related to PVS45-55, where all PVSs were based on SRC5 
(Laboratory), and can be viewed more in detail in Figure 12. 
 

 

Figure 12: Average MOS for the three attributes for PVS45-55 

 



27 
 

With each of these ten PVSs the SP scores are higher than the VQ scores, the only exception being 
PVS54 where HRC9 (Sharpening) is involved (and also PVS45 where the HRC was HRC0 (Unaltered), 
though the difference there is very small and only around 0.01). Due to this HRC the sequence is 
actually enhanced which prompted it to get an average VQ grade of 4.46 while its equivalent SP 
grade was 4.25. Discounting this exception, it seemed as though the test subjects felt that the 
laboratory scene suffered quality-wise but at the same time they were more engaged in it. This could 
be explained by the fact that the scene itself had very intense lighting that might have taken away 
from the details and the sense of depth, but on the other hand this did not seem to affect the sense 
of presence as deeply. 
 
Regarding the VD scores, it is important to keep in mind that these scores are graded based on a 
degradation scale (as opposed to the VQ and SP scores), meaning that high scores on this scale 
reflect upon almost no visual discomfort. Overall this lead to the subjects casting very high votes 
regarding VD that still maintained a similar trend with VQ and SP. Though, as can be seen in Figure 
10, the VD grades were almost always higher than the corresponding VQ and SP scores for each of 
the PVSs. The correlation for the mean per PVS for VQ and VD was 0.94, and 0.92 for SP and VD. The 
lowest VD score was found in PVS93 where it was around 2.6 bordering around “Slightly 
discomfortable” and “Discomfortable”. The other low VD scores were also, as was the case with VQ 
and SP, found in the PVSs partly composed of HRC4. While the VD scores were not as comparatively 
low as either the VQ or the SP ones, the trend is clear that such a small bitrate has a big negative 
impact on the overall 3D viewing experience. 
 

8.4 Comparison based on viewing distances 3H and 5H 
Since the viewers were divided into two separate groups, the VQ results yielded showed that Group 
2 was in general more favorable in its grading of sequences or that Group 1 was more critical 
depending on which way one would be inclined to look at the results. This can be seen in the plots in 
Figure 13a-b, where the PVSs along the x-axis are sorted first by SRC and then by HRC and where 
each video set contains the PVSs given in Table 5. 
 

 

 a) Video set A: Video Quality b) Video set B: Video Quality 

Figure 13: Video Quality MOS for both video sets at 3H and 5H distance 

This is more evident regarding the viewing of Video set A, where almost only a third of G1’s scores 
are higher than G2’s. Comparing the mean overall ratings for Video set A of the two groups, it is 
shown that G1 has a value of 3.28 and G2 3.50. In order to further investigate this comparison a 
statistical hypothesis test was performed, namely a two-tailed Student’s t-test with a threshold value 
of 0.05 where the test would show if the null hypothesis presented would be supported or not. In 
this case the null hypothesis was “there is no statistical difference between the two groups’ ratings”, 
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and if a calculated p-value were less than the threshold the null hypothesis would be rejected, 
otherwise it would be accepted. When looking at the results of this test it was seen that albeit having 
a low p-value, there was no significant difference between the two subject groups for this video set 
since the p-value was 0.21 (>0.05). 
 
Regarding Video set B the difference in scoring is less noticeable since it is more evenly divided 
between the groups here, but G2 still has a slightly larger quantity of higher votes than G1. The even 
scoring becomes more apparent when looking at the mean overall ratings for this video set, where 
Group 1 scored 3.393 and G2 scored 3.392. When a two-tailed Student’s t-test was performed for the 
two groups now, it was further corroborated that the groups were not significantly different since 
the p-value when viewing this video set was 0.99 (>0.05). 
 
Taking the aforementioned observations into account, the conclusion that can be drawn here is that 
5H seems to overall be the more preferred distance when it comes to Video Quality. 
 
The plots regarding the Visual Discomfort can be viewed in Figure 14a-b. The results show that for 
both Video set A and B the participants from Group 1 overall felt less discomfort (never falling below 
a MOS of 3 for either video set) when viewing these video sets compared to Group 2 at either 
distance. 
 

 

 a) Video set A: Visual Discomfort b) Video set B: Visual Discomfort 

Figure 14: Visual Discomfort MOS for both video sets at 3H and 5H distance 

When comparing these VD scores with their equivalent VQ scores, it was found that low VD grades 
were correlated with low VQ grades. It seems that whenever the VQ MOS for a PVS is below 3 or 2 
the VD grade for that same PVS also falls steeply for G2 (though always above the VQ grade), 
whereas the fall for G1 is more moderate. One can also see that there is no general preference for 
one distance or another when it comes to Visual Discomfort, since G1 overall rated higher than G2 
for both distances. 
 
From these results one can draw a conclusion that stands in contrast to the VQ scores. Whereas one 
can extract a more general overall perception of the sequences’ quality and preferred distance based 
on the VQ scores above in Figure 13, the VD scores seem to be more dependent upon the viewing 
individual’s specific perception of what would generate a feeling of visual discomfort and the degree 
of it, for example since there was no overall preference for one distance over the other regarding VD. 
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 a) Video set A: Sense of Presence b) Video set B: Sense of Presence 

Figure 15: Sense of Presence MOS for both video sets at 3H and 5H distance 

Figure 15a-b illustrates the plots regarding the Sense of Presence. One can see that the SP scores for 
Video set A are more evenly divided between the two groups, but nevertheless it is G2 that overall 
gave higher ratings to the PVSs while they were viewed at 5H distance. In Video set B it is on the 
other hand G1 that has a higher share of more positive SP votes compared to G2. The common factor 
regarding the SP votes is that in both cases the PVSs received higher SP scores when they were 
watched at 5H distance. Since SP votes are more closely cast in the same manner as the VQ votes it is 
not that surprising that 5H is the preferred distance for Sense of Presence as this was the case for 
Video Quality as mentioned previously. 
 

8.5 Analysis based on SRCs and HRCs 
Overall the experiment yielded the following results in Figure 16a-b regarding both the ten highest 
rated and lowest rated PVSs when it comes to VQ (along the corresponding VD and SP scores). The 
results are composed of the averaged results of both viewing distances. The x-axis consists of the SRC 
and HRC combination that each PVS is composed of. PVSs are ordered in an ascending fashion in 16a, 
while the PVSs in 16b are in a descending order.  
 

 

 a) Top ten highest-rated averaged VQ PVSs b) Top ten lowest-rated averaged VQ PVSs 

Figure 16a-b: Top ten highest- and lowest-rated PVSs based on the averaged results at both distances 

In general for the highest-rated VQ PVSs it is seen that their corresponding VD and SP scores are 
almost at the same level, whereas the lowest-rated ones seem to be divided into three different 
levels where VQ is at the lowest, SP in the middle, and VD at the top. One can then draw the 
conclusion that for the highly-rated PVSs the common trend is that if a high VQ score is given then 
one can expect the other two attributes to be almost equally high. For the lowest-rated PVSs on the 
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other hand, it can be seen that despite having a low VQ score, a lowly-rated PVS would still get a 
slightly bigger SP score and a comparatively high VD rating in general. 
 
Another interesting aspect of the PVSs present in the above diagrams is revealed when looking at 
what SRCs and HRCs they were composed of. The three top spots in Figure 16a are all composed of 
SRC10 (Umbrella) with ratings of 4.79, 4.76, and 4.60. This SRC has a total of four entries in the top 
ten, followed by SRC8 (Football) that has three. The high scores for these SRCs can be explained by 
the amount of depth involved. SRC10 has a man standing in front of a garden with trees. He is 
holding a closed black umbrella that he then points towards the camera and opens. He then spins it 
around in a circle and proceeds to hold it above his head. The interplay between what is in the 
foreground (the person) and the background (the greenery) already gives a sensation of depth, and 
when the umbrella opens this sensation is increased since you then have a third object in motion 
closer to the foreground. A similar experience is observed with SRC8 where the scene is filmed in an 
indoor ball field. The camera is centered behind a net-covered goal, where two players are viewed 
playing football approaching from afar and occasionally sending the ball into the net. Here there is 
also a high degree of depth involved but with more movement involved. 
 
The high-rated HRCs present in the top ten diagram in Figure 16a are dominated by the two that 
have no form of degradation, HRC0 (Unaltered) and HRC9 (Sharpening). Though another HRC is also 
present in the top ten more than once, namely HRC1 (QP32). HRC1 offers the least amount of 
degradation out of the QP-based HRCs, and it is present in combination with SRC8 and SRC10, 
leading to the conclusion that since these two SRCs were overall very high-rated regarding VQ, that a 
slight degradation of them doesn’t affect them as much in terms of overall 3D viewing experience. 
 
Regarding the lowest-rated PVSs in Figure 16b, the top ten is composed entirely of either HRC3 
(QP44) or HRC4 (2 Mbps). Both of these HRCs have the largest amount of degradation out of the QP-
based and bitrate-based HRCs respectively, so it is only natural that viewers gave low votes to these 
PVSs. When looking at the SRCs present here, the results are more varied. Each of the SRCs included 
in the experiment, excluding SRC3 (Boxers), where accounted for in the top ten. Due to this result 
one is lead to believe that when it comes to low-rated VQ sequences, the higher amount of 
degradation that an HRC offers the more impact it will have upon the video quality regardless of the 
SRC involved. 
 
To get a better glimpse into what sort of overall effect the HRCs have on the SRCs and vice versa, the 
followings diagrams in Figures 17 and 18 can be viewed. The diagrams are based on the averaged VQ 
viewing results and are ordered in increasing SRC- and HRC-numbering respectively, where the 
overview lies upon the SRCs present in each HRC-set for Figure 17, and upon the HRCs present in 
each SRC-set for Figure 18. 
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Figure 17: Overview of the SRC results 

 

 

Figure 18: Overview of the HRC results 

For each SRC-set in Figure 17 it can be seen that they each have a similar appearance, meaning that 
the eleven different HRCs had a similar effect on the PVSs in each SRC-set. Though there is a slight 
deviation from the norm in certain places, for example regarding HRC5-7 (8; 16; 32 Mbps) for the 
SRC-sets of SRC3 (Boxers), SRC7 (Phone), and to a lesser extent SRC6 (Reporters). Here it is noticed 
that SRC3 or SRC7 combined with any of the three aforementioned HRCs give a similar result, 3.96, 
4.08, 3.92, and 4.12, 4.13, 4.19, respectively. SRC3 contains a high amount of motion due to it being 
centered on a man practicing boxing, whereas SRC7 has a lesser amount of motion since it involves a 
man answering a phone at a table. Therefore for SRC3 it is hard to determine exactly what caused its 
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three PVSs to receive similar VQ votes, while the general voting results for SRCs affected by these 
three HRCs show an increase in grades with an increase of the bitrate. The reason behind this might 
be due to content characteristics. Since SRC3 partly contains a high level of rapid motion (during 
jabbing) that is contained within a smaller area of space (directly in front of the person boxing), it 
could be perceived as if these movements happen so fast that the viewers are unable to perceive 
them properly. Thereby a degree of detail is already lost, and when the bitrate is altered the 
perception of detail would still remain relatively the same. SRC7 (and SRC6) are a bit easier to explain 
since both of them contain such a small degree of motion, the introduction of decreasing bitrates 
causing degradations would still be almost imperceptible. 
 
When looking at the results in Figure 18, it shows an overall trend of keeping in line with what is 
obvious. Namely that SRCs affected by HRC0 or HRC9 receive among the highest grades, that an 
increase in QP (HRC1-3) lead to lower grades as does a decrease in bitrate (HRC4-7), and that the 
involvement of downsampling and upsampling (HRC8 and HRC10) result in (moderately) low scores. 
There are some deviations present, for example in the HRC-set of HRC5 (8 Mbps) there are some 
rather high scores for SRC3, SRC6, and SRC7, though the reason behind this has already been 
mentioned previously in relation to Figure 17. 
 

8.6 Analysis of the common set 
Since the common set of video sequences based on SRC2 (Basketball) was included in the two video 
sets, it resulted in the viewing of these PVSs at both distances for each test group. Thereby more test 
data have been gathered for further analysis of these sequences. 
 

 
 a) Video Quality vs. Visual Discomfort b) Video Quality vs. Sense of Presence 
 

 
 c) Sense of Presence vs. Visual Discomfort 

Figure 19: Comparisons of the tree attributes in the common set 

The scatter plots that can be seen above in Figure 19, compare each of the three attributes to one 
another where the sequences in the common set have been viewed in either 3H or 5H. The test data 
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have in both distance cases virtually doubled compared to the other video sets in the experiment, 
since the sequences in the common set bear the distinction of having been viewed in both 3H and 
5H. In all three plots it can be seen that they exhibit an almost linear distribution for both 3H and 5H. 
Regarding the VQ vs. VD ratings in Figure 19a, it can be observed that for both distances the VD 
ratings are still very high (never dropping below 3). In 8.4 Comparison based on viewing distances 3H 
and 5H it was also explained that when comparing G1 to G2 regarding VD scores, G2 seemed to be 
more susceptible to visual discomfort than G1. Though now the 3H and 5H ratings have evened out 
more when compared to the plots in Figure 14a-b (PVS7-17 and PVS6-16 respectively). 
 
The relationship between VQ and VD relating to Figure 19a is seen where for both distances 
whenever a PVS has a low VQ score the VD score is a bit higher but still comparatively low for a VD 
grading, and vice versa for high-rated PVSs. This confirms the overall findings related to Figure 14. 
 
A similar trend is observed between the SP and VD ratings in Figure 19c. The difference here is that 
the evening out of the SP scores has now also resulted in only one PVS receiving an SP grade above 4, 
namely the SRC combined with HRC8 (Sharpening). 
 
For the grades found in Figure 19b, due to the similarity in votes cast for both VQ and SP, the 
appearance for both the 3H and 5H plots is very linear. The trend found in this figure, for both 
distances, is that whenever an SP score is low its corresponding VQ score is slightly lower, and vice 
versa for high SP scores. 
 
Overall for all three attributes regarding the common set there seems to be a preference in watching 
these sequences in 5H. This seems to be case since there is a larger grouping of red-colored 5H dots 
in the upper-right corner of the graphs in all three figures in Figure 19a-c. 
 

8.7 Crosslab results comparison 
Since similar subjective stereoscopic experiments were already performed at the universities of 
Nantes and Yonsei, a crosslab comparison of the results helped further the subjective evaluation 
regarding video quality (Barkowsky et al., 2013). 
 
One similarity between the experiments is that all three were based on the NAMA3DS1-COSPAD1 
video database. A difference was that for both Nantes and Yonsei, the only attribute that was 
incorporated in their respective experiments was video quality, whereas the Acreo experiment 
incorporated video quality, visual discomfort and sense of presence. The viewing distance was also 
the same for Nantes and Yonsei where in both cases it was set to 3H from the 3D screen. For Acreo 
however the experiment was divided into two sessions where the first session was viewed at 3H 
distance and the second session at 5H distance. The language in which the experiment was 
conducted in also differed. In Nantes and Yonsei the native language was exclusively used (French 
and Korean respectively), whereas the Acreo experiment was performed in either Swedish or English, 
where the viewer had the option to conduct the experiment in either of these two languages. The 
number of test data that was used was 28 for each university (corresponding to 28 test subjects 
each), while Acreo had the equivalent of 24.5 worth of test data (see 8.2 Test participants and 
screening process for an explanation of this particular number). 
 
The stereoscopic technology used in the experiment also differed among the laboratories. In Yonsei 
and Acreo the same type of polarized 3D display with passive glasses was used (Hyundai S465D 46" 
film pattern retarder stereo 3DTV), whereas in Nantes an active 3D screen with active glasses was 
used (Philips 46PFL9705H). The actual experiment was conducted in different ways also. In Yonsei 
two people watched the video sequences at the same time and they voted by writing down their 
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votes on paper. In Acreo and Nantes one person at a time performed the experiment, but in Acreo a 
voting GUI was used that appeared on the passive 3D screen, whereas in Nantes the voting interface 
appeared on a separate screen. 
 
As can be seen in Figure 20, the Acreo VQ results (averaged results over the two viewing distances) 
always tend to remain within the limits set by the Nantes (3H) and Yonsei (3H) results. This is the 
case for the low scores, and the majority of the high scores. One deviation from this can be seen in 
the results of PVS54. This PVS is based on SRC5 (Laboratory) and HRC9 (Sharpening). The MOS for 
Nantes and Yonsei were 4.04 and 3.96 respectively, while Acreo had a comparatively high score of 
4.46. For the Acreo results this was the highest score given to a PVS based on SRC5, whereas for both 
Nantes and Yonsei this was given to PVS45 which had HRC0 (Unaltered). 
 

 

Figure 20: Crosslab comparison of Video Quality MOS 

For Acreo this high score for PVS54 can be the result of it being composed of a high-rated HRC. For all 
ten PVSs based on HRC9, it was shown that for seven of them Acreo had garnered higher ratings than 
the equivalent ratings from the two universities. Conversely, for the ten PVSs based on HRC0, Acreo 
only had one of them (PVS56, based on SRC6 (Reporters)) having a more positive vote than the two 
corresponding scores. 
 
Calculations regarding the SRCs and HRCs are presented in Table 6, where the overall preference of 
each experiment’s test subjects resulted in the following data, where the MOS signifies the average 
score for each SRC- or HRC-set. 

Table 6: Calculations based on the SRC- and HRC-sets 

 Acreo Nantes Yonsei 

Highest-voted SRC SRC6 (3.53) SRC1 (3.29) SRC7 (3.39) 

Lowest-voted SRC SRC5 (3.15) SRC9 (2.71) SRC5 (2.78) 

Highest-voted HRC HRC9 (4.48) HRC0 (4.46) HRC9 (4.38) 

Lowest-voted HRC HRC4 (1.61) HRC4 (1.22) HRC4 (1.31) 

 
Here it is seen that the top SRC-set for each experiment varies, where the Acreo viewers overall 
voted more positively for the PVSs where SRC6 (Reporters) was involved, while Nantes’ and Yonsei’s 
viewers preferred SRC1 (Barrier Gate) and SRC7 (Phone) respectively. It can be argued for Acreo’s 
results that among these three SRCs it is SRC6 that has the least amount of motion and therefore 
might be able to retain a higher amount of detail when different HRCs are applied upon it. 
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Regarding the HRC-sets it was more or less obvious that the highest-graded PVSs were the ones that 
contained no form of degradation, namely the ones containing either HRC0 (Unaltered) or HRC9 
(Sharpening). HRC0 was the highest-rated and HRC9 was the second-highest rated HRC for Nantes 
with an average score of 4.38, while HRC9 was the highest-rated and HRC0 was the second-highest 
rated HRC for Acreo and Yonsei with an average score of 4.39 and 4.29 respectively. The lowest-rated 
HRC was HRC4 (2 Mbps) followed by HRC3 (QP44) which coincided between all three experiments, 
both having a high negative impact on the video quality. HRC4 had the lowest bitrate of the HRCs 
with a fixed bitrate, while QP44 had the highest QP number of the HRCs based on QP (giving it a very 
low variable bitrate), thus it is understandable that viewers rated PVSs with these HRCs the lowest. 
 
Judging by Table 6, it is noticed that regarding those scores Acreo had the highest numbers for all the 
calculated averages. This can be explained by the fact that both Nantes and Yonsei had grades that 
were more towards the extremes of the scale range and especially towards the lower-end, more so 
than Acreo’s corresponding grades. This is further corroborated by the overall PVS average MOS 
values of 3.39, 3.14, 3.10 for Acreo, Nantes and Yonsei respectively. The minimum and maximum 
scores were 1.25 and 4.79, 1.04 and 4.89, 1.00 and 4.71 for Acreo, Nantes and Yonsei respectively.  
  

8.8 Analysis of reparticipants’ data 
As was explained in 8.2.1 Reparticipants, nine of the original participants redid the experiment. With 
their participation a larger and more complete amount of data were thereby acquired and analyzed. 
A repeated measures Analysis of Variance (rANOVA) was performed, where the results showed that 
there was a statistically significant effect among the three attributes, F(2, 48) = 1.39, the significance 
level was p < 0.0001. This was followed by a Tukey HSD post-hoc test which showed that the cause of 
these differences stem from the VD ratings being higher than the VQ and SD scores, p = 0.0001. 
 

 
 a) VQ vs. VD for VA b) VQ vs. VD for VB 
 

 
 c) VQ vs. SP for VA d) VQ vs. SP for VB 
 

 
 e) SP vs. VD for VA f) SP vs. VD for VB 

Figure 21: Scatter plot comparison of attributes and video sets at different distances 
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Scatter plots comparing the three attributes are found in the above plots in Figure 21a-f. When 
looking at the plots in Figure 21a-b, it is seen that the distribution for the 3H- and 5H-based plots are 
somewhat linear in nature, albeit with no apparent preference for giving higher or lower scores when 
viewing from a certain distance. 
 
The common trend regarding VQ and VD votes, which has been covered in 8.3 Correlation between 
the three attributes, is that whatever VQ rating is cast it receives an even higher VD grade but still 
maintaining the increment relative to the VQ scores. Similar results to this can also be found in Figure 
21e-f, where SP and VD scores are compared. 
 
Regarding the plots relating to VQ and SP, the results follow the same trend as has been discussed in 
8.3 Correlation between the three attributes. I.e. that both rating scale results follow each other 
closely, though there is no discernible preference for one distance or the other relating to the 
scoring. Their distributions are comparatively even more linear than the other attribute comparison 
plots. 
 
Overall when comparing the reparticipants’ scores with the original participants’ scores the trend 
that can be seen is the similarity of the interaction between the three attributes in each experiment.  
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9 Summary 

9.1 Discussion 
Since both video quality and sense of presence followed each other closely as evidenced by the 
results of the experiment, it would seem that SP is a redundant attribute to include in a subjective 
evaluation. 
 
Visual discomfort on the other hand was shown to always receive higher scores than the other 
attributes, something that can partly be explained by the different type of rating scale used for it, 
namely an impairment scale, contrasting the other two scales, and that it is a very individual aspect. 
Some participants even mentioned after the experiment that they overall didn’t feel any form of 
visual discomfort during the viewing. Another explanation for the inclination towards giving higher 
VD grades could be due to the video content not having a particular focus on visual discomfort. 
 
The video characteristics in this project were of a more quality-emphasized nature, where the focus 
of the degradations in the HRCs laid mostly upon symmetric video coding (i.e. where the degradation 
affects both left and right views) and degradations such as bitrate reduction and subsampling of the 
sequences. Perhaps one could instead have degradations of a more asymmetric video coding nature 
(i.e. where the degradation only affects one view while the other view is unaltered), with more focus 
on scenes that could affect the visual discomfort through geometric or temporal distortions, or 
degradations that could give rise to visual perception phenomena such as binocular rivalry or 
binocular suppression. In this case it could still be relevant to retain the visual discomfort scale. 
 
As shown in the results it was clear that compared to video quality and sense of presence (where 
both had a very similar trend), the visual discomfort scores were always above these corresponding 
scores, evidencing that the viewers rarely felt any form of visual discomfort with these PVSs. 
 
As previously mentioned, the HRCs used in this experiment had impairments primarily affecting the 
quality, though there was one PVS that received a low score among all three attributes, namely PVS 
93 composed of SRC9 (Trees) and HRC4 (2 Mbps). The thing that can be said about this PVS, is that its 
SRC has a high amount of spatial detail and when an HRC such as HRC4 is applied in conjunction with 
this SRC, the resulting PVS is a very muddled image where the leaves’ motions are very hard to 
distinguish, let alone trying to perceive the depth among the leaves. The combination of a highly 
detailed SRC coupled with an HRC that degrades the overall quality also results in a loss of disparity 
which in turn might increase the visual discomfort. 
 
Though for some other PVSs, particularly low-motion centric ones based on SRC6 (Reporters) or SRC7 
(Phone), where there is such a small level of motion onscreen, the application of HRCs with low 
bitrates does not greatly affect the perceived image quality. This could be benefitted from for 
instance when transmitting 3D sequences of that nature and one wishes to save bandwidth by 
limiting the bitrate without deeply diminishing the overall 3D quality. 
 
Regarding the viewing distance preference, when taking into consideration the general question that 
was asked at the end of the last SSQ questionnaire about this very subject, it resulted in 57% of the 
participants preferring 5H over 3H, 36% preferring 3H, and 7% remained undecided. The result of this 
direct question coincided with the results gotten from the overall VQ and SP analyses where viewers 
tended to give higher grades when watching sequences at 5H distance. Some participants motivated 
their choice by saying that when viewing at 5H they felt more relaxed visually but lacking in 
perception of detail. The viewing distance could therefore perhaps also be further pinpointed by 
incorporating a viewing distance that is somewhere between 3H and 5H in future studies. 
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9.2 Conclusion 
Overall it seems that for 3D video sequences with the characteristics presented in the stereoscopic 
experiments performed, a single general attribute would be beneficial and sufficient to utilize for 
subjective evaluation purposes. 
 
Though one cannot completely ignore the impact that visual discomfort might have on the overall 3D 
viewing experience, and thus one could still retain this attribute but use it for evaluating sequences 
where for example asymmetric video coding is more prevalent. 
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Appendix A: Test instructions 

 
Before the test begins, we will ask you to fill out a form, Simulator Sickness Questionnaire (SSQ), 

with questions related to your wellbeing. We will also ask you to fill out this form again at the middle 

of the test and at the end of it. 

In this test, you will evaluate the video quality of 3D video sequences. At the start you are asked to 

click on “OK” to start the experiment.  The sequences will be displayed on the 3D screen in front of 

you and the evaluation will also be performed via this screen.  

Each sequence will only appear once so try to stay focused during the test. The first six video 

sequences are training sequences and should familiarize you with the procedure. They will give you a 

brief overview of the different types of video degradations you will see during the test. They will also 

give you a sense of the range of qualities involved. That is showing something of the best, the worst 

and something in between. 

After each video, the voting interface will appear. Three different voting scales are presented, where 

you choose an option that corresponds to the perceived quality of the video visualization, the visual 

discomfort and the feeling of presence. For each voting scale five options will be presented, where you 

should try to make an assessment of the video sequence according to what best describes what you 

think of the video sequence in relation to each scale. You should not make your judgment based on 

whether you think the content is good or bad, such as beautiful nature scenery or an ugly building: 

In the Video quality scale you should rate your combined experience of 2D and 3D video quality. In 

the Visual discomfort scale you should rate whether you feel any discomfort and the degree of it. In 

the Sense of presence scale you should rate your involvement or your presence into the scene. 

Video quality Visual discomfort Sense of presence 

Excellent No discomfort Excellent 

Good Strange feeling, but not 

discomfortable 

Good 

Fair Slightly discomfortable Fair 

Poor Discomfortable Poor 

Bad Very discomfortable Bad 

 
When you have finished voting you can press the “OK” button, your vote will then be registered and 

the next sequence will appear. Be sure of your choice before you press the “OK” button. There is no 

option to change your vote after you have pressed. 

You will watch and evaluate a total of 121 video sequences during the test where each sequence lasts 

about 16 seconds, and where one half of them will be seen at a distance of 3H from the TV screen and 

the other half at 5H (H: the TV screen’s height). 

When half of the sequences have been evaluated, the message “End of session” will appear, informing 

you that you can now take a short break. We will then ask you to fill out the aforementioned SSQ-

form again while we go in to prepare the playback of the second half of the sequences. Finally, when 

all the 121 sequences have been assessed, the message “End of session” will be shown again, and we 

will ask you to fill out the form one last time. 
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We also wish to inform you that the experiment is safe and voluntary and you can at any time cancel 

the test for any reason whatsoever, without giving any reason. Some people may sometimes feel 

occasional discomfort or even nausea. You can then cancel the test if that is the case. The information 

you provide is completely anonymous and cannot be connected to a specific person. 

 

Have a nice session. 
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Innan testet börjar kommer vi be dig att fylla i ett formulär, Simulator Sickness Questionnaire (SSQ), 

med frågor relaterade till ditt välmående. Detta formulär kommer vi även be dig fylla i igen vid testets 

mittpunkt och avslut. 

I detta test ska du bedöma videokvaliteten hos 3D-videosekvenser. Vid start ombeds du att klicka på 

”OK” för att starta experimentet. Sekvenserna kommer att visas på 3D-skärmen framför dig och 

bedömningen ska även utföras via denna skärm. 

Varje sekvens kommer bara att visas en gång så försök att vara fokuserad under testets gång. De sex 

första videosekvenserna är träningssekvenser och det är tänkt att de ska hjälpa dig att bekanta dig med 

proceduren. Du kommer att få en kort översikt av de olika typerna av videodegraderingar du kommer 

att få se under testet. De ska också ge dig en känsla av det kvalitetsomfång som finns i testet d.v.s. det 

kommer att visas något av det bästa, det sämsta och något däremellan. 

Efter varje video kommer röstningsgränssnittet att visas. Tre olika röstningsskalor presenteras där du 

ska välja ett alternativ som motsvarar den uppfattade kvaliteten av videovisualiseringen, det visuella 

obehaget och närvarokänslan. För varje röstningsskala kommer fem alternativ att presenteras, där du 

ska försöka att göra en bedömning av videosekvensen enligt det som bäst motsvarar det du tycker om 

videosekvensen i relation till varje skala. Du ska inte göra din bedömning baserat på om du tycker 

innehållet är bra eller dåligt, t.ex. vacker natur eller ful byggnad: 

I Videokvalitetsskalan ska du ange din sammanvägda upplevelse av både 2D och 3D videokvalitet. I 

Visuellt obehagsskalan ska du ange om du upplever något obehag av att titta på en videosekvens och 

så fall hur mycket. I Närvarokänslaskalan ska ange hur bra du tycker att du blir involverad eller 

närvarande i scenen. 

Videokvalitet Visuellt obehag Närvarokänsla 

Utmärkt Inget obehag Utmärkt 

Bra Konstig känsla, 

men inte obehag 

Bra 

Varken eller Lite obehagligt Varken eller 

Dålig Discomfortable Dålig 

Usel Very discomfortable Usel 

 

När du har röstat färdigt kan du trycka på ”OK”-knappen, din röst registreras då och därefter kommer 

nästa sekvens att visas. Var säker på ditt val innan du trycker på ”OK”-knappen. Det finns ingen 

möjlighet att ändra din röst efter att du har tryckt. 

Du kommer att se och bedöma totalt 121 videosekvenser under testets gång där varje sekvens varar i 

ungefär 16 sekunder och där ena hälften av dem kommer att ses på ett avstånd 3H från TV-skärmen 

och den andra hälften på 5H (H: TV-skärmens höjd). 

När hälften av sekvenserna har bedömts kommer meddelandet ”Slut på sessionen” att visas, som 

informerar dig om att du nu kan ta en kort paus. Vi kommer då be dig att fylla i det tidigare nämnda 

SSQ-formuläret igen medan vi går in för att förbereda uppspelningen av den andra halvan av 

sekvenserna. Slutligen när alla de 121 sekvenserna har bedömts kommer meddelandet ”Slut på 

sessionen” att visas igen, och vi kommer att be dig att fylla i formuläret en sista gång. 
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Vi vill också informera dig om att experimentet är ofarligt och frivilligt och du kan när som helst 

avbryta testet av vilken anledning som helst, utan att uppge någon anledning. Vissa personer kan 

ibland känna ett tillfälligt obehag eller t.o.m. illamående. Avbryt då om så skulle vara fallet. 

Informationen som du lämnar är helt anonym. Den är helt avidentifierad och går inte att koppla till en 

specifik person. 

Ha en trevlig session. 
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Appendix B: Questions on general optical information 
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Appendix C: Simulator Sickness Questionnaire (SSQ) 
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Appendix D: Questions post-experiment 
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