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In this work an application for evaluating different 3D displays is developed.  
The work is carried out in collaboration with Setred AB that develops an 
autostereoscopic display. A stereoscopic display lets the user see different 
perspectives of a scene with each eye. A presentation of previous research 
within depth perception and stereoscopic 3D displays is made. Based on results 
from previous evaluations, a test environment is designed. It is implemented in 
C++ and OpenGL and a small Interface Library is developed. A couple of test 
sessions are carried out with a relative small number of subjects to provide 
results for an evaluation of the test environment. Results from the evaluation 
are used in combination with previous research to conclude the design of an 
evaluation environment. Tracking 3D paths is suggested as a suitable task for 
evaluating 3D displays. Three types of parameters are suggested for use as 
dependent variables: response time, rate of correct answers and accuracy. The 
parameters are used in the evaluation environment developed. One test 
developed intends to give an appreciation of how small differences in depth that 
are noticeable on the display. No distinct value for the depth resolution is 
found. In a scene influence test, the task is to position three objects in specific 
places on the walls of a room. For this test the accuracy is measured and used as 
the dependent variable. The presence of a reference structure improves the 
result in this test. Two different tests are carried out to evaluate occlusion. A 
number of tiles are to be ordered in increasing depth and the error rate of the 
ordering is used as dependent variable in this test. The results from the two tests 
indicate that occlusion overrides binocular disparity. A user interaction test that 
requires movement in three dimensions is developed. It evaluates six different 
methods to do this. The keyboard interaction method is preferred by some of 
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Abstract 
 
Keywords: autostereoscopic, depth perception, display systems, evaluation.  
 
In this work an application for evaluating different 3D displays is developed.  
The work is carried out in collaboration with Setred AB that develops an 
autostereoscopic display. A stereoscopic display lets the user see different 
perspectives of a scene with each eye. A presentation of previous research 
within depth perception and stereoscopic 3D displays is made. Based on results 
from previous evaluations, a test environment is designed. It is implemented in 
C++ and OpenGL and a small Interface Library is developed. A couple of test 
sessions are carried out with a relative small number of subjects to provide 
results for an evaluation of the test environment. Results from the evaluation 
are used in combination with previous research to conclude the design of an 
evaluation environment. Tracking 3D paths is suggested as a suitable task for 
evaluating 3D displays. Three types of parameters are suggested for use as 
dependent variables: response time, rate of correct answers and accuracy. The 
parameters are used in the evaluation environment developed. One test 
developed intends to give an appreciation of how small differences in depth that 
are noticeable on the display. No distinct value for the depth resolution is 
found. In a scene influence test, the task is to position three objects in specific 
places on the walls of a room. For this test the accuracy is measured and used as 
the dependent variable. The presence of a reference structure improves the 
result in this test. Two different tests are carried out to evaluate occlusion. A 
number of tiles are to be ordered in increasing depth and the error rate of the 
ordering is used as dependent variable in this test. The results from the two tests 
indicate that occlusion overrides binocular disparity. A user interaction test that 
requires movement in three dimensions is developed. It evaluates six different 
methods to do this. The keyboard interaction method is preferred by some of 
the test subjects and provides the best results. 
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1 Introduction 

Throughout history, a fascination for representations of the world around us has 
existed. From early humans’ carvings in cave walls to the holographic dreams 
in futuristic science fiction movies, images are represented with an exploding 
variety of techniques. During the renaissance artists started to experiment with 
perspective painting to capture the depth of real scenes. They found and used 
different perspective projection effects like objects becoming smaller as they 
are moved further from the viewer. In the early twentieth century stereoscopes 
were developed that used two slightly different images to create the 
stereovision effect. The user looked through a special kind of goggles to see the 
correct picture with the corresponding eye. An example can be seen in Figure 1. 
During the cinematic revolution in the 1950s moviemakers started to 
experience with using color-coded images to create the stereoscopic effect. By 
letting the audience wear special glasses with different color filters for the 
individual eyes, the two images can be seen with the correct eye. The technique 
never created the revolution one could expect from the massive impression it 
had on the audience in Figure 1. The dream of a true three-dimensional display 
never died though and the color-coded goggles have been complemented with 
active shutters and head tracking to include motion parallax. These glasses are 
often used in the virtual reality implementations that exist today thanks to 
powerful computers and precise micro technology.  
 
The addition of motion parallax is as will be seen later in the work, an 
important part of the stereoscopic experience. The head tracked systems use the 
position of the user’s head to adjust the perspective projection in order to create 
a correct view. Evidently, this can not be done for more than one user at a time. 
To create a real three-dimensional image for multiple users, the correct 
projection has to be displayed for all viewers and viewing directions. This type 
of display is often referred to as autostereoscopic and is required for 
collaborative work. It is often argued that two-dimensional images are inferior 
to three-dimensional representations when investigating complex and extensive 
structures. The wide spread use of three-dimensional data for information 
investigation creates new requirements on the display technique, like the ability 
for multiple users to work together on a single display. Three-dimensional data 
acquisition is used in geological industries like mining and oil as well as 
medical applications like x-ray and chemistry.  
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Figure 1 Stereoscope (left) and 3D cinema audience (right).  

1.1 Setred AB 

This thesis work is carried out in collaboration with Setred AB, the company 
that develops the autostereoscopic display that is used in this work. Setred 
develops high-end 3D displays based on patented technology. The company has 
offices in Sweden, Great Britain and Norway and is currently working in joint 
projects with major oil companies and medical organizations to find new areas 
for the autostereoscopic display technique. The technology is the result of joint 
research between Massachusetts Institute of Technology and Cambridge 
University.  

1.2 Aims and method 

The aim of this work is to explore evaluation of perceptual depth cues on a 
stereoscopic display system. The work intends to look into the development of 
an evaluation environment for testing depth cues and their efficiency on an 
autostereoscopic display system developed by Setred AB. The aim of the 
evaluation environment is to provide results that can be used to compare the 
efficiency of the specific display with other types of stereoscopic displays. The 
display uses a time multiplexed scanning slit approach to provide the 
stereoscopic experience as explained in later chapters. This work aims to 
provide an answer to the following questions: What are perceptual depth cues 
and which are important to evaluate in a test comparing different 3D displays? 
How does an autostereoscopic display work and how do the depth cues interact 
with the stereoscopic technique? What parameters are important when 
designing this type of test environment?  
 
To answer these questions different approaches will be used. For the area of 
perceptual depth cue theory a literature study on previous research within the 
area is made. The different cues are presented and the research discussed. 
Previous research on stereoscopic display systems is used to explain 
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autostereoscopic display techniques in general and the Setred system in 
particular. For the design of the testing environment, a prototype for such an 
environment is designed and evaluated. This evaluation is carried out with a 
limited number of test subjects and provides no statistical certainty but is used 
as a background for a discussion concerning continued development. The tests 
are implemented in OpenGL and C++ and a small Interface Library is 
developed. 

1.3 Outline of this thesis report 

The layout of this report is based on the aim presented in the previous section. 
The chapters are organized to correspond to the aim and method of the thesis 
work. After this introductory chapter, chapter two presents research about 
perceptual depth cues. The different depth cues are explained and illustrated. 
The interaction of cues and the influence of different tasks and scenes are also 
discussed in this chapter. In chapter three, different autostereoscopic displays 
are explained: Lenticular, parallax barrier, multiple projector systems and the 
time multiplexed system. In this chapter the technique behind the Setred system 
used in the thesis work is explained as well. A short discussion about the depth 
cues prominent on an autostereoscopic display concludes the chapter. In chapter 
four previous research within 3D display evaluation is presented and the design 
of a test environment is discussed. Chapter five starts with a section describing 
the implementation of the testing environment. The following sections 
describes the user test setups and the individual tests. The aim of the tests and 
the expected results are discussed in this section. In the next section the results 
of the tests are presented and compared to the expected results. In chapter six 
the results and the work are summarized and discussed.  
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2 Perceptual depth cues 

The human visual system has the ability to perceive depth information from a 
two dimensional picture formed on the retina. This mechanism has been a 
subject for numerous research (Lyness 2004, Phautz 2000, Mather 2003, 
Hubona 1999). The visual system uses a number of cues or hints to interpret the 
information as distances and depth. The theory about perceptual depth cues is 
the theory describing how these hints give the human mind an perception of 
depth. In section 2.1 the theory is reviewed and different approaches to look 
upon the interaction between cues are discussed in section 2.2. The chapter 
ends with a discussion (section 2.3) about the influence the type of task and 
scene has on depth perception. 

2.1 Depth cue theory 

Numerous reports have summarized previous research in the area and a number 
of approaches to grouping the cues are mentioned in the literature. Later 
research has focused on the relative importance of the cues and the interaction 
between them rather than the individual cues  (Lyness 2004, Hubona 1999). 
The most common approach is to divide the cues into two groups based on their 
requirements on the dimensions of the medium upon where they are viewed. 
The mechanism behind their interpretation in the visual system gives the same 
groups. The pictorial cues are cues that require only two dimensions and can be 
effectively used in a regular two-dimensional picture (hence the name). Another 
name for these cues is monocular which refers to their effectiveness to convey 
depth information when stereoscopic vision is not available and only one eye 
can be used. The cues are interpreted by the human mind and are therefore 
sometimes referred to as psychological cues. This notation will be used 
throughout this report. The corresponding name for the other type of cues is 
physiological cues as they are effects of physical movement of the eyes. These 
cues are sometimes referred to as primary depth cues. The term physiological 
will be used in this report. Ware (1996) suggests a grouping based on the ability 
to reproduce the cue in a 2D picture. If the cue does not require moving pictures 
or two eyes it is called pictorial or psychological. In this section the different 
cues are presented and explained. 
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Figure 2 Perspective based depth cues. Clockwise from top left: Occlusion, Distance to 
horizon, Familiar size, Texture gradient, Shadows and Relative size. 
 

2.1.1 Psychological depth cues 
As previously mentioned, these cues are sometimes referred to as pictorial. 
Phautz (2000) uses this term because of the 2D nature of the cues. The lack of 
3D information can result in ambiguities for certain scenes. This and the fact 
that the cues may not relate to actual depth creates the effect usually know as 
optical illusions. The psychological depth cues can be divided into three 
groups: perspective based, color based and partially perspective based. The 
following sections describe the characteristics of the different groups and the 
depth cues. The grouping is based on the work of Phautz (2000) and Lyness 
(2004) with some modifications.  

Perspective based cues 
The perspective-based cues are all consequences of the projective geometry of 
the eye and the relative scaling of objects at varying distances from the 
observer. The cues require a perspective projection to appear on a computer-
generated image. The technique is widely used by painters to create perspective 
realistic scenes. In Figure 2 the following perspective based cues are depicted. 

Occlusion 
The occlusion effect takes place when an object is positioned in front of another 
object in such a way that it obscures the view of the other object. Occlusion is 
related to the crossing of visible edges and the objects have to be 
distinguishable from each other for the cue to be effective. The human visual 
system has an ability to fill in gaps in geometrical shapes to complete the 
shapes. The gaps can be interpreted as missing information caused by 
occlusion. This ability causes the human mind to experience transparency. 
Occlusion is a powerful depth cue for disambiguating conflicting cues and may 
destroy depth perception completely in cases where it provides false depth 
information. (Lyness 2004) 
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Relative size 
When presented with two objects of the same type, but of different sizes, the 
human visual system interprets the smaller object as being located further away 
from the viewer. This is called the relative size depth cue from the fact that the 
relative sizes of the objects indicate the distance to the objects. 

Familiar size 
The relative size of an object familiar to the viewer is a cue to the distance to 
the object. A known object appears further away when displayed as small in 
relation to other known objects. This differs from the relative size cue in that 
that the user, who has a predefined conception of the size, knows the size of the 
object. 

Shadow 
Shadows can be a helpful cue to locate an object in three-dimensional space 
when used correctly. As will be discussed in section 2.2.2, some research has 
shown that the addition of shadows to a scene may actually degrade 
performance on certain tests when combined with other depth cues. 

Foreshortening and texture gradients 
Foreshortening is the effect from the fact that the image of a sloped pattern is 
systematically compressed in the direction of the surface slope (Kim et al, 
2004). The cue is primary used for perceiving shape. Previous research has 
suggested that texture gradients together with shading may be a valuable cue to 
depth perception. Kim et al (2004) examined the effect of different texture 
orientations under both stereoscopic and monoscopic viewing conditions. It was 
found that a texture with an orientation following the principal direction of the 
shape or being isotropic helped the subject perform better in a shape judgment 
task. The principal and the isotropic texture orientations were compared to 
textures with anisotropic patterns following a constant uniform direction or 
sinusoidal varying non-geodesic paths. The effect was however noticeable in 
monoscopic viewing, in stereo viewing the effect was marginal. (Kim et al 
2004) 

Distance to horizon 
Two equally sized objects appear as being at different depths when positioned 
at different heights in the image plane. The object with the vertical position 
closest to the horizon or horizontal line representing the horizon is interpreted 
as located closer to the horizon and thus further from the user. 
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Figure 3 Color based cues. Clockwise from top left: Shading, Hue, Intensity and Focus 

Color based cues 
Alterations of the color information can be useful cues to perceive depth from a 
2D picture. The color effect depends on the distance from the viewer to the 
object. Color based cues do not affect the size or shape of the object. The cues 
can be seen in Figure 3. 

Shading 
Local shading of the object is a useful cue to convey the shape of an object. It is 
the direction of the shading across a surface that provides information about the 
depth. (Heinrich et al 1987) This type of cue is sometimes referred to as cues to 
shape. The human visual system is familiar with a light source shining from 
above, like the sun. This has the effect that objects with a shaded lower part 
seem to protrude. If the image is rotated the same object will seem to “pop into” 
the image plane instead. 

Hue 
The effect of warm and cool colors as a cue to depth has been investigated by 
Bailey et al (2006). Light in the lower part of the frequency spectrum is 
generally perceived as cooler hue and light with higher frequencies are 
perceived as warmer. Bailey et al (2006) refers to experiments conducted by 
Sundet, in which objects with warmer colors are perceived as being closer to 
the viewer than objects with colors with a cooler hue. Bailey argues that this 
holds for simple stimuli like non-shaded flat color patches, but when presented 
with a more complex scene or object, the human visual system uses other depth 
cues to perceive depth. 

Atmosphere 
The atmospheric effect appears when light from the objects reaching the eye is 
affected by atmospheric properties like fog or the bluish hue that objects far 
away seem to have. These effects can be modelled by altering the color of the 
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objects so that they appear to be affected by atmospheric properties. Weiskopf 
et al (2002) suggests two algorithms to model saturation and intensity. Both 
properties depend on the distance to the object and modify the color attributes. 
This alteration of the colors is intended to work as a depth cue. While in real 
environments the effect is not noticeable for objects closer than 100 m (see 
Figure 6), Weiskopf et al (2002) uses the cue on objects much closer. No 
evaluation is made but the results can be seen in Figure 4. 
 

 
Figure 4 Saturation and Intensity alterations. Clockwise from top left: No effect, Intensity, 
Both effects and Saturation. From Weiskopf et al (2002). 
 

Focus 
Focusing on an object has the effect that objects located closer to or further 
away from the observer become out-of-focus and appears blurred which works 
as a depth cue. 

2.1.2 Physiological depth cues 
As the name suggests the physiological cues are related to the physiology of the 
human visual system. The physical movement of the eyes or the physiological 
layout of the visual system is used as depth cues. The cues are sometimes 
referred to as the primary cue due to their strength as cues to perceive depth. 
Previous research discusses three different types of cues.  
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Oculomotor1 cues 
The flexing of the ciliary muscle alters the shape of the lens and thereby the 
effective focal length of the eye to let the viewer focus on objects located at 
different distances from the viewer. This adjustment of the eyes is referred to as 
accommodation. Convergence refers to the rotation of the eyes that allow the 
visual system to focus on objects as they move further or closer to the observer. 
The vergence angle is the angle formed by the intersection of the two principal 
viewing directions from the eyes. Lyness (2004) notes that previous studies 
have shown that the control of the muscles is not a part of the human visual 
system. Accommodation results in the out-of-focus effect, which is, in itself, 
used to convey depth information. The information from the muscles is not, in 
itself, useful for the brain to perceive depth but, combined with the visual input 
it becomes an important cue (Månsson 1998). 

Binocular depth perception 
Combining information from the two eyes is the strongest depth cue in the 
human visual system (Månsson 1998). Due to the horizontal separation between 
the two eyes, the images formed on the retinas are slightly different. This 
difference or disparity is used by the visual system to form a thee-dimensional 
picture. The fundamental problem in binocular stereovision is what features in 
the images are used for this matching process, an unresolved problem that is a 
subject for different models and hypotheses (Raymond 2001). Månsson 
presents two different approaches to the problem. Zero crossings and edges are 
introduced as one type of feature that is a possible candidate for the matching 
process. This feature-based approach requires some predefined features like 
edges or bars for the matching process to work. The other approach presented 
uses sub regions with near uniform contrast as the matching primitives. One 
may wonder why contrast levels are used and not intensity levels. Research has 
shown that the eyes are not as sensitive to changes in intensity as contrast when 
matching disparities. Experiments cited by Månsson (1998) show that a 
stereoscopic pair with a contrast filter over one of the images does not degrade 
the binocular disparity effect for the viewer. This implies the conclusion that 
the intensity level is not used as a matching primitive. The physiology of 
binocular depth perception is based on a certain type of cells in the retina called 
Ganglion cells. There exist a number of types of cells, all of which respond to 
different types of characteristics like borders or edges. The combined output 
from these cells is used for the matching process.  

Motion cues 
Two types of motion cues are often referred to when discussing depth cues. 
Motion parallax is perhaps the more widely used of the two cues. It is the 
effect that objects moving parallel to the viewer and with the same speed 
appears as moving slower in the far field of view and faster in the closer 
                                                
1 The oculomotor nerve is the third of twelve paired cranial nerves. It controls most of the eye 
movements, constriction of the pupil, and holding the eyelid open. (from Wikipedia, 
http://en.wikipedia.org/wiki/Oculomotor_nerve) 
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(Phautz 2000). The kinetic depth effect is based on the assumption that objects 
are rigid. The effect explains how a point cloud, which appears as a flat random 
scattering of points when static, is interpreted as a structured volume under 
motion (Lyness 2004).  

2.2 Combining cues 

While the perceptual depth cue theory is well established and most research 
agrees on the different types of cues, the interaction between them is subject for 
different approaches and conflicting results. Whereas Pfautz (2000) states that 
“the more depth cues presented, the better the sense of depth.”, Wanger (1992) 
notes that “a "more-is-better" approach […] might not be the most effective 
strategy since the results show that cues that facilitated performance on some 
tasks actually degraded performance on others.”. To fully understand depth 
perception, understanding the interaction between the cues is crucial. Some 
different approaches are presented in section 2.2.1 and in section 2.2.2 the 
relative efficiency of cues is discussed.  
 

 
Figure 5 2D projection of cube. 

2.2.1 Cue interaction models 
Depth ambiguities are more likely to appear in synthetic images of non-realistic 
simple scenes than in natural complex scenes as a real world photograph 
(Heinrich 1987). This is due to the fact that the human visual system uses all 
the available depth cues to perceive depth and a simple scene like the wire 
frame box in Figure 5 utilizes only one or a few cues. This interaction of 
different cues is an important part of the perception of depth, though it is not as 
obvious how it works. Lyness (2004) presents two models to explain the 
interaction. The unified model suggests that the combined effect of the depth 
cues present can be determined as a weighted linear summation of the 
individual cues, with each cue appropriately weighted according to its 
experimentally established importance or efficiency. A similar approach is 
presented in Hubona 1999 but referred to as the additive model. By letting the 
weights of the cues dynamically depend on the type of task and environment a 
modified version of the model is achieved (Lyness 2004). The combination of 
different cues may also enhance or degrade the effect of the most prominent 
cue. Hubona refers to this as the multiplicative model. Heinrich (1987) 
suggests a couple of principle interaction models. The information from the 
cues could be accumulated in non-linear way in an Accumulation model. The 
Cooperation model describes the cooperative nature of cues that works 
together when poor or few cues are available. Information from one cue may 
locally help to disambiguate a conflicting representation from another cue in the 
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Disambiguation model. The Hierarchy interaction simply states that the 
information derived from one cue may be used as raw data to another. Both 
Hubona and Heinrich suggest a vetoeing interaction model. When conflicting 
information is perceived by different cues the more dominant cue overrides the 
effect of the weaker cue and the depth perception is equivalent to the depth 
perceived by the stronger cue. Hubona cites experiments by Bulthoff and 
Mallot (1988), in which shading is being overridden by binocular disparity: a 
zero disparity surface appears flat even with shading. Heinrich (1987) states 
that in general, physiological depth cues should override psychological cues.  
 
As has been seen, the interaction of cues seems to be more complex than the 
unified model presented by Lyness (2004) assumes. The model does not 
account for the non-additive nature of cues, unreliable cues or binary cues, 
effects that has been experimentally identified. Lyness introduces the adaptive 
model, which was proposed to rectify some of these shortcomings. The model 
is adaptive in that that the interaction and importance of different cues depends 
on the specific task and a different model is constructed for each task. This 
requires that every task has to be analyzed to determine the dominant cues.  
 

 
Figure 6 Depth cue efficiency over distance. Adopted from Lyness (2004). 

2.2.2 The relative importance of different cues  
If the aim is to produce and develop scenes and systems with as good depth 
sensation and information visualization as possible, it is a good start to know 
what cues are the most important for efficient depth perception. In the previous 
section, models of the interaction between cues were discussed and it should be 
clear from that discussion that a simple answer to that question, does not exist. 
Using the introduced adaptive model, which is commonly used, the answer will 
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depend on the task or type of scene designed (Pfautz 2000). If a comparison 
between different cues still is to be made, the first thing needed is some kind of 
measurable and comparable value. In an experiment comparing a number of 
different depth cues, Surdick (1994) uses the amount of change required in the 
depth cue to achieve a noticeable difference in depth as the comparable value. 
This does not solve the problem though, since the change of a certain depth cue 
cannot be directly compared to other cues. As an example, it is not clear how to 
compare a change in intensity with a change in an angle for a texture gradient. 
In Lyness (2004) Figure 6 is found. The graph represents the efficiency of a 
number of different cues following the unified model presented in section 2.2.1. 
In the graph Visual Depth Sensitivity is used as the dependent variable and 
viewing distance as the independent. It is not clear from the context how the 
values for the depth sensitivity have been determined. Other approaches involve 
recording error rates and time taken to complete a task. This is further discussed 
in chapter 4. For now it is enough to recognize that an absolute value for depth 
efficiency, valid for all tasks and scenes is hard, if not impossible, to acquire. 
This does not hinder a discussion about the relative importance between cues. 
Some results from previous research are reviewed in this section.  
 
Due to its appealing nature and powerful effect, stereovision or binocular 
disparity has been a subject for numerous researches. Many consider it the most 
important cue (Heinrich 1987, Hubona 1999). In experiments carried out by 
Hubona the results clearly indicate the superior effect of stereovision over 
shadows and background scenes as depth cues. Lyness (2004) implies the 
importance of stereovision when stating that binocular disparity disambiguates 
and strengthens any psychological depth cue. Despite this, in a scene with 
conflicting information from binocular disparity and occlusion, the latter will 
override. Lyness states that occlusion cues override both binocular disparity and 
motion parallax in most situations. Results from an experiment carried out by 
Surdick (1994) suggest that the effect of the stereoscopic depth cues degrades 
as the viewer moves further from the screen. At a distance of two meters from 
the display, the effect was not superior to the other depth cues tested.  
 
Hubona (1999) explores the relative contribution between shadows, stereo and 
background scenes as depth cues. The results suggest that adding shadows to a 
scene when using a stereoscopic view actually degrades depth perception. This 
result contradicts both the additive and the multiplicative models mentioned in 
previous sections. According to these models the effect of adding more depth 
cues (in this case light sources and shadows) would be an increase in 
performance instead of the decreases that was registered. Hubona notes that this 
relationship is especially true for complex scenes and objects. According to 
Mather (2003) occlusion provides the strongest cue when used for relative 
depth judgment, as it does not provide any information about the absolute depth 
in a scene or between different objects.  
 
In the experiments by Surdick (1994), the results suggest that the perspective 
cues are more effective than the non-perspective psychological cues. The 
physiological cues are often regarded as more efficient than the psychological. 
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The psychological cue that is the effect of warm and cool colors is investigated 
by Bailey (2006). Results from previous experiments referred to by Bailey 
suggest the effect as a cue to depth. In these experiments the effect is being 
tested by using flat shaded simple stimuli like color patches. This experimental 
setup does not properly account for the complex lighting and shape in realistic 
scenes. In Bailey (2006) the effect is tested using such a natural object. The 
results identify the hue effect as a weak cue to depth. Two other psychological 
cues that have been experimentally investigated are texture and shadow. None 
of them proved to have a strong contribution to depth perception when 
combined with stereovision (Hubona 1999). The effect of relative brightness as 
a depth cue is inferior to other psychological depth cues (Surdick 1994).  
 
A depth cue not mentioned in previous section is a reference background. 
Hubona (1999) finds that the presence of a wall or a surrounding background 
improves depth perception, especially for positioning tasks. As can be seen in 
Figure 6, the atmospheric effects do not contribute to depth perception at a 
distance closer than 100 meters. At this depth, the effects are starting to 
contribute to the perception of depth, to finally become the most important cue 
at distances reaching a kilometre. However, Weiskopf (2002) implements the 
atmospheric effects intensity and saturation in a much more narrow depth 
interval. In Figure 4 the results of applying the effects to some different models 
can be seen. No experimental evaluation is presented, so no statistic 
conclusions may be drawn.  

2.3 Different types of tasks and scenes 

According to the adaptive model presented by Lyness (2004), depth cues 
interact and contribute to depth perception in different ways depending on the 
type of task. Here it is suggested that the influence of the scene may be an 
important factor for the perception of depth as well. Lyness suggests that tasks 
can be ordered into a number of groups for which the respective cue 
interactions can be evaluated and the most important cue can be extracted. The 
tasks mentioned in Lyness are: 
 

• Tracking 3D paths. 
For this task, motion parallax is the strongest depth cue. Binocular 
disparity and kinetic depth effect are the two strongest after that.  

• Judging surface shape and target surface detection. 
Shading and texture gradient are the most important cues for this task. 
Stereoscopic and motion parallax are strong cues for this task as well. 
They interact in a complex manner and their relative strength depends 
on the specific task. 

• Finding patterns in 3D point clouds. 
As for tracking 3D paths, motion parallax and especially the kinetic 
depth effect are strong cues. The pictorial cues relative size, shading, 
occlusion and shadows are all weak cues in the task. The perspective 
effect is a weak cue as well, due to the nature of the 3D points. 
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• Estimating relative positions. 
This task is the most complex to find efficient cues for since the cues 
depend on the task and the viewing distance. Motion cues are not 
helpful for precise work though it can help in the perception of the 
overall layout together with perspective cues, shadows and texture 
gradients. As mentioned in previous sections, drop lines and shadows in 
combination with a reference plane helps localizing objects in 3D space. 

 
A break down of a 3D scene is suggested here that divides the scene into two 
parts: the object(s) and the environment. The boundary between the two parts is 
not static and what can be considered an object may change depending on the 
camera angle and position. The parts may be combined in three different ways: 
object in an environment, object without environment and environment without 
object. The level of complexity of the scene can be varying and may influence 
depth perception. Many objects can be present and objects can be part of the 
environment. The user can interact and may move in the environment and bring 
the environment close to the screen so that it becomes an object. A typical 
example of a scene consisting of an object without environment is medical 
visualizations of x-ray image data. In this application the user sees a 
representation of the object with all the 3D information directly mapped to 
intensities or voxels. Color is sometimes used as well as simple shading. 
Shadows or atmospheric effects are usually not implemented. The typical tasks 
for such scenes are judging surface shape and estimating relative positions of 
the internal parts of the object. According to Lyness (2004) the most important 
cues for these tasks are shading and texture gradients and drop lines and 
shadows. Stereoscopic viewing and motion cues are important cues and are the 
only ones that are implemented in the typical medical visualization application 
since they are implemented on the display side.  
 
The object with environment can be a modification of the previous scene. For 
example a grid or a box surrounding the object to help localize it in 3D space 
can be used. Here depth cues like distance to the horizon and drop shadows can 
be useful. Some 3D computer games fall into this category. The last type of 
scene is an environment without a close object. A typical application of this sort 
is a 3D game or movie. A close up view of an object can produce the same 
effect if looked upon from the inside and filling the whole scene, much like 
looking into a room. The task is typically to estimate relative positions. Shapes 
and objects in the environment are often part of the environment and might be 
represented by textures or more or less simple 3D models. One problem that 
may occur for all scenes with a surrounding environment on a stereoscopic 
display is the edge limitations discussed in section 3.3. 

2.4 Conclusion 

In this chapter perceptual depth cue theory is introduced. Two types of depth 
cues are discussed: psychological and physiological with cues of the latter type 
being considered primary and overriding cues of the first type. The cues 
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considered most important are the binocular disparity and occlusion. Cues 
interact in a complex manner and depend on the type of task to be carried out. 
A number of standard tasks have been suggested in research: tracking 3D paths, 
judging 3D shape, finding 3D structures in 3D point clouds and determining 
relative positions. A scene dependent approach to depth cues is suggested. The 
scene is divided into two parts: an object and an environment and three possible 
combinations of these parts are discussed. A possible problem of edge 
limitations is noted for the scenes with an environment. 
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3 The display system 

In this chapter the term autostereoscopic is introduced. A number of 
autostereoscopic techniques are explained in the first section. The following 
section aims to explain the Setred autostereoscopic display system. The final 
section focuses on the interaction of depth cues on the Setred system. 

3.1 Autostereoscopic displays 

As stated in previous chapters, one of the most important mechanisms behind 
human depth perception is stereovision. The fact that we have two eyes, 
horizontally separated, helps us perceive depth and distances. The images 
projected on the respective retinas differ due to this horizontal alignment of the 
eyes and it is this disparity that is used by the visual system to perceive depth. 
To achieve this sensation of depth in an artificial scene, displayed on for 
example a computer screen, this disparity effect is used by letting the two eyes 
see two different images with different perspectives. A common way of doing 
this is by letting the user wear some kind of goggles to enable and disable the 
different eyes. By synchronizing the goggles with a display, different images 
can be displayed for each of the two eyes. An autostereoscopic display creates 
the effect without the use of goggles or other additional equipment. The term is 
often used to describe all display systems that exhibit this property but a more 
semantically correct meaning is sometimes used that includes only the displays 
here called parallax displays.  
 
In this section four different approaches to autostereoscopic displays that are 
relevant for understanding the Setred display system are briefly introduced and 
the techniques behind them are explained. There exist a number of other 
techniques that are also referred to as autostereoscopic. See Halle 1997 for 
more information about some of these different techniques.  
 

 
Figure 7 Parallax barrier system (left) and lenticular system (right). 
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3.1.1 Lenticular sheet displays 
One of the most common techniques is the lenticular system (Möller 2005). The 
technique is based on an array of thin lenses in front of the display. For vertical 
parallax the lenses are vertical and to achieve full parallax spherical lenses are 
used. Behind each lens an array of pixels is displayed. The light emitted from 
each pixel travels through the lens which bends it in such a way that the viewer 
sees different pixels depending on the angle from which she or he looks at the 
display (See right illustration in Figure 7). One problem with this type of 
display is the high demands on pixel resolution. The number of pixels in the 
array behind each lens is equivalent to the number of views that the display is 
able to display. That means that for a ten view system the effective resolution is 
a tenth of the actual screen resolution. With a standard display with a screen 
resolution of 1280 x 1024 pixels, a vertical parallax lenticular display system 
has an effective resolution of 128 x 1024 pixels for the perceived images. A 
corresponding full parallax lenticular display would have an effective resolution 
of 128 x 102 pixels. The number of views is directly proportional to the 
perceivable depth, so high number of views is preferable. Another problem is 
that this number of views is built into the hardware and cannot be adjusted to fit 
a specific scene or application. 

3.1.2 Multiple projector systems 
Perhaps the most hands on approach is to use multiple projectors to display the 
different views. Each projector represents a view and the light from the 
projector should reach only one of the eyes to enable stereoscopy. The 
challenge that needs to be solved is the diffusing media that the projectors 
project the light on. A number of systems have been developed, with varying 
sizes and solutions to this problem. No deeper discussion will be made here but 
can be found in Möller 2005. 

3.1.3 Time multiplexed systems 
Instead of displaying all 3D data at the same time, a time multiplexed system 
distributes the data in time. This requires some type of scanning device that 
spreads the light in the appropriate direction. Möller (2005) refers to a system 
that uses micro-mirrors that tilt for each view to spread the light in the 
corresponding direction. The frequency requirements of theses systems are very 
high since all the views are displayed successively. To achieve an effective 
frequency of F Hz, the frequency of the systems has to be F times the number 
of views. A ten view system with an effective frequency of 50 Hz requires a 
system refresh rate of 500 Hz. CRT monitors are available that can deliver 
relative high update frequencies, but the system that has revived the time 
multiplexed technique is the digital micro-mirror device (DMD). (Möller 2005) 

3.1.4 Parallax barrier display systems 
The parallax barrier system has much resemblance with the lenticular system. It 
sends out different light in different directions from a single point. What the 
user perceives depends on the viewing angle. Instead of lenses in front of the 
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pixels, a physical barrier is used to create narrow slits that let the user see 
different pixels with each eye. The barrier is typically placed just a few 
millimetres in front of the display as can be seen in the left illustration of Figure 
7. A problem with these parallax barrier systems is the challenges with light 
intensity. Since part of the light is blocked, it is hard to get a bright enough 
display. This problem increases with number of views since the slits get 
narrower as the number of views increases.  

3.2 The Setred system 

The time-multiplexed scanning slit autostereoscopic technique used by Setred is 
based on the techniques presented in previous sections. The system is truly 
autostereoscopic with a variable number of views and depth range and uses a 
parallax barrier approach that gives full motion parallax and stereoscopy. For 
imaging device, the system uses a high frame rate DMD projector to display the 
views. The image is back projected onto a diffuser from where the light is 
emitted to the viewer. A shutter placed some distance in front of the diffuser 
provides the slits for the parallax barrier effect. A schematic illustration can be 
seen in Figure 8. The slits are constantly scanning the display to show the 
correct image for the corresponding view. One full 3D frame consists of a 
number of different perspectives, visible through the corresponding slit, that are 
displayed sufficiently fast for the eye to perceive them as concurrent (Möller 
2005). As stated previously, this technique requires a number of different 
perspective views of the scene. There exist a number of different methods of 
achieving these different views. Möller (2005) discusses a general rendering 
algorithm for the actual perspectives. This is the basic mathematics for 
rendering of the different views. To be able to render novel views of a scene 
one must either know the 3D data of the scene or rely on some type of 
interpolation between different images. de Vahl (2005) presents a method for 
intercepting OpenGL calls from applications running on the display. The calls 
are recorded in the computer and all data is extracted to allow for new 
projection angles to be rendered for each novel view.  
 

 
Figure 8 Conceptual illustration of the Setred system. 
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3.3 Depth cues on the Setred display system 

In section 2.2.2 it is suggested that binocular disparity is, by many, considered 
the strongest depth cue. The Setred autostereoscopic display introduces both 
binocular disparity and motion parallax to the user. As seen in section 2.2.2 
certain cues that are helpful in two-dimensional renderings may degrade test 
results when combined with stereoscopic viewing. Due to the implementation 
of the intercepting software that records and replays the graphic library calls, 
depth cues implemented in the source application are present on the display as 
well. This interception stage, with depth information known, enables the 
theoretical ability to implement additional depth cues to aid depth sensation for 
the display system.  
 
However, certain effects occur from the multiple perspective approach. The 
recorded calls are replayed with a novel viewpoint and with a slightly different 
perspective projection. In some applications parallel projection is used for 
certain parts of the scene to render a flat, forward facing 2D object. A parallel 
projection is not affected by the shift in perspective projection and the object 
turns out the same as on a regular 2D monitor, without binocular disparity. The 
object is still affected by other depth cues like occlusion and motion parallax. 
Lyness (2004) stated that occlusion might destroy depth perception if it presents 
conflicting depth information combined with stereoscopic vision. On a 2D 
monitor, the screen may be looked upon as a window. The effect of adding a 
parallel projected object to the scene can be compared to putting a sticker on the 
window. On the 2D monitor, this does not have the same effect on depth 
perception since the 3D scene stretches in to the screen and no parts of the 
objects in the scene will occlude the parallel projected object. It should be noted 
that a parallel projected object positioned further into the scene may experience 
occlusion but here the specific situation with the object positioned in the screen 
plane is discussed. By the time this thesis work is carried out, the Setred display 
is mainly intended for 3D data and 3D scenes, though in the future a possible 
desktop use will require a way to combine 2D context like the two-dimensional 
operating systems or text processing of today with 3D scenes. On a stereoscopic 
display, no natural screen plane exists. In the Setred display system two 
possible planes are more or less intuitive as candidates for “screen planes”: the 
diffuser plane (zero disparity plane) and the shutter (maximum disparity). 
Presently, since the parallel projected geometry has zero depth, it is positioned 
in the zero disparity plane (the diffuser plane). The effect of positioning the 
parallel projected geometry in other planes is investigated in experiments in 
chapter five. 

3.4 Conclusions 

In this chapter the autostereoscopic display was introduced. With an 
autostereoscopic display the depth cues binocular disparity and motion parallax 
are automatic and no additional equipment like glasses is required. Four 
different types of stereoscopic displays that are coupled with the Setred system 
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were presented: lenticular displays, time multiplexed systems, multiple 
projector systems and the parallax barrier display. The parallax system is the 
most frequent used and the technique that the Setred system is based on. The 
Setred display system uses a shutter to provide the barrier and a high-speed 
projector as image source. The effect occlusion and parallel projected geometry 
has on depth perception on an autostereoscopic display is discussed briefly. On 
the Setred system, the parallel projected geometry is projected to the diffuser 
plane, which introduces a problem with occlusion.  
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4 Evaluation environments 

One could point out two major motivations for doing evaluations of and 
comparisons between different techniques. If the technique introduces a new 
way of working the first question to be answered is whether the new technique 
will improve the efficiency (or the result) of the work. In this thesis work the 
relevant question would be whether stereoscopic 3D displays actually improves 
the efficiency (or result) for a specific task or not. If this can be concluded, the 
question arises which solution (if multiple solutions exist) better suits the 
requirements of the area of application. Continuing the example of this thesis, 
this could be a comparison between Red/Blue stereo solutions, active stereo 
glasses and different autostereoscopic systems. These two types of questions 
put different requirements on the evaluation. Whereas the first would focus on 
the utility of the technique the second would focus on advantages of one 
solution over another. Both motivations are important and are discussed in this 
section with focus on 3D display techniques. In the first section of this chapter 
some previous research that compares different display techniques are 
presented. They are followed by a discussion about the test method used in this 
work, based on the author’s own conclusions.  

4.1 Different evaluation approaches 

In traditional computer graphics and computer systems a number of uniform 
and more or less standardized benchmarks exists (FutureMark2, PassMark3). 
One motivation for the development of these is the desire to measure computer 
systems and compare the results with other users. A less naive motivation is the 
ability to test the hardware for robustness and stability. This type of system 
differs from the requirements of the evaluation discussed here in that that they 
do not evaluate the use of the systems they test but focus mainly on the soft- or 
hardware specifications. But the concept of a general testing environment is 
interesting for comparing display techniques as well. This motivates a study of 
what parameters to be used to compare display systems. Previous research has 
dealt with comparing different 3D display systems. Tests have been made with 
shutter glasses, 2D parallel projection, perspective projection, different depth 
cues, volumetric displays and autostereoscopic displays, combined and isolated. 
A method has been developed by Rizzo (2005) with the aim to create a 
benchmarking scenario for testing 3D user interaction. Some of this research 
will be gone trough in this section. 
 
Ware (1996) measures task completion time and error rate in an experiment to 
answer the question how much better a stereoscopic display is over a regular 

                                                
2 http://www.futuremark.com 
3 http://www.passmark.com 
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2D monitor. To do this a number of tree graphs are displayed and the task for 
the subject is to decide whether two special marked nodes in the tree graph are 
joined by one and exactly one node (two lines). The task is a type of the 
tracking 3D paths task mentioned in chapter two. Error rate is used because 
previous research cited by Ware has shown that the parameter is sensitive to 
display mode. The aim of Ware’s work is to find the factor by which the size of 
a graph that can be understood is increased by adding head coupled stereo. This 
type of evaluation Ware discusses response time as a variable and in the 
experiment the response time does not vary with the display mode as expected. 
Instead it appears to be a function of the number of nodes and the size of the 
graph. The response times for the modes with less error rate are actually longer 
than for the modes with poorer results. Ware suggests that this can be due to the 
fact that the 2D view of the tree graph sooner appears as unreadable 
information. 
 
In a case study comparing three different 3D display modes, Volbracht (1997) 
uses time and accuracy as dependent variables. As test environment Volbracht 
uses a task and a scene from a real research scenario in organic chemistry. One 
of the aims with the research is to help a potential buyer deciding what display 
system to invest in. The quantitative results should be a good source for equal 
comparison of the different systems. The subjects doing the tests are familiar 
with the task and trained in the area. Volbracht test deals with three problems: 
identifying, comparing and positioning. The problems are tested in five tasks:  
Identifying (simple and complex molecule): Count the number of rings on a 
molecule, Comparing (simple molecule): Decide which atom is nearest and 
which is the most distant from the user, Comparing (complex molecule): 
Determine the order of the benzene rings on the z-axis and Positioning: Position 
the benzene rings at the screen plane. The results for the different displays are, 
as expected, coupled to the type of problem. Volbracht finds that the experience 
level of the subjects is relevant for the Identifying tasks, but does not contribute 
to the results on the Comparing and Positioning tasks.  
 
Alpaslan (2005) compares three different types of stereoscopic 3D display 
techniques: one pair of shutter glasses (Crystal Eye) and two different 
autostereoscopic displays (Sharp LL-151-3D and StereoGraphics SG202). The 
dependent variables are time to task completion and efficiency of movement 
path. The task is to position a 3D object over another. The two objects are 
identical and the subject interacts with the object though an Ascension Flock-
of-birds, a motion tracked device for 3D interaction in virtual environments. 
The task is completed when the matching object is in the correct position, 
superimposed over the reference object. The efficiency of movement path is 
defined as the ratio of the shortest path to complete the task to the path taken 
for the specific test. The path is measured as the amount of rotation and 
translations made. Both quantitative and qualitative data are colleted. A trial 
test to let the subject get familiar with the different displays and test setups is 
conducted before the actual testing starts. 
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Rizzo (2005) is developing a benchmarking scenario for testing different 3D 
user interface devices and interaction methods. The work is focused on user 
interaction and the scenario is tested on an evaluation of three different types of 
user interactions. The tests are carried out in two sessions, the first taking place 
in the USA and the second in Korea and are based on the same task as in 
Alpaslan 2005. An important finding is the influence of sex, visuospatial ability 
and cultural and educational background. Rizzo refers to previous research that 
has shown the influence of sex on spatial tasks. The difference is not significant 
for subjects having high visuospatial ability.  

4.2 Designing an environment 

Based on this information a prototype for an evaluation environment is to be 
designed. Two important aspects for the design are the type of task and the 
choice of dependent parameters. In chapter two a number of different types of 
tasks are presented that could be used as a basis for the test design. In the 
previous section a number of different evaluations are presented that are based 
on different types of tasks. A tracking 3D paths task is used by Ware. The tasks 
comparing (judging surface shape), identifying (judging surface shape) and 
positioning (estimating relative positions) are used by Volbracht and Alspaslan 
uses the task of estimating relative positions. For the task of tracking 3D paths 
the most important cue is motion parallax followed by binocular disparity and 
kinetic depth effect. All these three cues are present on an autostereoscopic 
display and a stereoscopic display with head tracking which could indicate that 
the task is suitable for evaluation of these types of displays. For the task of 
judging surface shape, shading is an important cue. A stereoscopic display does 
not provide additional shading to the scene and this type of task does not 
directly utilize the full potential of such a display. Motion cues are weak cues 
for the task of estimating relative positions in precise work. Shadows and drop 
lines combined with reference structures can be helpful for this task. The effect 
that binocular disparity has on the task of estimating relative positions is not 
mentioned by Lyness but for evaluating depth perception on stereoscopic 
displays the task of tracking 3D paths seems to be the most appropriate. 
 
Another part of the evaluation is the dependent parameters that are used for the 
results. Three major types of parameters can be noticed in the presented 
research: the response time or the time it takes to make a decision, the rate of 
correct answers and the accuracy of a performed task. The response time can be 
measured for all tasks. The second type measures the errors and is based on 
some kind of question to be answered. Two Alternative Forced Choice (2AFC) 
is sometimes used for this type of tests. To measure the accuracy of a task, the 
type of task is typically based on positioning or resizing an object in space. 
Designing the task in a way that measures the desired parameter in an 
appropriate way is an important part of the test design. The tasks used in 
previous research are varying in implementation (Volbracht 1997, Mather 
1999) but some common aspects are found. Two types of completion of the 
task are found where the tasks being finished either by the subject expressing 
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the completion or by the system automatically evaluating the task as completed 
when certain criteria are satisfied. The first type may give a correct or an 
incorrect result while the other type always results in a correctly completed 
task. The role of the response time variable is not the same in these two test 
types. In a task where the subject controls the completion, response time may 
be a weak parameter for evaluating the effectiveness of the display. The more 
information a display is able to present, the more information is available for 
the user to interpret. In a testing environment, this may lead to longer response 
times. In some of the evaluations (Ware 1996) the response time is longer for 
tests with better accuracy results. Ware suggests that this could be an effect 
from the fact that the user gives up on the task if the information is too hard to 
interpret. For the other type of task, where completion is defined to be when 
certain criteria are met, the response time variable may be used as measurement 
of the readability of the information conveyed by the display. A shorter 
response time would, in this case, suggest a quicker decision. Even in this case, 
it should, however be noticed that a short response time could be an effect of 
poor information available for the judgement. Combined with a low number of 
correct results, a short response time would suggest this conclusion. It is 
suggested here that the response time for a task depends on the type of task, the 
complexity of the scene, the available amount of information to interpret, the 
efficiency of the display at conceiving information and the capability of the 
subject to perceive information.  
 
The error rate or the rate of correct answers is used to evaluate both different 
depth cues and different displays. In a two choice task the parameter is 
relatively straightforward. A correct choice results in a higher rate of correct 
answers. The result is simply the relation of correct answers to the total amount 
of trials. For a multiple choice or an ordering task like the one used in the 
evaluation developed in this work (see chapter five), the parameter requires 
more consideration. In the depth-ordering task used in chapter five, a number of 
objects are to be ordered by increasing depth values. The result from this test is 
the order in which the test subject picks the objects. The first approach would, 
perhaps, be to take the rate of correct orderings for each individual object. That 
is if object number three in the depth order is picked as number three it will 
result in a correct answer. Any other ordering of the object will result in an 
incorrect answer. This approach does not allow pair-wise comparison of the 
objects. Another approach could be that only a completely correctly completed 
task (all objects are picked in the correct order) would yield a correct answer. A 
third approach and the last one discussed here is an approach where each object 
is considered in relation to all other objects. In this work that means comparing 
each object with all other object and note if it is ordered in the correct relation 
to the specific object. Though all three approaches have different advantages 
and may be used with varying efficiency depending on the type of task to be 
measured, the last approach presented probably provides the most flexibility to 
measure individual relations between the different objects and their individual 
features and parameters. This approach is used to interpret the results in this 
work. 
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The accuracy parameter is perhaps the most straightforward as it is simply a 
value describing the deviation from a reference value. For a task of placing an 
object in a specific position, the accuracy could be measured by the deviation 
from this specific position. A value of zero, meaning no deviation, indicates the 
highest accuracy. In his work, Lyness (2004) refers to an evaluation where the 
accuracy parameter is used in a task to evaluate different mouse cursors. No 
uniform unit exists in computer graphics and this may lead to difficulties 
comparing different results of accuracy evaluations. A possible solution to this 
is expressing the deviation as a fraction of some feature of the task or object. In 
this work the width of the object is used as a reference and the deviation from 
the correct placement is divided by this value. In this way no uniform unit is 
required since both values uses the same unit. The depth of the reference object 
is another possible reference value that could be used. In the case with the 
evaluation developed here, the depth was a dependent parameter, and the choice 
of depth as a reference value would be unsuitable.  
 
Another aspect of the design is the feature of the user interaction. A number of 
different interaction methods are tested in the next chapter to evaluate what 
interaction methods are most suitable for different tasks and displays. In this 
work the interaction is focused on autostereoscopic displays and on an accuracy 
task. The efficiency of the display may vary with the task and a reasonable 
question to consider is whether the display should be evaluated from a 
standardized task setup or from individual tasks depending on the intended 
usage area. In some tests spatial tasks like positioning are used to evaluate 
interaction methods. This may seem natural, but to understand the relation of 
tasks and evaluation results a problematization of the rating of displays could 
be made. The ability of the user to perceive the displayed depth information is 
an important feature and perhaps the most important such in comparing and 
rating 3D displays since the depth effect is the feature that separates them from 
regular 2D monitors. The user should see the same information as the 
application is trying to convey. To understand what characterizes an effective 
display, an ineffective display could be defined. An ineffective system would 
display the information in such a way that the user spends a long time 
interpreting the information or even misinterpreting it. An effective system 
would be the opposite. One could imagine a display that shows an image that 
takes a long time to interpret but gives a perfect interpretation so that the user 
has perceived the information as the display is trying to convey. It could, for 
example, require the user to interact with the image in small steps and interpret 
every step before proceeding to the next. An example could be layers of x-ray 
data. The opposite would be a display showing an image that the user interprets 
more or less instantaneously but that may be ambiguous so that the 
interpretation made by the user is not consistent with the information conveyed 
by the system. Both scenarios have problems and a judgment concerning which 
drawbacks are most important is task specific. There exist two other extremes: a 
display with ambiguous information and long interpretation time and a display 
with perfect information presentation and short interpretation time, the latter 
one being preferable. An ultimate display system would be able to convey the 
information without ambiguities and without hindering the user in time.  
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4.3 Conclusions 

In this chapter it was seen that no standardized method for evaluating 3D 
displays exists. In previous research different types of tasks and variables are 
evaluated. Tracking 3D paths is suggested as a suitable task for evaluating 3D 
displays, due to stereoscopic nature of the depth cues used for the task. The 
choice of dependent parameter is discussed in this chapter and three major 
types of parameters are suggested: the response time or the time it takes to 
make a decision, the rate of correct answers and the accuracy of a performed 
task. In some of the evaluations the response time is longer for tests with better 
accuracy results. This ambiguity is explained by the effect that the information 
may appear too hard to interpret in certain setups and the subject makes a quick 
response that may be incorrect. It is suggested here that the response time for a 
task depends on the type of task, the complexity of the scene, the available 
amount of information to interpret, the efficiency of the display at conceiving 
information and the capability of the subject to perceive information. For the 
error rate parameter, three different types of method to interpret the results are 
discussed. The one used in this work is based on pair-wise comparison of the 
ordering of a number of objects. The accuracy parameter may be based on 
deviation from a reference value. A brief discussion about what characterizes a 
good display is presented and it is suggested that a good display is able to 
convey information without ambiguities and in a way that lets the user perceive 
the information fast and efficient. 
 
 



5 Prototype test environment 

27 

5 Prototype test environment 

In this chapter the experiments used for the evaluation are presented and 
discussed. The aim of the experiments is to create a background for a 
discussion about evaluation of different aspects of the quality of a 3D display 
system. The chapter starts with a brief presentation of the implementation of the 
experimental set up. A section follows that presents the different tests and their 
individual aims, comparable variables and expected results are explained. In 
section 5.3 the results of the tests are presented and in section 5.4 some sources 
of error are discussed. 

5.1 Implementation 

The test environment is written in OpenGL and C++. As a basis for the 
experimental environment, the author has developed a user interface library. 
The library uses an Immediate Mode Graphical User Interface (IMGUI)4 
approach and features a collection of checkboxes, buttons and sliders. A 3D 
cursor is implemented with a number of different interaction methods and 
layouts. The implemented interaction methods all concern adjustment of the z-
component of the position of the 3D cursor. There are two different ways for 
the cursor to move: straight into the scene from the screen (like as in parallel 
projection) or in model view coordinates. The latter will give an effect of the 
cursor moving slower in the x/y coordinate plane when further into the screen 
following the rules of perspective projection. This is an effect of the motion 
parallax depth cue that was discussed in section 2.1.2. Both approaches are 
implemented in the UI library and combined with four methods for adjusting 
the z coordinate. With the mouse wheel method selected the user scrolls the 
mouse wheel to control the value of the z component of the cursor and hence 
moves the 3D cursor in and out of the scene. The mouse wheel value is 
captured with windows library commands and scaled so that the z-step each 
“step” on the wheel corresponds to, is smaller the further into the screen the 
cursor is located. This interaction method gives the user the ability to move the 
mouse in the regular x/y plane while scrolling the mouse wheel to control the z-
value and hence move continuously in three dimensions. The next two methods 
are based on switching the interaction plane and hence do not allow the user 
continuous three-dimensional freedom. With the “Button-down” method the 
user holds down the right mouse button to switch to the x/z plane and the 
position in that plane is updated reading the x and y mouse positions on the 
screen with the y position mapped to the z coordinate of the 3D cursor. The 
other method for switching interaction plane is clicking the right mouse button 
once to toggle between the two planes. A problem when using the first method 
is that the right mouse button is occupied and cannot be used as a button for 

                                                
4 http://sol.gfxile.net/imgui/ 
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things like a pop up. This problem is eliminated when using the one-click-
method. One problem that could appear when using the one-click-method is 
that the user does not know which plane is the active plane as easy as when 
actually using different physical set-ups for the two planes. This issue could be 
helped by graphically indicating which plane is the active interaction plane. The 
final interaction method implemented is based upon the same principle as the 
mouse wheel approach. Instead of using the spin of the wheel to control the z 
value, the up and down arrows of the keyboard are used. This gives the same 
effect of three-dimensional continuous movement. The same algorithm is used 
for calculating the z value from the arrow keys as from the mouse wheel.  
 

       
Figure 9 Implemented cursor layouts. From left: jack, 3D jack, jack planes and box with 
jack. 
 
Some different graphical designs of the cursor are implemented, all with the 
aim to find a compromise between visibility of scene objects, depth perception 
and precision for the cursor. The library is designed to allow for simple 
implementation of new cursor layouts. Some of the implemented layouts can be 
seen in Figure 9 and consists of a jack (a crosshair with a line to show the 
direction of the z axis), a three dimensional jack, jack planes and finally a box 
with a jack inside. Since it is not the scope of this work to investigate three-
dimensional cursors, no further discussion will be made here. An extended 
discussion about three-dimensional cursors and visualization can be found in 
Lyness (2004). 
 
The implementation of the immediate mode approach is based on a structure 
that holds the state of the user interface. The graphical components hold no 
information about their state and are evaluated when drawn on the screen. The 
component requests a region-hit check to see if the cursor is in the components 
active area or not. If this is the case, the state structure is updated with the id for 
the component in the hot-position. When the component is drawn the 
component checks whether it is hot. If it is and the component is activated 
(often by a left mouse click), the component id is set as being active in the state 
structure and a Boolean true is returned to the drawing application. No 
information is stored in the graphical component. 

5.2 Experimental set up 

From the User Interface library, five tests have been designed. The five tests 
focus on the following areas: user interaction in three-dimensional 
environments, depth resolution on the Setred display, the influence of scene 
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type, the importance of occlusion and finally the relative importance of 
binocular disparity and occlusion. The test sessions were carried out on the 
Setred autostereoscopic display (that realizes both stereo vision and motion 
parallax), a ViewSonic VX724 LCD monitor with stereo vision through red-
blue stereo glasses (realizes stereo vision but no motion parallax) and finally on 
the ViewSonic monitor without stereo glasses (realizes no stereo vision and no 
motion parallax). In order to keep the number of tests to a reasonable number, 
not all tests were be run on all three displays. The tests that had the aim to 
evaluate the Setred display were not run on the other displays. The different 
aims of the tests, and what displays they are run on, are presented in section 
5.2.2. 
 
The tests were carried out by 11 test subjects with ages ranging from 20 to 32 
years and a mean of 24,8 years. The technical level of the subjects varied from 
novice to expert and no considerations concerning this were made when the test 
subjects were chosen. The two displays (the Setred system and the ViewSonic 
LCD monitor) were placed on a desk at the same distance from the subject. The 
same input devices were used for all three test sessions. The test subjects 
carried out the sessions in the same order: Autosteroscopic, Red/Blue stereo 
and finally No stereo. Before the actual test session started, the subject wss 
asked to perform a practice task to get familiar with the autostereoscopic 
display, the test setups and the different interaction methods. The practice test 
consisted of a scene with three walls and a floor. The subject was able to toggle 
between different interaction methods by checking a couple of checkboxes. 
Three boxes were standing in the middle of the scene and the subject could 
insert more boxes into the scene by pressing a key on the keyboard. The task 
for the subject was to move the boxes around until she or he felt comfortable 
with the interface. The boxes were moved using the same technique as in Test 
A, explained in the next section. Before each new test the instructor explained 
the next test and the user started the test by pressing the space key on the 
keyboard when she or he felt ready to start. This key-press started the timer and 
displayed the appropriate scene. The different tests were completed in different 
ways, as explained in the following section.  
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Figure 10 Clockwise from top left: Test A, Test B, Test E, Test C. Originally displayed 
with black background. 

5.2.1 Test set-ups 
In this section the different tests are presented. In Figure 10 screenshots from 
the tests can be seen. The tests have a black background that has been omitted 
for clarity.  

Test A: Depth resolution 
In these tests the subject was presented with four non-overlapping tiles. The 
tiles appear to have the same size when viewed upon straight ahead but are 
placed on different depths in the scene. The subjects were asked to click the tile 
appearing to be located closest. As a tile was clicked it disappeared and the 
subject was asked to click on the closest tile in the new layout. Two different 
setups with different depth differences were placed at three different locations 
on the z-axis. The measurable results in this test type were the time taken for 
the user to complete the task and the error rate. The aim was to present a 
method for testing the minimum depth difference for efficient depth perception 
at different locations on the z axis when using binocular disparity as the only 
depth cue. This test intended to give an appreciation of the depth resolution of 
the display and to answer the question of how small a difference in depth is 
noticeable. The results are compared internally between the different ranges and 
between results from the different displays.  
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From previous experience of the Setred system the resolution is expected to be 
higher for greater depth values. The display is able to provide better disparity 
for objects located behind than in front of the diffuser. The results from the 
Red/Blue stereo was expected to be slightly lower than the results from the 
Autostereoscopic display. The No stereo display was expected to provide 
results around 50% correct orderings since no depth cures are available. The 0.1 
depth difference was expected to be hardly, if it all, noticeable on the stereo 
displays. 

Test B: Scene influence 
In this test the test subjects were asked to align a matching object with a static 
reference object. When the subject was satisfied with the result he or she 
pressed a key and the next test appeared. The measurable result for this test was 
the time taken for the user to complete the task and the accuracy of the 
placement. The objects were not identical and the subject was informed that the 
objects may not be the same size to avoid the use of relative size as a depth cue. 
Three different environments were tested in this test. The first was a wide room 
with the back wall close to the user. The second environment was a narrow 
room with a back wall further into the screen and the third test were carried out 
in free space with no environment. In the no-walls test the objects were 
positioned in the same places as in the wide scene test. Three objects were  
placed in their correct positions, one on each wall. The right object was placed 
further into the scene than the left object as can be seen in Figure 10. The aim 
of this test was to investigate the effects of a reference structure on efficient 
depth perception. The results from the three different positions were compared 
individually for each display, and a general comparison was made between the 
displays.  
 
The effect of a wide environment with walls near the physical edge of the 
display has shown to be problematic in previous experience with the Setred 
display. Based on this, it was suspected that the accuracy would be worse for 
the autostereoscopic display overall and for the wide room specifically. The 
time taken to complete the task would probably be somewhat longer on the 
autostereoscopic display, possibly due to the extra amount of information 
available. 

Test C: The effect of occlusion 
In these tests the subject was presented with a number of tiles at different 
depths and in varying sizes. The subject was asked to click the one appearing to 
be closest. As a tile was clicked it disappeared and the subject was asked to 
click on the closest tile in the new layout. Six tiles were placed in the scene, as 
can be seen in Figure 16. Some tiles do not experience occlusion when looked 
upon straight ahead but will occlude each other on a display that is able to 
provide motion parallax. The measurable result in this test was the time taken 
for the user to complete the task and the error rate. The aim of the test was to 
give a guidance to the importance of occlusion and motion parallax as cues to 
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depth. The results for the individual tiles are discussed individually and the 
results from the three displays are compared generally.  
 
Results from an experiment by Mather (2003) have shown that the effect of 
occlusion might be less significant than expected. Indistinct descriptions in 
these results provide ambiguous conclusions. The author believes that the effect 
of occlusion will be visible through a relatively low error rate in the results for 
tiles that are occluding each other. For tiles that do not overlap, the error rate is 
expected to be higher. 

Test D: Relative importance of binocular disparity and occlusion  
In this test two 3D tiles were drawn at different locations on the z-axis. The tile 
closest to the user was drawn with binocular disparity and the one further from 
the subject was drawn with parallel projection and no stereo information. This 
giva the effect of the second tile occluding the first one and hence presenting 
ambiguous depth information. The test subjects were asked to click the tile 
appearing to be closest. The measurable results in this test were the time taken 
for the user to complete the task and the error rate. The test was carried out at 
three different locations on the z-axis (both tiles in front of the zero disparity 
plane, opposite sides of the zero disparity plane and both tiles behind the zero 
disparity plane). The aim was to give an appreciation of whether occlusion 
overrides binocular disparity. The test was only carried out on the 
autostereoscopic display and the results from the three positions will be 
discussed. Based on previous experience with the Setred display, occlusion was 
expected to override stereo information. The effect was expected to be greater 
for the positions closer to the subject. 

Test E: Interaction method 
The subject was presented with a scene consisting of four checkboxes located at 
different locations in space. The task was to check all boxes. When the task was 
completed, the next test appeared. The measurable result was the time taken for 
the user to complete the task. (Shorter time implies better interaction method) 
Accuracy could also be measured to give additional data for the evaluation. 
This would have required another design of the test and was not done in this 
experiment. Three interaction methods were tested and all three were 
implemented in two different coordinate systems that let the user move the 
cursor in different ways. In the first coordinate system the cursor was moved 
straight along the z-axis and the other moved the cursor along a line in the 
direction from the virtual eye position to the projected representation of the 
cursor. This last approach is referred to as Spherical in this report. 

Test E.1 Mouse wheel 
In the Mouse wheel test, the test subject rolled the mouse wheel to control the 
depth value of the cursor. Each “snap” moved the cursor 1/(32 - 2*Cursor depth 
value) global units. This value was adjusted for a comfortable interaction. 

Test E.2 Mouse button 
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In the Mouse button interaction method, holding down right mouse button 
shifted the interaction plane from x/y to z/x. The test subject controlled the 
depth by moving the mouse back and forth with the mouse button held down. 

Test E.3 Keyboard 
The keyboard interaction method resembled the Mouse wheel method. In this 
the keys controlled the depth value. Each key press moved the cursor 1/(32 - 
2*Cursor depth value) global units. 
 
The aim of this test was to evaluate different human-computer interaction 
methods of controlling the depth of a 3D cursor on an autostereoscopic display. 
Six tests were carried out with three individual methods implemented in two 
different coordinate systems. The tests were carried out on the autostereoscopic 
display only, and the resulting total response times were compared between the 
different combinations of methods and coordinate systems. Based on the 
authors experience from the development, the spherical coordinate system 
seemed superior. The mouse wheel seemed to be more intuitive for a novice 
user though the right mouse button approach seemed to be more efficient once 
the user had got some experience. The tests with the spherical coordinate 
system were expected to provide better results and the keyboard tests were 
expected to require longer response times than the other interaction methods. 

5.2.2 Design considerations 
During the development of the experimental environment some considerations 
had to be made regarding the design. They are discussed in this section. For the 
interaction method test, time was chosen as the dependant variable, so an 
important aspect of the design is the speed with which the cursor moves in 3D 
space. A comparison of different interaction methods based on speed is 
naturally dependent on the implemented and possible speed of the respective 
methods. Scrolling the mouse wheel one “snap” inputs a fixed value to the 
application. This value is scaled by some factor to enable a controllable and 
“pleasant” interaction. This scaling is application-specific and chosen in this 
implementation to depend on the depth so that the speed is higher, the closer to 
the user and slower the further from the user the cursor is translated. The user 
is, of course, able to scroll the mouse wheel faster to make the cursor move 
faster, but the relation between the speed of the mouse wheel and the speed of 
the cursor is still important for the overall possible speed. For the mouse-
movement-controlled interaction method, the input value is the amount of 
pixels that the cursor has moved vertically in the 2D-screen plane. The 
operating system mouse cursor is hidden but the movement of it is still 
recorded. As for the mouse wheel input value, this vertical movement value is 
scaled to create a controllable interaction. For the last interaction method tested, 
the keyboard input, a fixed value was inserted for each frame that the key was 
held down and for each time the key was pressed. The input value from the 
keyboard was scaled with the same factor as the scroll wheel in an effort to 
make them more comparable and to eliminate external variables. Despite these 
efforts, a correct comparison was hard to achieve. The speed was adjusted to 
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create the same experience for all methods but there are different requirements 
on the speed adjustment for the different methods. The fixed step methods have 
to compromise between precision and usable speed while the mouse movement 
method lets the user have precise control over the value through fine 
movements of the mouse. For the other tests, the mouse wheel method was 
chosen for interaction. This was due to the fact that, during the development, 
this has been the most intuitive for novice users. Since the interaction method 
was presumed to have an influence on the performance, the same interaction 
method was used. For the design of the interaction method test, all available 
depth cues were used since, in this test, it is important that the user is able to 
make a quick and stable judgment of depth information.  
 
The effect of learning can be hard to avoid when designing tests. If a subject 
repeats a task, the effect of learning the task may always be present and may be 
a factor behind an improved result. This makes it hard to isolate the dependent 
variable under investigation. Since some of the tests in this experiment were 
repeated for the different displays, a learning effect cannot be excluded. By 
conducting the tests in a specific order, the effects of learning can be 
disregarded in certain cases. In this experiment there were two scenarios where 
the learning effect could create unreliable results. The first was the interaction 
tests. Since one of the interaction methods was used throughout the test session, 
it was likely that the subject would get familiar with that method. To avoid this 
all interaction tests were conducted before any other tests. The other scenario 
was the testing on different displays. Some tests were, as said, repeated on all 
three displays with the display type as the dependent variable. If a learning 
effect existed for this scenario and no effect from the dependent variable 
existed, then the results would improve for each display tested so that the 
display tested last would give the best results. As stated in the previous section, 
the expected outcome was that the autostereoscopic display would provide the 
best results. If this display was the last to be tested, and provided the best 
results, it cannot be excluded that these results could be due to the learning 
effect. If the autostereoscopic display was the first to be tested and provided a 
superior result in spite of the learning effect, the performance of the display 
could be isolated. From this discussion, the order of the tests was based on the 
expected results and was: Autostereoscopic, 2D display with red/blue stereo 
and last the regular 2D-monitor. This order had three possible outcomes:  

1. Tests for the three displays give the expected results and the results are 
statistically established.  

2. No pronounced results are achieved and tests on all three displays give 
the same results.  

3. The display tested last gives the best result.  
The first outcome has been discussed and would allow for the strongest 
conclusions. The second outcome is hard to interpret, due to the unknown 
influence of the learning effect. The same holds for the third outcome. In this 
case, one could instinctively draw the conclusion that the 2D monitor is the best 
display. Due to the possibility of the learning effect, though, no such conclusion 
can be drawn. The only valid conclusion is that the effect of the additional 
depth information from the autostereoscopic display is not superior to a 



5 Prototype test environment 

35 

possible learning effect. In this case, additional experiments would be required 
to give useful results.  
 
Another design aspect is the limited frame rate on the available version of the 
Setred display. Due to ongoing development, the available display provides a 
frame rate of, at most, twelve frames per second. At this frame rate, interaction 
is affected since the algorithms used depend on the update speed of the frames. 
Since most tests used time as a measurement of the performance, a uniform 
frame rate for all displays was important to create comparable results. To do 
this the application is put to sleep every frame in such a way that the frame rate 
is always set to twelve frames per second, corresponding to the Setred display. 
It may seem unfair to evaluate a display without using the full performance of 
the system but in this experiment it is not the displays them selves that are 
evaluated but the additional depth cues that they provide. The Setred system is 
intended to have a frame rate comparable to that of a regular 2D monitor when 
fully developed.  

5.3 Test results 

The results of the tests are presented in this section. The first subsection 
presents the results for the depth resolution tests. The presentation is followed 
by a discussion about the interpretation of the results. The remaining sub 
sections follow the same pattern. In the second sub section the results from the 
scene influence test are presented and analyzed. The next subsection presents 
the results from Test C and Test D, concerning the effect of occlusion. The 
results from the interaction method tests are found in the final subsection. 

5.3.1 Depth resolution 
In Figure 11 and Figure 12 the result from Test A is presented. The average 
correct depth ordering between two tiles can be seen in Figure 11. The values 
are calculated by dividing the total number of correct orderings in a test with 
the number of tests sessions carried out for that test and the number of possible 
comparisons. A correct ordering is achieved when the user makes a correct 
judgment between two tiles. All tiles are tested with each other pairwise to find 
the total amount of correct orderings. Figure 12 depicts the results from 
individual comparisons of tiles for the Autostereoscopic display tests, the 
Red/Blue stereo glasses and the Regular 2D monitor individually. The values 
are calculated by pair wise comparisons as explained previously and presented 
for each individual difference in depth.  

Results 
In the autostereoscopic display test sessions, the results are higher for the Far 
(89% correct orderings) and the In Plane (80%) placement than for the Near 
placement (61%). For the Red/Blue stereo the results are almost the same for all 
three placements (94%) and for the Regular 2D the In Plane placement gives 
slightly lower results (74%) than the Near placement (79%) with the Far 
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placement providing the highest results at 89% correct orderings. The Far 
placement gives the best results for all three displays and for the average of the 
three displays. In the same figure, Set A and Set B are compared. Averaged 
over all displays, the Set A tests provide slightly higher results (86%) than Set 
B (81%). The same results are provided by the Autostereoscopic display (80% 
and 74% respectively) and the Regular 2D monitor (87% and 74% 
respectively). For the Red/Blue stereo test session the results are higher for Set 
B (96%) than for Set A (94%).  
 

 
Figure 11 Mean correct depth ordering, per depth placement and tile set up in Test A. 
 
The differences in depth for the different sets can be found in Table 1 and the 
results are seen in Figure 12. Depth difference 0.1 gives the lowest results for 
the Autostereoscopic display. The results are especially low for Set A with 
correct orderings of 18%, 55% and 45% (Near, In plane and Far placement). 
For Set B the values are somewhat higher (63%, 55% and 82%). For all other 
tile pairs in Set A the results are above 80%. For Set B the Near placement 
provides lower results for all other differences in depth than depth difference 
0.1 with values close to and below 50%. As can be seen in Figure 11 the best 
results are achieved for the Far placement. This holds for all depth differences 
except 0.1 in Set A and 0.9 in Set B. 
 

Table 1 Depth values for tiles in Test A 
 Set A Set B 
 Near In plane Far Near In plane Far 
T1 -7.0 -9.0 -11.0 -6.1 -8.1 -10.1 
T2 -8.3 -10.3 -12.3 -7.0 -7.0 -11.0 
T3 -6.1 -8.1 -10.1 -8.5 -10.5 -12.5 
T4 -6.0 -8.0 -10.0 -6.0 -8.0 -10.0 
       

 
As can be seen in the corresponding graph for the Red/Blue stereo test session 
(Figure 12) the results are superior to the Autostereoscopic test session for all 
sets and placements. A 100% correct depth ordering is achieved for all depth 
differences in the Set A tests except for the 0.1 depth difference. Set B provides 
comparable results with a 100% correct ordering for depth differences 1.0 and 
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2.5 (all placements considered). The remaining depth differences for Set B 
provide high results as well with a 100% correct ordering except for the In 
Plane placement of depth difference 0.9 (89%) and Near placement of depth 
difference 2.4 (89%) and 1.5 (89%). Set B provides higher results (89%, 89% 
and 78%) than Set A (67%, 56% and 67%) for depth difference 0.1 with the 
Red/Blue stereo glasses. 
 
The final graph in Figure 12 depicts the results for the No-stereo test sessions. 
For Set A, the best results are found for depth differences 2.2 and 2.3 (100%, 
89% and 100% for both) followed by 1.3 and 1.0 (89%, 89% and 100%). For 
the 0.9 depth difference the results are lower than the corresponding results 
both for the autostereoscopic and the Red/Blue stereo (78%, 45% and 89%). 
The No-stereo test sessions provides higher results (67%, 89% and 67%) than 
the autostereoscopic test sessions for the 0.1 depth difference and equivalent 
(Near and Far placements) or higher (In Plane) than the Red/Blue stereo test 
sessions. For the 0.1 depth difference the results are higher in Set B (78%, 89% 
and 89%) than in Set A (67%, 89% and 67%). The highest results in Set B are 
achieved for the 1.0 (89%, 89% and 89%) and the 2.5 (89%, 67% and 100%) 
depth differences. The lowest results for Set B are found for depth difference 
1.5 with a 11% correct ordering for the In plane placement, depth difference 2.4 
with a correct ordering of 44% for the Near and 56% for the In plane placement 
and finally for depth difference 0.9 (56% for Near placement). 
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Figure 12 Mean correct depth ordering comparing two tiles in Test A.  
 

Analysis 
The aim of this test is to study the depth resolution for a display. This is done 
by designing the test so that the only depth cue available is binocular disparity. 
The results are ordered by difference in depth between the two tiles compared, 
with the difference starting at 0.1 and non-linearly increasing to a depth 
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difference of 2.3 for Set A and 2.5 for Set B. As expected, for most of the 
different set ups, the results get better as the depth difference grows. For Set B 
on the No stereo-display, this relation does not hold with best results achieved 
for depth difference 0.1 and 1.0. This is further discussed in the following 
paragraphs. To be able to make a statement about the resolution of the display, 
a certain level of correct orderings should be required. A value of 50% correct 
orderings suggests a random ordering and a result of 0% to 50% indicates a 
tendency to order the tiles in the opposite order. What value should be used as a 
threshold for accepted depth resolution is a subject for further discussion and no 
such value will be used in this analysis.  
 
For the Autostereoscopic display the depth difference of 0.1 provides results 
that indicate that the difference in depth is not noticeable. For Set A the values 
are close to random or even lower. The next depth resolution value is 0.9 and 
here the results are improved considerably for Set A. For Set B they are 
improved for the two furthest placements but actually degraded for the Near 
placement. For depth differences higher than 0.9 the results are over 80% for 
both sets and all placements except the Near placement of Set B. This specific 
placement and set provides results that deviate from the other test results 
providing correct orderings of about or below 50%. In conclusion it is 
suggested that the autostereoscopic display does not provide enough depth 
resolution for the 0.1 depth difference to be distinguishable. 
 
Generally the best results are achieved with the Red/Blue stereo glasses. These 
provide a correct and exact binocular disparity as opposed to the 
autostereoscopic display that produces a compromised binocular experience due 
to the parallax barrier design. This superior disparity combined with the better 
image quality of the 2D monitor used with the Red/Blue glasses appears to be a 
strong parameter and may explain these results. For Set B the correct orderings 
for the 0.1 depth difference is over 75% for all placements implying a good 
enough resolution for a distinguishable difference. Set A provides slightly 
lower results and for this set the results could not be said to imply a good 
enough resolution for correct depth judgement of depth differences as low as 
0.1. For the rest of the depth differences the Red/Blue stereo provides high 
enough results implying an acceptable resolution. The high results suggest that 
the depth resolution is better for the Red/Blue stereo system than for the 
Autostereoscopic display.  
 
A surprising result is the relatively high percentage of correct orderings for the 
2D monitor with no stereo. With no binocular depth cues available for the 
subject, the results are expected to be completely random. An explanation may 
be found in the learning effect. The tests are carried out on the displays in the 
same order as all other tests: Autostereoscopic, Red/Blue stereo and regular 2D. 
It should be noted that some of the test subjects stated that they used their 
impressions from the earlier displays when doing the tests on the 2D monitor. 
Since the sets have the same layout and ordering for all displays, the influence 
of the learning effect cannot be excluded as an explanation of these results. The 
result for the 1.5 depth difference in the Far placement (Set B) diverge with a 
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value suggesting an opposite ordering preferred between tile two and tile three. 
This result may be explained by the order of the individual tests. This specific 
test is the last test in the test group and the test prior to this test is the Set A in 
plane test. For this test tile number two has the greatest depth value. Some of 
the test subjects express the idea that this tile always has the largest depth value, 
based on their experience from the Autostereoscopic display and the Red/Blue 
stereo system. If this idea is used, this result may be explained by the subjects 
believing that this layout (Set B) is the same as the last layout (Set A). 
 
The improvement of the results as the tiles are moved further into the scene 
suggests a better depth resolution for higher depth values. This relation is most 
prominent for the Autostereoscopic display and corresponds with the expected 
results. For the Red/Blue stereo no such relation is found and for the No-stereo 
tests the results are ambiguous with a higher value of correct orderings for the 
Near placement than for the In plane placement and best results for the Far 
placement. Due to the uncertainty in the results for the No stereo display 
mentioned in the previous section and further discussed in the following, no 
further conclusions are drawn for the No stereo display. As stated before, the 
tiles are designed to show no depth cues except the binocular disparity and 
potential motion parallax provided by the display itself. Due to a faulty design, 
the tiles do, however, exhibit some additional depth cues, like intensity and 
relative size. The effects are not very prominent, but could be used as cues to 
depth on the 2D monitor when binocular disparity is not present as well as on 
the other displays to strengthen the perceived cues.  

Future work 
In this test the step size of the depth differences were non linear and chosen 
arbitrarily. With uniform step size the resolution could be tested more 
accurately and a precise value of the noticeable depth difference could be 
ascertained for the displays. To eliminate the error from additional cues, better 
control over the lighting should be implemented and more precise calculations 
to ensure equivalent sizes for all tiles should be used. A parameter not 
discussed in this analysis is the horizontal and vertical location of the tiles and 
what influence this has on the depth resolution. It could be interesting to 
investigate if the depth resolution is higher in a vertical or in a horizontal 
arrangement. 

5.3.2 Scene influence 
The response time is omitted for this test due to corrupted results. Due to an 
application error the response time was not recorded correctly for this test. The 
deviation is calculated as a percentage of the z-size of the object (lower values 
are better). The results for the left, back and right object can be seen in Figure 
13 to Figure 15. The right object is positioned further into the scene than the 
left object. 
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Results 
For the left object the wide room scene gives the best results for all displays 
(30%, 23% and 23% for Autostereoscopic, Red/Blue stereo and Regular 2D). 
The Red/Blue stereo glasses provide the best results for all room scenes, 
individually (Wide: 23%, Narrow: 34% and None: 48%), and average (35%). 
For all displays the scene with no walls is the hardest to position the left object 
correctly in (79%, 48% and 81%). As can be seen when comparing the results 
for the three objects, the back object is the hardest to position correctly. The 
further into the screen the object is to be placed, the more deviation is achieved. 
For the autostereoscopic display the deviation along the z-axis for the back 
object in the narrow scene is more than four times the z-size of the object 
(450%). For all scenes combined, the autostereoscopic display is the least 
accurate (320%) and the regular 2D monitor the most accurate (270%).  
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Figure 13 Mean deviation from correct position for left object in Test B. (% of object 
width, here 0.7) 
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Figure 14 Mean deviation from correct position for back object in Test B. (% of object 
depth, here 0.4) 
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The wide scene provides the best results for the Red/Blue glasses (33%) and for 
the Regular 2D (29%) in the task to position the right object. As for the left 
object, the no-walls scene provides the largest deviation for all displays (98%, 
54% and 125%). The deviation is greater for the right object than for the left 
object for all displays, though the difference is more evident for the regular 2D 
monitor than for the other two displays. The average for right object is 72% and 
for the left 47%.  
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Figure 15 Mean deviation from correct position for right object in Test B. (% of object 
width, here 0.7) 
 

Analysis 
The wide environment was expected to be problematic and provide more 
inaccurate results than the other scenes on the autostereoscopic display. For the 
right object a small advantage for the Narrow room on the autostereoscopic 
display can be observed, but no conclusions can be drawn from that. The room 
is adjusted to fit in the viewable space of the display, so the presumed problems 
never occur as expected. The wide scene gives the best results for all displays 
for the left object. A noticeable result is the effect the presence of a room scene 
has on the deviation. Both the left and the right object experience considerably 
higher deviation in the absence of a reference structure. Some test subjects 
mentioned this difference as a difficulty experienced in correctly positioning 
the objects without the room scene. This suggests the importance of a structure 
that can be used as a reference in a 3D scene. The effect is considerably less 
prominent on the Red/Blue stereo display, suggesting that the presence of a 
correct and unambiguous binocular disparity reduces the demands on other 
depth cues.  
 
The back object provided the greatest deviation, which could be explained by 
the different task for that object. While the right and left object were to be 
positioned next to their reference objects, the back object was supposed to be 
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suspended “in front” of its reference object, obscuring the object and 
concealing any clues as to how far from the reference the matching object was 
located. The only cue to depth is binocular disparity. However, for a flat 
uniformly colored surface, binocular disparity is a weak cue due to the lack of 
color variation. Some test subjects said that they made use of the occlusion 
effect for the scenes with walls, which would imply a poorer result for the No-
walls scene. But for the back object the Narrow scene provides the worst 
results. All objects were to be positioned further into the scene and screen in the 
Narrow scene which is a possible and probable cause for the greater deviations 
for the back object in the Narrow room and for the right object compared to the 
left object. Another problem is that the OpenGL software degrades the depth 
resolution for higher depth values. That results in a poorer resolution for objects 
further into the scene. Moreover the order in which the tests are carried out may 
have an important influence on the results between the displays since the 
learning effect cannot be excluded. The learning effect could not, however, 
account for the effect of the absence of a reference structure, suggesting the 
importance of this cue. 

Future work 
The aim of this test was to investigate the problems with a scene which has a 
surrounding environment. This has been achieved, but further studies should be 
made regarding the importance of the scene as a reference structure. Another 
approach is the relationship between large depth values and degraded accuracy.  

5.3.3 The effect of occlusion 
In this section results from both Test C and Test D are presented. The depth 
ordering of the tiles in test C can be seen in Figure 16. In Figure 17 the mean 
correct orderings are presented. The compared value is the number of correct 
picks of the specific tile (i.e. tile number three picked as number three) over the 
total number of test sessions.  

Results 
The amount of correct picks in Test C is the same for tile two and three and tile 
five and six respectively. All test subjects correctly judged the relative depth of 
tile one and tile four. The results of the autostereoscopic display are superior 
over the other displays for tile five and tile six with a value of 82% correct 
picks for both tiles. For these tiles the other displays provided results as low as 
22% and 33% for the Red/Blue stereo and the Regular 2D monitor respectively. 
The averaged result from all tiles presented per display can be seen in the last 
stack named Total in Figure 17. The autostereoscopic display provides the best 
results (82%), followed by the Red/Blue stereo (70%) and the Regular 2D 
(63%).  
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Figure 16 Tile ordering in Test C. 
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Figure 17 Mean percent correct picks per tile in Test C.  
 
In Figure 18 mean response times for the individual tiles can be seen. The 
response time was longer for the autostereoscopic display followed by the 
Regular 2D. The Red/Blue stereo gives the shortest response time for all tiles 
except for the first tile where the difference between the displays is less then a 
second. For the last tile the elapsed time is 20.6 sec (autostereoscopic), 14.4 sec 
(Regular 2D) and 13.0 sec (Red/Blue stereo).  
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Figure 18 Mean response times per tile in Test C. 
 
Test D is conducted on the autostereoscopic display only. The results can be 
seen in Figure 19. The mean percent correct for the far placement and the in 
plane placement is 9% and for the near placement 91%. The total response time 
is shortest for the far and the near placements (7.6 sec and 6.9 sec). The total 
response time for the in plane placement is 13.3 seconds. 
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Figure 19 Mean correct orderings (left) and mean response times (right) for Test D. 
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Analysis 
The expected results for the occluded tiles (tiles one and four) are higher rates 
of correct orderings than for tiles for which the occlusion cue cannot be used 
(tiles two, three, five and six). This corresponds to the results obtained, with all 
test subjects correctly ordering tiles one and four. For tiles two and three, the 
Red/Blue stereo display provided results as high as 90% correct ordering, 
suggesting that the use of an unambiguous binocular disparity cue is an 
important cue in the absence of other cues. The tiles are designed and arranged 
to give ambiguous and deceptive depth cues by using relative size and distance 
to the horizon to confuse the test subject. This may contribute to the low 
amount of correct orderings between tile two and three on the 2D monitor. A 
value close to 50% suggests a random ordering while a low value like the value 
for tile five and six on the Red/Blue stereo display suggests a perceived 
opposite order. For these two tiles the binocular disparity is relatively small 
compared to that of tiles two and three since they are located further into the 
scene. As can be seen in Figure 16 they are located closer to each other and can, 
if the test subject moves sideways, experience an occlusion effect on the 
autostereoscopic display due to the motion parallax present on this display. This 
could be one explanation why the results for the autostereoscopic display are 
higher for these tiles than for tiles two and three. For all tiles, the response time 
for the autostereoscopic display is longer than for the other two displays. 
Corresponding results are found in Ware (1996) where it is thought to be an 
effect of the extra information the additional cues contribute to the depth 
perception. This extra information will cause the test subject to spend more 
time to make a correct decision.  
 
The effect of occlusion can be seen in the results from Test D as well. In the Far 
and the In plane placement tests, tile one is obscured by tile two. In the Near 
placement test, tile one appears in front of tile two. Tile two does not 
experience binocular disparity or motion parallax but is still perceived to be 
closer than Tile one by 91% of the test subjects in the Far and In Plane tests. It 
was expected that the Near placement should result in more incorrect orderings 
than the other placements. The results appear to imply the opposite, with almost 
every test subject ordering the tiles correctly in the Near placement test. The 
test did not come out as intended on the autostereoscopic display. The tiles are 
intended to have the same relative ordering and positions independent of the 
placement. The response time results may seem surprising with a response time 
for the In plane placement almost two times that of the other two placements. 
This may be explained by the order in which the tests are carried out. The Far 
placement test is the first that the subjects are exposed to. Based on the author’s 
own impressions during the test sessions, the subjects often made a relatively 
quick judgment due to the apparent simplicity of the task. The next placement 
in the order is the In Plane, which has the same individual arrangement of the 
two tiles. The subjects seemed confused by the similarity of this placement and 
the previous. The impression of the author is that the subjects give the task an 
extra thought to try to find a catch. Some test subjects even expressed confusion 
when this test came up. The last test in the session was the Near placement test. 
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In this test all depth cues are non-conflicting which results in a shorter response 
time. 

5.3.4 Interaction 
The results for the interaction method test can be seen in Figure 20. 

Results 
The response times vary between 36 and 64 seconds for completion of the 
entire task with the Mouse button being the slowest method and the Mouse 
wheel the fastest, though the Spherical keyboard provides better results for the 
first three boxes. For two of the three interaction methods (Keyboard and 
Mouse button), the spherical coordinate system gave shorter completion times. 
The comments from the test session emphasise these results. One subject stated 
that the cursor moves strangely for the Mouse button method, and does not end 
up where you would expect it to. Every subject that expressed a preferred 
method chose the keyboard. Some subjects found the scroll wheel to be slow 
and cumbersome.  

Analysis 
The Mouse wheel and the Keyboard interaction methods gave the best results. 
A feature in the implementation that decouples the cursor from the mouse when 
the keyboard is used, hinders the subject from moving the cursor in the x/y 
plane at the same time as the cursor moves in the z-plane. This feature may 
slow down the interaction since it reduces the number of degrees of freedom 
simultaneously available. The interaction methods are tested in the same order 
for all test subjects (Mouse Wheel Spherical, Mouse Button, Keyboard 
Spherical, Keyboard, Mouse Wheel and Mouse Button spherical). An 
explanation for the poor (nearly twice as slow as the fastest) results for the 
Mouse Button method could be that the method requires some training before it 
becomes efficient. As can be seen in Figure 20 the Mouse Button spherical 
method is comparable with the other methods, which would support this 
explanation. The spherical coordinate system could be the cause for this 
difference but the results from the other four methods do not imply this with 
one method (Keyboard) slower for the spherical parameter and the other 
(Mouse Wheel) faster. Keyboard is preferred by the subjects and gives the best 
results though the mouse wheel was given credit as an idea but was disliked due 
to the slow and cumbersome scrolling. 
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Figure 20 Mean response time for the different interaction methods. 

Future work 
In the expected results the spherical coordinate system was expected to give a 
greater advantage than it did. The resulting response times for the Mouse wheel 
and the Mouse Button methods were expected to be lower than for the 
keyboard. This was not the case, as has been discussed above. More tests 
should be made to establish any conclusions. A separation should be made 
between the requirements for a novice user and for an experienced user. If the 
interaction method is to be used over a long time, different requirements are of 
interest than if it is used by novice users for which the method should be 
intuitive and simple to learn rather than efficient. Moreover a further study 
should be conducted with adjusted parameters for the different methods. As an 
example, a combination between the mouse wheel and the mouse button 
approach could be of interest to investigate.  
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5.4 Sources of error 

A number of sources of error can be noted for the evaluation. First of all the 
number of subjects for the evaluation in this work is too low for any statistically 
sound conclusions. Due to the limited resources for and scope of this work the 
number of subjects is relatively low and the subjects do not consist of a 
representative spread of ages and experience but consist primarily of friends 
and colleagues. The results from the tests do not indicate any superiority for the 
autostereoscopic display, which was expected. Some of the subjects expressed 
that they experienced poor image quality for the Setred system. The better 
sharpness and contrast of the 2D monitor used with the Red/Blue stereo glasses 
was referred to by some of the test subjects as contributing to the better result. 
This poor quality may have been an effect of incorrectly adjusted hardware. 
During the transport internal hardware, like mirrors, might have been displaced 
and were not corrected before the tests were carried out. Following this though, 
a reasonable question is what in the results are the effects of underdeveloped 
technique and what are actual results that reveals valid relationships.  

5.5 Conclusions 

In this chapter the tests and the results were presented. A small library has been 
developed by the author to aid the test implementation. The library features 
checkboxes, graphical 3D cursors, interaction, buttons and sliders. It has been 
developed using an Immediate Mode GUI approach. Five tests have been 
developed in the following spheres: user interaction in three dimensions, depth 
resolution on an autostereoscopic display, influence of scene type and finally 
two tests that consider occlusion. The tests are carried out on three display 
systems: the Setred autostereoscopic display, a 2D monitor with passive stereo 
glasses and the 2D monitor with no additional equipment. In the depth 
resolution test the subject is presented with four tiles of what is seen as equal 
size but located at different depths. The task is to pick the tiles in perceived 
depth order, front to back. This test is intended to give an appreciation of how 
small a difference in depth is noticeable in the display. This test has been 
carried out on all three displays, and the difference in depth between the 
different tiles varies from 0.1 to 2.5. The depth difference of 0.1 was only 
distinguished in the 2D monitor with stereo glasses test suggesting the best 
depth resolution for this display. The results indicate a higher depth resolution 
in the back part of the autostereoscopic display than in the front of this display. 
In this test, the depth values varied arbitrarily and to be able to find a value for 
the depth resolution a uniform step size should be used, with additional tests in 
the range 0.1 to 1.0.  
 
In the scene influence test, the task is to position three objects in specific places 
on the walls of a room. Three different scenes are tested: a narrow room, a wide 
room and a scene with no room. On the autostereoscopic display the presence 
of the reference structure gives better results for the positioning task with more 
accurate placements. For the stereo glasses test, this result is less prominent. 
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Two different tests are carried out to evaluate occlusion. The task in the first 
one resembles the task in the depth resolution test. A number of tiles are to be 
ordered in increasing depth. Some of the tiles occlude each other. In this test the 
results indicates a superior effect from the autostereoscopic display. Due to the 
motion parallax provided by this display, some of the non-overlapping tiles 
occlude each other when the subject moves parallel to the screen. This is 
suggested as an explanation for the high results for the autostereoscopic 
display. In the second occlusion test only two tiles are displayed, with one tile 
being projected with parallel projection and hence not experiencing any 
binocular disparity. On the autostereoscopic display this will result in this tile 
occluding the other tile even though it placed further back than the occluded 
tile. A high rate of incorrect results suggests that that the subjects experience 
the occluding tile as located in front of the occluded tile. Both this tests indicate 
the strength of occlusion as a depth cue.  
 
The task in the interaction test is to check a number of check boxes. This 
requires movement in three dimensions and the test evaluates six different 
methods to do this. Three different interaction methods (right mouse button, 
mouse wheel and keyboard) are combined with two different coordinate 
systems (spherical and non spherical). The mouse wheel and the keyboard gave 
the best results. Some of the test subjects expressed a positive attitude towards 
the mouse wheel interaction method but considered it to be too slow in the 
current implementation. All the subjects who expressed a preferred method 
chose the keyboard. In a future evaluation of interaction methods, a more 
extensive collection of the subjects’ impressions and thoughts should be 
considered. 
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6 Conclusion 

In this last chapter the aim is revisited and answers to the questions are sought. 
The aim of this work is to provide answers to the following questions: What are 
perceptual depth cues and which are important to evaluate in a test comparing 
different 3D displays? The theory about perceptual depth cues provides 
knowledge of how humans perceive depth from a two dimensional image 
formed on the retina. A number of depth cues exist and in this work they are 
organized in two groups: physiological and psychological cues. The 
physiological cues are considered primary and override the psychological if 
they provide ambiguous information. Conclusions drawn from the research 
presented in this work suggest that the physiological cues like binocular 
disparity and motion parallax should be most efficient for evaluation of 
different 3D displays. These displays implement these cues in different levels 
and with varying quality.  
 
How does an autostereoscopic display work and how do the depth cues interact 
with the stereoscopic technique? A stereoscopic display lets the user see 
different perspectives of the scene with each eye. For an autostereoscopic 
display, this is done by sending out light in different directions from each point, 
so that different light reaches each eye. Four different types of autostereoscopic 
techniques are presented in the work: lenticular displays that use lenses to bend 
the light, time multiplexed systems that distribute the image data in time instead 
of space, multiple projector systems, and finally the parallax barrier system that 
uses a barrier consisting of narrow slits that lets the user see different parts of 
the display with each eye. The Setred system uses a high-speed projector and a 
diffuser as an image source. A shutter synchronized with the projector provides 
the parallax barrier effect by scanning the display that displays the correct 
image on the diffuser. A number of different approaches to the interaction of 
depth cues are noted. The intuitive approach “the more depth cues available the 
better depth perception” proves not to be completely reliable. Some results 
from previous research indicate that the depth perception does not improve with 
additional depth cues but actually degrades. In a specific test, shadows were 
combined with stereoscopic viewing and the results confirmed this degradation 
of depth perception as the additional depth cue was added. In some research the 
importance of occlusion has been investigated and this is a subject for the 
evaluation in this work as well. Based on the results from this work, occlusion 
is suggested to override binocular disparity when providing ambiguous 
information and to be a stronger depth cue for certain tasks. This would imply 
the importance of correct depth ordering. No other important effect has been 
noted for interaction of binocular disparity with other depth cue, other than the 
ones noted here. 
 
What parameters are important when designing this type of test environment? 
For this last part of the aim, results from the evaluation in chapter five are used 
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in combination with the findings in chapter four. Tracking 3D paths is 
suggested as a suitable task for evaluating 3D displays. Three types of 
parameters are suggested: the response time, the rate of correct answers and the 
accuracy of a performed task. In some of the evaluations the response time is 
longer for tests with better accuracy results, possibly an effect of more 
information interpretable in these tests. For the error rate parameter, three 
different types of methods to interpret the results are discussed. The one used in 
this work is based on pair-wise comparison of the ordering of a number of 
objects. The accuracy parameter may be based on deviation from a reference 
value. It is suggested that a good display is able to convey information without 
ambiguities and this lets the user perceive the information quickly and 
efficiently. These parameters are used in the evaluation presented in chapter 
five. In a depth resolution test the subject is presented with four tiles of what is 
seen as equal size but located at different depths. The task is to pick the tiles in 
depth order, front to back. This test is intended to give an appreciation of how 
small a difference in depth can be detected in the display. For this test the error 
rate is measured and valuable results have been achieved. In the scene influence 
test, the task is to position three objects in specific places on the walls of a 
room. For this test the accuracy is measured and used as the dependent variable. 
Two different tests are carried out to evaluate occlusion. The task in both tests 
resembles the task in the depth resolution test. A number of tiles are to be 
ordered in increasing depth and the error rate of the ordering is used as the 
dependent variable in this test as well. The task in the interaction test is to 
check a number of check boxes. This requires movement in three dimensions 
and the test evaluates six different methods to do this. In this test the response 
time is used as a dependent variable.  
 
The parameters accuracy, response time and error rate are used in different tests 
in this work. Returning to the tasks discussed in chapter two, all tests use the 
task of estimating relative positions. How the different parameters suit the 
different tasks and tests have been discussed. The results from the evaluation 
are analyzed and some thoughts on continued development have been 
presented.  
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Appendix A Test specifications 

Here is the specification of the test sessions. The sessions were carried out in 
the order: Autostereoscopic, Red/Blue stereo and finally No stereo (Regular 2D 
monitor). 
 
Autostereoscopic display test session 
Test Number Test  Test type Dependent variable 

1 Mouse wheel Spherical E Response time 
2 Mouse button E Response time 
3 Keyboard Spherical E Response time 
4 Keyboard E Response time 
5 Mouse wheel E Response time 
6 Mouse button Spherical E Response time 
7 Depth resolution set A0 A Error rate 
8 Stereo/occlusion Behind D Error rate 
9 Scene (wide 1) B Accuracy 
10 Depth resolution set B- A Error rate 
11 Occlusion C Error rate 
12 Depth resolution set B+ A Error rate 
13 Scene (narrow 2) B Accuracy 
14 Depth resolution set A- A Error rate 
15 Scene (none 0) B Accuracy 
16 Depth resolution set A+ A Error rate 
17 Stereo/occlusion in plane D Error rate 
18 Depth resolution set B0 A Error rate 
19 Stereo/occlusion in front D Error rate 

 
 
Red/Blue stereo and No stereo test sessions 
Test Number Test  Test type Test Setup 

7 Depth resolution set A0 A Error rate 
9 Scene (wide 1) B Accuracy 
10 Depth resolution set B- A Error rate 
11 Occlusion C Error rate 
12 Depth resolution set B+ A Error rate 
13 Scene (narrow 2) B Accuracy 
14 Depth resolution set A- A Error rate 
15 Scene (none 0) B Accuracy 
16 Depth resolution set A+ A Error rate 
18 Depth resolution set B0 A Error rate 

  


