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Abstract
Stereopsis is one mechanism of visual depth perception, which gains 3D information from the displaced images of both eyes. Depth is encoded by disparity, the
offset between the corresponding projections of one point in both retinas. Players in
ball sports, who are adapted to highly competitive environments, can be assumed to
develop improved performances in stereopsis, as they are required and thus trained
constantly to rapidly and accurately estimate the distance of the ball. However, literature provides controversial results on the impact of stereopsis on sports such as
baseball or soccer. The standard method to quantify stereopsis is to evaluate near
static stereo acuity only, which denotes a subject’s minimum perceivable disparity
from a near distance with stationary visual targets. These standard methods fail to
reveal potential contributions of further components of stereopsis such as recognition
speed, distance stereo acuity, and dynamic stereopsis, which were identified by literature to be important to describe the performance of stereopsis in sports. Therefore,
this thesis contributes to the literature by introducing the Stereo Vision Performance
(StereoViPer) test, which combines distance stereo acuity and response time analyses
for static and dynamic stereopsis by using 3D stereo displays.
The first purpose was to provide a proof of concept for the static test. Experiments analyzed the response time measurements, compared the test with traditional
methods and evaluated the ability of the test to discriminate between clear and known
differences in stereopsis performance, i.e. normal and defective stereopsis. The second
purpose was to provide investigations of stereopsis in highly competitive ball sports.
Therefore, the test was extended by a dynamic part and a gesture driven input interface to support the connection between visual perception and motor reaction. The
method was used to evaluate stereopsis in soccer by comparing professional, amateur,
and inexperienced subjects. This thesis contributes to the evaluation of stereopsis
in soccer by speed measurements and dynamic stimuli. The third purpose was to
evaluate the influence of the used 3D stereo displays on the conducted stereopsis
measurements. As 3D displays provide unnatural viewing conditions, a zone of comfortable viewing has been introduced in literature that should avoid discomfort during
the consumption of simulated 3D content. This thesis contributes by investigating
whether the zone is sufficient to obtain natural stereopsis performance results and
which further limitations due to artificial 3D content might apply.
As the method could successfully discriminate between normal and defective stereopsis and produced results, which were in agreement with the literature, the proof
of concept could be shown. However, soccer players did not show superior stereopsis
performance compared to inexperienced subjects, although they demonstrated significantly (p ≤ 0.01) lower monocular choice reaction times. The zone of comfortable
viewing did not preserve natural stereopsis performance. Therefore, disparities need
to be selected as low as possible for stereopsis performance measurements.
In conclusion, the StereoViPer test produced results that are in agreement with
the literature and extended the evaluation of stereopsis by static and dynamic stereo
acuity measurements in combination with response time analyses. The test provides
a finer discrimination of stereopsis performance than traditional methods. This thesis
contributed to the investigation of stereopsis in competitive sports by introducing an
extensive testing battery, which meets the requirements of suggestions in literature.

Kurzfassung
Stereopsis ist eine Art der visuelle Tiefenwahrnehmung, die 3D Information aus
der Bildverschiebung der beiden Augen gewinnt. Tiefe wird dabei durch Disparität kodiert, dem Versatz der Projektionen eines Punktes auf beide Retinas. Es
kann angenommen werden, dass Hochleistungssportler in Ballsportarten über eine
erhöhte Leistung von Stereopsis verfügen, da sie gezwungen und gewohnt sind, andauernd schnell und genau die Entfernung zum Ball zu schätzen. Trotzdem beinhaltet
die Literatur kontroverse Ergebnisse zum Einfluss von Stereopsis auf Sportarten wie
Baseball oder Fußball. Standardmäßig wird Stereopsis durch statische Nah-StereoAcuity quantifiziert, der minimalen wahrnehmbaren Disparität bei stationären Objekten in naher Entfernung. Diese Standardmethoden schaffen es nicht, mögliche
Beiträge zusätzlicher Komponenten aufzudecken, wie Wahrnehmungsgeschwindigkeit,
Distanz-Stereo-Acuity und dynamische Stereopsis, die in der Literatur als wichtig
für die Leistung von Stereopsis im Sportumfeld erachtet werden. Darum erweitert
diese Arbeit die Literatur um den Stereo Vision Performance (StereoViPer) Test, der
Distanz-Stereo-Acuity- und Geschwindigkeitsmessungen für statische und dynamische Stereopsis auf einem 3D-Bildschirm kombiniert.
Der erste Zweck dieser Arbeit ist der Nachweis der grundlegenden Funktionsfähigkeit des statischen Tests. Die Geschwindigkeitsmessungen wurden analysiert, der
Test mit traditionellen Methoden verglichen und die Fähigkeit des Tests untersucht,
deutliche Leistungsunterschiede von Stereopsis zu erkennen, wie sie bei gesunder und
fehlerhafter Stereopsis angenommen werden können. Der zweite Zweck war die Untersuchung von Stereopsis im Hochleistungsballsport. Darum wurde der Test um einen
dynamischen Teil erweitert sowie einer Gestensteuerung, die die Verbindung zwischen visueller Wahrnehmung und der Motorik bei Hochleistungssportlern begünstigen sollte. Stereopsis von Amateur- und Profi-Fußballspieler wurde mit der von unerfahrenen Probanden verglichen, wodurch die Evaluierung von Stereopsis im Fußball
um Messungen von Geschwindigkeit und dynamischer Stereopsis erweitert wurde.
Der dritte Zweck war die Untersuchung des Einflusses von 3D-Bildschirmen auf die
Stereopsis-Messungen, der als unnatürlich anzunehmen ist. Die Literatur empfiehlt
eine Zone, in deren Grenzen keine unangenehmen Wahrnehmungen auftreten sollen.
Diese Arbeit untersucht, ob diese Zone für die Messung von natürlicher Stereopsis
ausreicht und welche weiteren Einschränkungen sich ergeben könnten.
Da die Methode erfolgreich normales von fehlerhaftem Stereosehen trennen konnte
und die Ergebnisse im Einklang mit der Literatur sind, konnte die Methode grundlegend validiert werden. Es konnte zwar kein verbessertes Stereosehen von Fußballspielern beobachtet werden. Dafür zeigen diese signifikant (p ≤ 0.01) schnellere
Reaktionszeiten für monokulare Entscheidungen. Die untersuchte Zone für künstliche
3D-Inhalten konnte nicht als ausreichend für natürliche Stereosehleistungen bestätigt
werden. Deshalb sollten Disparitäten immer so klein wie möglich gewählt werden.
Zusammenfassend produziert der StereoViPer Test Ergebnisse, die im Einklang
mit der Literatur stehen und die Untersuchung von Stereosehen um statische als auch
dynamische Messungen von Stereo Acuity und Wahrnehmungsgeschwindigkeit erweitern. Er ergänzt die Untersuchung von Stereosehleistung im Hochleistungssport um
eine umfangreiche Testbatterie und ermöglicht eine feinere Messung als traditionelle
Methoden.
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Chapter 1
Introduction
Visual depth perception is essential in our daily lives. As it allows the estimation
of distances, it is important for our orientation as well as for our ability to move
and interact with our environment. One reason is the prediction of collisions and the
support for estimating trajectories or movement patterns. Especially fine motor skills
like catching benefit from these mechanisms. Therefore, visual depth perception is
assumed to be important for high performance in many competitive sports. Interactions with objects, such as a ball, under time pressure and external stress require high
precision and low processing times for depth estimation. In this thesis, stereopsis as
one component of visual depth perception is investigated in detail from a performance
perspective in medical and non-medical environments and with relation to a sports
application.
Although recently a first assumption has been made that stereopsis might be
a generic perceptual attribute [Vish 14], this thesis uses the traditional and widely
accepted hypothesis that stereopsis is one of several depth cues such as occlusion,
relative size, height in the visual field, aerial perspective, motion perspective, and
vergence and accommodation [Cutt 95]. Stereopsis describes the ability to estimate
depth by the displaced images of our both eyes. It is one of the fastest depth cues
and can be simulated by suitable display techniques. This privileges stereopsis for
research as it can be evaluated precisely by using virtual stimuli.
The impact of stereopsis on several tasks such as daily activities or sports has
been investigated in the literature. However, stereopsis is usually quantified by basic
optometric measurements. This usually does not enable to describe stereopsis from a
performance perspective. Especially in competitive sports it is required to compare
stereopsis between subjects in terms of performance. The assumption is that higher
performance in sports requires a higher performance of perception.
Therefore, this thesis introduces a new method for the assessment of stereopsis
performance, the Stereo Vision Performance (StereoViPer) test. This thesis defines
the required components such as depth precision and recognition speed and describes
how they can be analyzed. The StereoViPer test is developed and verified within
medical and non-medical environments in comparison with standard methods and
presented within a sports related context to provide techniques for an extensive evaluation of stereopsis performance using virtual stimuli. As 3D displaying techniques,
which are essential for the simulation of virtual 3D content, introduce a potentially
1
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unnatural perception of depth their impact on the measurement of stereopsis performance is analyzed and discussed.
This thesis provides new contributions to the measurement of stereopsis performance regarding basic evaluation theory, application in sports, and impact of artificial
3D content.

Chapter 2
Related work
This chapter provides theoretical background and related work for this thesis. Section
2.1 describes the basic mechanisms of stereopsis, stereopsis performance and how
both can be measured. Section 2.2 gives an overview about stereopsis evaluation
in sports and attempts of revealing stereopsis differences between experienced and
less experienced subjects. Section 2.3 explains the potentially unnatural impact of
techniques for the simulation of virtual 3D content on stereopsis and presents methods
how to measure it.

2.1

Stereopsis performance

This section gives an introduction into stereopsis and its underlying mechanisms.
Section 2.1.1 provides an overview about the basic mechanisms of stereopsis to gain
depth information. Section 2.1.2 describes how the principles of stereopsis can be
used to simulate depth information. Section 2.1.3 defines stereopsis and related components from a performance perspective. Section 2.1.4 gives an overview how the
components defined for stereopsis performance can be assessed.

2.1.1

Stereopsis

This section is based on [Howa 12b] unless stated otherwise.
Stereopsis is the ability of perceiving depth using the displaced retinal images
acquired by both eyes. Objects are projected onto each eye’s retina. The displacement
of the two projections is called binocular disparity. In stereopsis binocular disparity
is the only depth cue.
There exist corresponding points on both retinas. A point in the observer space
projected on corresponding retinal points is projected with zero disparity and can
be fused by the brain to a single image. As a precondition for depth estimation via
stereopsis, the eyes need to be aligned properly. The mechanism to rotate the eye balls
around the vertical axis to project points onto corresponding retinal points is called
vergence. Rotations of the eye balls towards the midplane between both eyes is called
convergence. Rotations of the eye balls away from the midplane between both eyes
is called divergence. The mechanism is depicted in Figure 2.1. Although vergence is
required for depth estimations via stereopsis, it represents an additional depth cue in
3
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Figure 2.1: The vergence mechanism rotates the eyes around the vertical axis to
project a point in space onto corresponding retinal points. The initial position is
denoted with the angle θ0 (left). For closer points (θ1 > θ0 ) the eyes have to converge
(middle). For points farther (θ2 < θ0 ) away the eyes have to diverge (right).

combination with accommodation, which will be explained in more details in Section
2.3.1.
The locus in space of all the points that are projected onto corresponding points in
both retinas according to the current vergence state is called the horopter. See Figure
2.2 for an illustration. The horopter is formed by the horizontal and the vertical
horopter. If a point is fixated by our both eyes it is projected on the fovea, the point
of sharpest vision, in both retinas. In the observer space this fixation point is located
on a curve, the horizontal horopter. Assuming identical angles between the visual
axes and corresponding points in both retinas the theoretical horizontal horopter is
forming a circle through the fixation point and the eyes’ nodal points, called the
Vieth-Müller circle. It is depicted in Figure 2.3a. The theoretical vertical horopter is
a line intersecting the Vieth-Müller circle at the middle of and perpendicular to the
interocular axis. It is depicted in Figure 2.3b.
Points not on the horizontal or vertical horopter but in the field of view of both
eyes are projected with disparity. The subset of these points located closer than the
horizontal horopter result in convergent disparity, as the eyes would have to converge
for a zero disparity projection. Additionally, points with convergence disparity and
located between the viewing rays of the fixation point result in crossed disparity,
as the corresponding eye perceives them at the opposite side of the fixation point
compared to their relative 3D positions. Consequently, points located farther away
from the horizontal horopter result in divergent disparity. Points with divergent

5
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Figure 2.2: Principle of the horopter. The eyes fixate the black point in the middle
to project it on the fovea, the point of sharpest vision, in both retinas and thus
corresponding retinal locations. Assuming the eyes are identical spheres with ideal
geometric conditions, the two additional points are projected on corresponding retinal
locations by geometrical definition. Those points are located on the horopter. The red
point is outside the horopter and projected on non-corresponding retinal locations.
Figure according to [Howa 12b].

(a)

(b)

Figure 2.3: The theoretical horizontal horopter represented by the Vieth-Müller circle
that is spanned by the fixation point and the eyes’ nodal points (a), and the theoretical
vertical horopter (b). All points on the Vieth-Müller circle share the same viewing
angle θ. Figures according to [Howa 12b].

6

Chapter 2. Related work

Figure 2.4: Different types of disparity. The fixation point is located on the VeithMüller circle. Points inside the Veith-Müller circle have convergent disparity. Points
with convergent disparity inside the viewing rays of the fixation point have crossed
disparity. Points outside the Veith-Müller circle have divergent disparity. Points
with divergent disparity inside the viewing rays of the fixation point have uncrossed
disparity. Figure according to [Howa 12b].
disparity located between the viewing rays of the fixation point are projected with
uncrossed disparity. This principle is depicted in Figure 2.4.
As natural conditions differ from the ideal assumptions, the horopter has to be
determined empirically and shows deformations from a theoretical one. The empirical
horizontal horopter’s curve radius is dependent on the distance between the eyes
and the fixation point. For the so-called abathic distance the horizontal horopter
has approximately the shape of a straight line. For larger distances it is shaped
hyperbolic and convex to the observer. For lower distances it shows an elliptic shape.
The deviation from the Vieth-Müller circle is called Hering-Hillebrandt deviation.
The empirical vertical horopter is inclined away from the observer due to a shear of
the corresponding points in the retina, called the Helmholtz shear. A small area is
enclosing the empirical horizontal and vertical horopter, called Panum’s fusional area,
in which points are not projected onto corresponding points in the retinas but still are
perceived as single despite their small disparities. See Figure 2.5 for an illustration
of both effects. Diplopia arises for points outside Panum’s area.
The brain fuses the retinal images of both eyes by mapping the image of one eye
into the image of the other eye, the dominant eye. The brain tends to prefer information gathered by the dominant eye. The majority of people is right-eye dominant.
One test for eye dominance is the hole-in-the-card test [Chen 04]. An observer focuses

7
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(a)

(b)

Figure 2.5: Empirical horizontal horopter and Panum’s area. (a) The empirical
horizontal horopter deviates from the Veith-Müller circle dependent on the distance
to the fixation point to an elliptic shape, a line, or a hyperbolic shape convex to the
observer. Exemplary empirical horopters are illustrated with solid lines. (b) The
small area around the horizontal and vertical horopter where no diplopia arises is
called Panum’s area, as depicted here for the horizontal horopter. Figures according
to [Howa 12b] and [Mare 02].
an object in the distance with both eyes through a small hole in a piece of paper held
in both hands with stretched arms. The observer is told to pull the piece of paper
towards his or her face while still focusing the object with both eyes through the hole.
The observer will intuitively move the hole to his or her dominant eye.
Pathological conditions, which do not allow the eyes to fixate the same point
at the same time, are summarized by the term ’strabismus’. Strabismus is usually
invoked by insufficient coordination between the extraocular muscles.

2.1.2

Simulation of depth via stereopsis

Stereopsis can be stimulated without the presence of real depth. The basic principle
is to provide an eye separation for the image source so that each eye receives its own
image. This allows the application of artificial disparity as depth cue. Unnatural
influences and effects of such artificial depth are discussed in Section 2.3. There exist
several techniques also used by stereoscopic 3D displays [Past 97, Benz 07, Urey 11]
to simulate depth using artificial disparity:
1. Color-multiplexed approaches provide eye separation by using color filters on
eyewear. Anaglyph 3D images show the image for one eye in red and the image for the other eye in green or cyan. Color information is lost. It is the
simplest technique with the lowest quality. An example is depicted in Figure
2.6. A high quality color-multiplexed approach is provided by Infitec (Infitec
GmbH, Ulm, Germany). The technique is currently available for projectors

8
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Figure 2.6: Color-multiplexed stereogram. Artificial disparity is gained by eye separation. Red color represents the image for the left eye, cyan color the image for the
right eye. Consequently, red-cyan 3D glasses are required for this 3D image. The
texture of the frame supports the 3D impression, as it introduces a zero disparity as
a comparison depth level on the screen or page plane. A higher viewing distance and
some observation time might be needed for a better impression of the 3D image.

2.1. Stereopsis performance

9

only. Narrowband interference filters are attached to two projectors. The narrow transmission bands of each filter is located within the spectral response of
the red, green, and blue receptors of the eyes. Thus, full color information is
provided.
2. Polarization-multiplexed approaches provide eye separation by using linear or
circular polarization filters for the image and on the eyewear. Displays using
this technique usually provide each second image row for one eye. This results
in half of the available resolution in the vertical direction. Brightness is lost
due to the filters. The required eyewear is cheap and lightweight. If projectors
are used, the material of the projection screen has to maintain the state of
polarization of light. Therefore, silver lenticular screens are widely used.
3. Time-multiplexed approaches provide eye separation by using time triggered
images for each eye and synchronized eyewear. The technique is only feasible
for displays and projectors as the image is required to change in time. Images
are usually presented alternately for each eye with 120 Hz. The observer wears
shutter glasses synchronized with the used display. Shutter glasses are heavier
than e.g. polarized spectacles.
4. Head-mounted displays (HMDs) such as Oculus Rift (Oculus VR, Inc., Irvine,
California, USA) provide eye separation by using an own display for each eye
directly attached to the head. They are often used in Virtual and Augmented
Reality. They provide immersive 3D impressions, as there are no obstacles or
other visual distractions between the screens and the eyes. However, they are
heavier than e.g. polarized spectacles and usually of lower resolution than e.g.
displays using shutter technique.
5. Autostereoscopic displays provide eye separation by using different components
for light path control to produce exit pupils on the screen. This produces light
paths of different pixels with different directions such that light of pixels for
the left eye is directed to the left eye and light of pixels for the right eye to
the right eye. Precondition is the assumption that the approximate position
of the head is known. There exist systems with single- and multi-views with
fixed viewing zones and systems with head or eye trackers to allow dynamic
viewing zones for one or more observers. Additionally, there are super-multiview systems that provide a high amount of views to enable various viewing
zones. Autostereoscopic displays do not require any eyewear.

2.1.3

Definition of stereopsis performance

In this thesis stereopsis performance is characterized by three components under the
assumption that binocular disparity is the only depth cue [Jule 64, Sala 05]:
1. Stereo acuity is defined by the minimal horizontal disparity, further just denoted
as disparity, at which a subject is still able to perceive depth differences. Disparity is quantified by the difference of the two angles enclosing the eyes and
two points differing in depth respectively. See Figure 2.7 for an illustration.
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The difference is given in seconds of arc (arcsecs). A geometrical calculation
is achieved as follows [Corm 85, Howa 12b]. Let F be the fixation point which
the eyes are converged on, and let θF be the angle at F that is spanned by the
eyes. Let P be a point farther away than F, and let θP be the angle at P that
is spanned by the eyes. Then, the disparity φ is defined as
φ = θF − θP

(2.1)

If the fixation point F is not located in the midplane between the eyes, as
depicted in Figure 2.7a, the angle θF is dependent on the interpupillary distance
a, the observer distance D between the eyes and F, and the horizontal distance
e1 between F and the midplane between the eyes. It is computed as

a

a
+ e1
− e1
2
2
θF = arctan
+ arctan
(2.2)
D
D
If the second point P is not located in the midplane between the eyes, as
depicted in Figure 2.7a, the angle θP is dependent on the interpupillary distance
a, the observer distance D between the eyes and F, the distance ∆d between
F and P, and the horizontal distance e2 between P and the midplane between
the eyes.

 a

 a
+ e2
− e2
2
2
+ arctan
(2.3)
θP = arctan
D + ∆d
D + ∆d
If both points are located in the midplane between the eyes, as depicted in
Figure 2.7b, the formulas are simplified to
 a 
(2.4)
θF = 2 · arctan
2D


a
θP = 2 · arctan
(2.5)
2 (D + ∆d)
As disparity is given in arcsecs and the resulting angles are obtained in radians,
each has to be multiplied with the factor 3600·180
.
π
The viewing distance determines whether measurements relate to near or distance stereo acuity. Near stereo acuity is usually based on a viewing distance
of less than 50 cm, while distance stereo acuity is usually assessed at a distance
of several metres.
2. Speed is characterized by the time it takes for a subject to perceive depth when
being confronted with a stereoscopic stimulus. This represents the time that
it takes for a subject to detect the difference in depth of one object to another one. Although subjects are able to detect forms in a random-dot stereogram, a type of stereogram which is explained in the next section, within
one millisecond [Utta 94], stereo acuity is dependent on the exposure duration
of the stimulus. The stereo acuity diminishes with decreasing stimulus duration [Ogle 58, Tyle 91]. In this context also stereo latency has to be mentioned.
Stereo latency is the minimum time, which a subject requires to see again with
functioning stereopsis, after one of his or her eyes was covered [Lars 92a].
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(a)

(b)

Figure 2.7: Quantification of disparity. Disparity is the difference θF − θP of the
viewing angles of the fixation point F and a second point P. The result is given in
seconds of arc. It is dependent on the interpupillary distance a, the viewing distance
to the fixation point D, and the relative distance between the fixation point and the
second point ∆d. As the viewing angles are calculated by using the interpupillary
distance a, the viewing distance D must not be measured from the retina but from
the pupil. (a) If the points are not located in the midplane between the eyes, θF is
also dependent on the horizontal distance e1 between F and the midplane between
the eyes, and θP is also dependent on the horizontal distance e2 between P and the
midplane between the eyes. (b) If both points are located in the midplane between
the eyes, the formulas are simplified. Figures according to [Howa 12b].
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3. Robustness describes the variation of results when assessing the two properties
of stereopsis performance mentioned above. The variation is dependent on
internal and external stress factors. External factors are connected to the test
environment, e.g. variations of the contrast in the test stimulus, while internal
factors are directly connected to the subject, e.g. oculomotor dysfunctions.
High robustness means low variations when assessing stereopsis performance
multiple times.

A fourth component is the strength of percept which is defined by the sensation of
depth [Sala 05]. This component is not considered in this thesis, as it was not assumed
to have a high impact on the purpose of this thesis. It describes how distinct the
sensation of the stimulus is recognized to perceive depth by disparity. The better
the strength of percept is the better the depth impression. It was also referred to
as the solidity that described how solid a surface could be observed in random-dot
stereograms [Nels 75]. Random-dot stereograms are described in the next section.
Stereopsis performance can be static or dynamic based on the stimuli used for
assessment [Zinn 85, Wata 08]. If the stimulus is not moving, static stereopsis is
assessed. Dynamic stereopsis is assessed, if the stimulus is moving.

2.1.4

Assessment of stereopsis performance

In clinical environments, usually stereo acuity is measured only. There exist a variety
of commercially available tests that have to be selected carefully according to the
required task and the subject’s age [Fric 97]. They can be divided into three groups
depending on their type of stimulus [Howa 12b]:
1. Random-dot stereogram based tests do not provide monocular structures. Basically, they are created by providing the same randomly distributed dots separately for the left and the right eye. Specific points in one eye’s image are
shifted by a certain disparity. The created stimulus is presented to the subject.
The brain is able to fuse corresponding points allowing the appearance of structures when viewed binocularly. The principle was first developed in [Jule 60].
Subjects are usually required to detect the hidden structures in the images to
verify that they are able to perceive the shown disparity. See Figure 2.8 for a
basic example.
The TNO test (Alfred Poll Inc., New York, New York, USA) [Walr 75] hides
circles with one opening in random-dot stereograms. The subject has to detect
the direction of the opening. Eye separation is achieved by red-green glasses.
The Random-Dot E stereo test (Stereo Optical Co., Chicago, Illinois, USA)
[Rein 74] hides the letter E within a random-dot stereogram. Subjects have
to report the orientation of the letter or select between a card where the E is
presented and a card where no structure is shown. Eye separation is achieved
by polarized spectacles.
The Lang and the Lang II stereo tests (Forch, Switzerland) [Lang 83] hide different structures in a random-dot stereogram. It was developed to screen for
stereopsis of children. Children have to report the structures they can see. For
this test, no eyewear is required.
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A special type of random-dot stereograms are dynamic random dots. Here, the
dots of the stereogram vary over time. The principle, however, remains the
same.
2. Tests using real depth show targets with real distances differing relatively to each
other instead of stereograms. The most prominent ones are Howard-Dolman
based tests [Howa 19]. They show a set of vertical rods at different distances.
In the standard test the subject has to pull one of two rods via a string until
they seem to be on the same depth plane. In a recent study it was shown that a
Howard-Dolman based three-rods test gave consistent results with other stereo
acuity tests such as the TNO test [Mats 14].
Further tests utilizing real depth are the Verhoeff Stereopter (The American Optical Co., Scientific Instrument Division, Buffalo, New York, USA) [Verh 42] and
the Frisby test (Clement-Clark, Ltd., Airmed House, Essex, UK) [Howa 12b].
The latter one presents four targets with real depth inside an acrylic glass pane
and the subject has to select the target, which appears to stand out compared
to the others. See Figure 2.9 for a schematic representation.
3. Tests using stereograms with monocularly recognizable contours show usual images in which disparities are added such as shown in Figure 2.6. One of the
most popular ones is the Titmus test (Stereo Optical Co., Chicago, Illinois)
[Howa 12b]. It shows the stereo fly whose wings seem to reach out of the image.
Further, it shows rows of four rings with only one ring having disparity (Circle
test) as well as rows of animals using the same principle. See Figure 2.10 for a
schematic representation.
Another test is the computer-based Freiburg Stereoacuity Test [Bach 01]. It
shows a vertical line with disparity at random horizontal positions in a randomdot background.
The tests listed above represent near stereo acuity tests and are usually used in
clinical environments as standard optometric stereo tests, while distance stereo acuity is often neglected. Distance stereo acuity tests are usually based on the stimuli
listed above and enable comparable angular disparities at higher viewing distances.
A widely used distance stereo acuity test is the Frisby Davis distance stereo test
(Stereotest Ltd, Fulwood, Sheffield, UK), which is based on the Frisby test for near
distances. Although some studies could not reveal differences in stereo acuity at least
for healthy subjects [Wong 02], other studies concluded that near distances might
not be sufficient for the general assessment of stereopsis [Brad 06]. Thereby, distance
stereo acuity has been identified to be of clinical interest for the analysis of intermittent exotropia, a form of strabismus, in which one or both eyes deviate outwards
not the whole time. Subjects with intermittent exotropia were compared to a control
group of healthy subjects [Stat 93]. Both groups had good near stereo acuity, but
distance stereo acuity was significantly degraded for the subjects with intermittent
exotropia. Further studies concluded that distance stereo acuity as measured with
the Frisby Davis distance stereo test improves after surgery for intermittent exotropia
[Adam 08] and is even helpful to decide timing of surgery [Sing 13]. The examples
suggest the usage of distance stereo acuity tests in clinical environments. However,
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(a)

(b)

Figure 2.8: Example for a random-dot stereogram as anaglyph representation. (a)
The rectangle has been generated with corresponding dots for the left and the right
eye. Due to the crossed disparity between the dots it can be perceived with artificial
depth, if it is viewed through red-cyan 3D glasses. (b) The rest of the image has been
filled up randomly with dots without any correspondences. Without 3D glasses the
rectangle is not perceivable. It can only be revealed by the mechanism of stereopsis.
A simple random-dot stereogram has been generated.
a comparable range of commercially available distance stereo acuity tests as for near
distances does not exist according to the author’s knowledge.
Based on the stimuli described for near stereo acuity, measurements have been
conducted under time constraints. This can be interpreted as an involvement of
the performance component ’speed’. Richards showed a pair of lines via a polaroid
projector for a duration of 80 ms [Rich 70]. Subjects had to report if the targets
were in front, behind or on the screen plane. A later study used the same setup but
showed bar or disk stimuli [Herr 81]. The stimulus consisted of a Landolt C hidden
in a dynamic random-dot stereogram. A further study presented line stimuli for a
duration of 200 ms [Jone 77]. Subjects had to identify whether the stimulus was in
front, behind, or at the fixation plane. Another study proved that subjects classified
as stereo deficient at a display duration of 167 ms could successfully accomplish the
same tasks at display durations of 30 seconds [Patt 84]. A further study indicated
that the majority of subjects were able to perceive depth in a random-dot stereogram
within two minutes [Newh 82]. Manning et al. presented a target hidden in a dynamic random-dot stereogram at five possible positions [Mann 87]. They increased
the display duration after two consequent errors stepwise from 10 to 1000 ms. Larson
and Faubert showed stereoscopic and non-stereoscopic images monoculary by covering one eye [Lars 92b]. They released the covered eye for durations from 16 ms up
to four seconds. Subjects had to report if depth was perceived. Another study used
a display duration of one to two seconds in combination with dot stimuli [Cout 93].
Subjects had to report whether the stimuli were in front or behind surroundings. Patterson et al. conducted a study in which they used a dynamic random-dot stimulus
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Figure 2.9: Schematic representation of the Frisby test. It is an example for a test
using real depth. Four target regions, depicted as bluely shaded rectangles, are placed
with real depth within a transparent plate. One target region has an enlarged depth
compared to the other ones and has to be detected.
and display durations from 17 to 167 ms as well as unconstrained display durations
[Patt 95]. Tam and Stelmach used a dynamic random-dot stereogram and display durations varying from 20 to 1000 ms [Tam 98]. Harwerth et al. measured stereo acuity
with decreasing display durations [Harw 03]. Subjects had to identify whether test
stimuli were in front or behind a background. Stereo acuity improved for increased
display duration. A recent study examined the limits of human stereopsis including temporal aspects and provided evidence that the human perception of disparity
variations is more restricted than the perception of light variations [Kane 14]. The
authors presented two dynamic random-dot stereograms simultaneously, of which
only one contained a stereoscopic stimulus. Subjects had to identify the stereogram
with the stimulus. In two extensions of the experiment, the disparity profiles were
modified by a convolution with a Gaussian to either integrate spatial or temporal
stimuli and thus speed measurements.
Most tests listed above provided assessment of speed by using display durations.
Quantitative robustness measures are neglected. Further, there is no variety on com-
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Figure 2.10: Schematic representation of the Circle test as part of the Titmus test.
It is an example for a test using contour-based stereograms. Four circles are shown,
of which one has a disparity and has to be detected. Contour-based stereograms
allow the perception of contours of the target objects without stereopsis. In contrast to this schematic figure, the real Circle test provides much finer disparities and
smaller circles, such that the disparity cannot be detected monocularly as easy as
here. Additionally, the real Circle test is not shown with anaglyph techniques but
with polarization.
mercially available and easy to use tests on complete stereopsis performance as for
isolated stereo acuity. A stereopsis performance test that is able to provide a combined analysis of stereo acuity, speed, and robustness would provide a tool for clinical
as well as for other environments to gain more insights into the functionality of stereopsis.

2.2

Stereopsis performance of athletes

Parts of this section have been published in [Paul 14].
Research usually addresses not only stereopsis but sports vision in general, as
highly developed visual perception is essential for athletes to perform at highest levels.
Attempts of further enhancing the visual perception of athletes [Knud 97, Wood 97,
Appe 11, Schw 12] show the importance and requirement of sports vision including all
visual components. However, several tasks for sports vision generate a high demand
on visual depth perception. The evaluation of stereopsis in this context as part of
depth vision is essential and requires an isolated analysis due to the following reasons.
Stereopsis was proven to enhance the learning effect of one-handed catching skills
[Mazy 04, Mazy 07] and the performance of fine motor tasks [OCon 10a, OCon 10b].
Stereopsis is important in dynamic situations [Baue 01] which require rapid visual
functions. This suggests that athletes in especially in ball sports such as baseball,
basketball and soccer may benefit from highly developed stereopsis. Athletes of such
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sports, who are adapted to highly competitive environments, are required and thus
trained to rapidly and accurately estimate the distance of the ball. Therefore, the
hypothesis could be developed that such athletes have developed higher performances
in stereopsis. However, the significance of an athlete’s training and level of competitiveness compared to subjects who are inexperienced with a higher level of play is not
fully understood, as studies revealed controversial results and are listed hereafter.
A comparison of visual and cognitive skills between novice, intermediate and expert snooker players showed no significant differences for standard optometric tests
including the Howard-Dolman test for stereopsis [Aber 94]. However, experts performed superior on sport discipline dependent perceptual measures like pattern recall
tasks if the same visual information was provided similar to a real game. A comparison of the visual performance between professional, amateur and senior golfers showed
significant superior results of professionals in visual acuity, contrast sensitivity, stereopsis, and response times for stereopsis [Coff 94]. A comparison of the perceptual
performance between elite soccer players of 9 to 17 years and sub-elite players of the
same age could not show a consistent discrimination in the visual functions between
the groups [Ward 03]. Optometric tests included the TNO test for stereopsis assessment. Again, elite players performed better for sport discipline dependent perception
measures. A study about sports vision screening from 5 to 19 years old athletes of
the 1997 and 1998 Amateur Athletic Union (AAU) Junior Olympic Games concluded
that there is a trend of improved visual performance with increasing age [Beck 03].
Optometric tests included near stereo acuity tests and tests for the speed of distance
stereopsis. The near stereopsis tests consisted of a random-dot based test and the
Circle test conducted in a distance of 40 cm by using the polarization technique. The
stereo threshold was classified by the first incorrect response. The speed of distance
stereopsis was assessed at six meters using the shutter technique. The targets consisted of four circles. One circle appeared closer to the subject. The subject had
to identify this circle. The target was constantly presented with a disparity of 30
seconds of arc. After a response by the subject, an additional target was presented.
After 30 seconds the percentage of correct responses was calculated. Significant differences could be obtained for the near stereopsis tests but not for the speed of
stereopsis. An evaluation of handball players, non-team athletes and novice athletes
using several basic attention tasks could not show significant differences between the
groups [Memm 09]. The authors concluded that elite players might perform better
with more sport discipline related attention tasks. A comparison between visual
statistics, including near stereo acuity and recognition speed measurements, and real
game statistics of ice hockey players could show connections between both statistics
such as between speed in stereoscopic tasks and penalty times [Polt 15]. The authors
concluded that several of the analyzed visual skills might be important for ice hockey
players.
Some research has been done on focused stereopsis evaluation of athletes. The
most frequently researched type of sports is baseball. The reason is that baseball
is assumed to require highly developed depth perception, as a thin bat is used to
hit a small ball traveling a short distance at a high velocity. Batters have to estimate the position of, and the distance to, the approaching ball within a small time
frame. An investigation of dynamic stereo acuity of major and minor league base-
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ball players could show significant differences between pitchers and batters [Solo 88].
The authors stated that dynamic stereo acuity tests are required as static tests cannot provide significant differences between athletes. They used four polarized circle
targets similar to the Circle test on a display that was attached to a dolly. The
display moved towards the observer with increasing speed from an initial distance
of five meters. Subjects stopped the dolly by a button press, the internal lights of
the display were turned off and the subjects had to select the target without visual
information. Response time and correct decision rates were measured for ten trials.
Time measurements could not identify significant differences. A later study measured
near and distance static stereo acuity, visual acuity, and contrast sensitivity of professional baseball players [Laby 96]. Near stereo acuity was measured using the Circle
test. Distance stereo acuity at six meters was measured under timed and untimed
conditions with a random-dot based stereogram and the Circle test. Disparities were
presented in decreasing order. The first two consecutive decision errors marked the
stereo threshold. For timed conditions, the time was measured for completing the
described test procedure. Major league players showed significantly better results
than minor league players for distance stereo acuity under untimed conditions as well
as for contrast sensitivity. Major league players performed better than minor league
players for near stereo acuity but without significance. Another study compared the
near stereo acuity of youth baseball players with non-ball-sports subjects using a
random-dot based test [Bode 09]. Significantly superior stereo acuity for the baseball
group was obtained.
The listed literature shows variable results for stereopsis. In consequence, Laby et
al. [Laby 11] suggest that particular sets of visual skills like stereo acuity are sports
dependent, whereas Memmert et al. [Memm 09] conclude that highly trained athletes
do not show superior basic visual skills based on basic visual measures. Therefore,
these findings suggest that further developments in the test methodology of stereopsis
are required.
Literature shows that in most studies only stereo acuity was evaluated isolated
from other components of stereopsis. The impact of static near stereopsis appears
neglectable for various sports according to most studies listed above. Several other
components qualified for the assessment of stereopsis in sports as follows.
Distance static stereopsis has been identified by several studies as an important
visual property for sports [Coff 90, Laby 96], although the most effective range for the
influence of stereopsis on depth vision is located in the personal space, which is up
to two meters [Cutt 95].
Only few studies included speed of stereopsis. However, focused analysis of response times without the use of time frames has only been done for baseball players [Solo 88]. Response time measurements in general are important as literature
proves that experts in ball sports require less time for predicting sports related situations and making decisions based on limited visual information [Mann 07]. Detailed
studies with comparable results have been conducted for cricket [Dear 89], tennis
[Isaa 83, Goul 89, Shim 05], volleyball [Wrig 90], and ball sports in general [Nett 86].
In the context of response time tests have to be conducted that address the visual
performance of athletes based on information that is also provided during their specific type of sport [Dick 10]. This is in agreement with most of the findings of visual
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performance tests of athletes listed above. In most studies experts only performed
better on sports related tasks.
Dynamic stereopsis is often neglected for the assessment of stereopsis in sports,
although it was identified as an important component in particular sports [Solo 88]
and it was shown that there is not a significant correlation between static and dynamic
stereopsis [Zinn 85].
Literature shows that there is a strong need for standardized sports vision assessment [Hitz 93]. Attempts have been made to provide a standardized set of optometric
tests for athletes. One of the most recent commercially available assessment systems
of sports vision is the Nike Sensory Station (Nike, Inc., Beaverton, Oregon, USA)
[Eric 11]. The tests include the assessment of static stereopsis for far distances. The
system provides a four-alternative-forced-choice (4AFC) test, which describes selection tasks with four possibilities of which one has to be chosen, using four rings as
stimulus and the shutter technique for 3D simulation. One ring has a disparity. The
subject has to swipe into the direction of this ring with disparity using an Apple iPod
touch (Apple Corporation, Cupertino, California, USA). In a staircase method stereo
acuity is evaluated, which means that a test parameter, in this case the disparity, is
successively decreased until the subject makes a mistake. After that, the parameter
is successively increased until the subject can detect the stimulus again and the parameter starts to decrease. The procedure is repeated until a termination criterion is
reached such as the maximal number of trials. Out of the first two stimulus presentations at the stereo acuity level, the average response time is calculated. However,
dynamic stereopsis is not covered and the tests are not focused on the evaluation of
stereopsis.
This sections shows that there is a strong need for focused measurement systems
for stereopsis performance by a combined assessment of static and dynamic distance
stereopsis including response time analyses, as these components have been identified
to be important for stereopsis performance evaluation in sports. Therefore, the evaluation of distance stereopsis performance as defined in Section 2.1 with static and
dynamic stimuli appears to be a desirable goal for sports vision research.

2.3

Impact of 3D stereo displays on the visual system

This section describes the potentially unnatural impact of 3D stereo displays on the
human visual system (HVS). Section 2.3.1 explains the reasons and the underlying
theory. Section 2.3.2 provides related work on how the resulting visual discomfort
can be quantified.

2.3.1

Visual discomfort

As 3D stereo displays are frequently used for the assessment of stereopsis performance,
their impact on the HVS has to be discussed. They introduce three unnatural disturbances [Lamb 09] for the HVS that can result in fatigue or visual discomfort:
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1. Excessive screen disparity describes disparities that are too large for fusion for
the HVS [Lamb 09]. Influencing factors are eye movements, stimulus properties,
illuminance, duration of presentation, and individual differences. See Figure
2.11 for an example.
2. Stereopsis distortion describes (i) generation-related and (ii) display-related distortion of stereoscopic content [Lamb 09].
• Generation-related distortion summarizes problems during the development of 3D content [Mees 04]. For instance, in a natural setting objects
farther away than the fusional area appear blurred as they are defocused.
If they appear sharply in synthetic content they stimulate the HVS, which
is unnatural. Another example is toe-in rendering which uses converged
cameras. Objects located on the zero disparity plane will appear as curved
surface which is unnatural. A solution is to use off-axis rendering.
• Display-related distortion summarizes problems related to the displaying
technique. The most prominent issue is crosstalk [Kooi 04]. It appears
if the images for each eye are not completely separated from each other.
Images or parts of images for one eye are passed through for the other one.
For shutter technology crosstalk can occur if the display and the eyewear
are not synchronized proper enough. For other techniques filters might not
be sensitive enough. In the case of linear polarization also strong head-tilts
produce crosstalk. Ghosting artifacts appear and can introduce fatigue or
visual discomfort.
3. The Vergence-Accommodation (V-A) conflict describes an unnatural setting
for the V-A mechanism [Hoff 08]. The V-A mechanism connects the vergence
mechanism and the accommodation mechanism. The vergence mechanism is
described in Section 2.1.1. The accommodation mechanism describes the adaption of the eye’s lens to a certain fixation point distance to perceive a sharp
image. Naturally, those two mechanisms are connected with each other by the
fixation point distance. The mechanism is illustrated in Figure 2.12. For stereoscopic displays, the vergence distance is related to the virtual object in front
or behind the screen plane, while the accommodation distance is related to the
screen plane. The unnatural offset can introduce fatigue and visual discomfort.
Solutions have been proposed, which introduced a zone of comfortable viewing
inspired by the depth of focus and Panum’s area [Wopk 95]. The depth of focus
defines the range in which a lens does not re-accommodate but still perceives
a sharp image. Panum’s area is described in Section 2.1.1. Both introduce a
naturally accepted offset. The idea for the zone of comfortable viewing is to
allow these natural offsets only. Therefore, the zone of comfortable viewing
limits the maximum disparities to lie within a zone where no discomfort due to
the V-A conflict should arise (≤ 1◦ ). More recent studies restrict the zone of
comfortable viewing to a lower value of 0.2 diopters [Chen 10].
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Figure 2.11: Example for excessive screen disparity. Excessive screen disparities are
too large for the HVS for fusion. This example shows a disparity, which is wider
than the object size. The HVS will not be able to fuse the image, at least for
near viewing distances. External factors such as eye movements, stimulus properties,
illuminance, duration of presentation, and individual differences might even classify
lower disparities as excessive screen disparities.

Figure 2.12: Vergence-accommodation mechanism. Vergence and accommodation can
be imagined as execution pipelines as pictured above. Our brain parallely processes
those two pipelines. Vergence analyses the observed disparity and rotates the eye
balls around the vertical axis to perceive a single image. If a new fixation point
is located within Panum’s area, no vergence is required. Accommodation analyzes
the blur of the perceived image and adapts the lens to the fixation point distance
to perceive a sharp image. If the distance to the new fixation point is within the
depth of focus, no re-accommodation is required. Both processing pipelines work
as a feedback loop that also requires feedback from the other pipeline. Therefore,
both pipelines are naturally connected by the distance to the fixation point. Figure
according to [Lamb 09].
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Assessment of visual discomfort

Several studies on the impact of 3D displays, the V-A conflict in particular, on the
HVS and potential visual discomfort have been conducted. A detailed list can be
found in [Lamb 09]. Performance tasks were used including search tasks [Bark 10] as
well as reading tasks [Lamb 12]. Further, measurements of Electroencephalograms
(EEG) [Ukai 08] have been conducted as well as subjective questionnaires as feedback [Kuze 08, Li 11, Shib 11, Zeri 15]. To the author’s knowledge, an assessment of
stereopsis performance as defined in Section 2.1.3 within and outside the zone of
comfortable viewing has never been performed. For this thesis, an investigation is
important, whether disparities presented within the zone of comfortable viewing have
an impact on or even modify natural stereopsis performance. As a recent study gave
evidence that a subset of the population with clinically normal stereopsis might have
problems with depth-related tasks on 3D stereo displays due to a potential impact
of the V-A conflict [McIn 14], it needs to be evaluated how normal stereopsis might
be affected by 3D stereo displays. As these displays are used for the evaluation of
stereopsis within this thesis, an evaluation of the impact of 3D stereo displays on the
measured stereopsis performance is essential. Although a zone of comfortable viewing has been introduced in the literature as described above, it has to be analyzed
whether this zone also preserves natural stereopsis performance.

Chapter 3
Purposes and structure of this thesis
3.1

Purposes

Stereopsis as a part of visual depth perception is important in multiple fields. In
particular stereopsis evaluation of highly competitive athletes has gained lots of interest as shown in Section 2.2, because sports vision in general and specifically depth
perception are assumed to have a high impact on sports performance. The section emphasized that stereopsis in sports is not fully understood due to controversial results
in literature. It listed most of the performance components, which were introduced in
Section 2.1, in combination with distance stereopsis and static and dynamic stimuli
and identified them to be important for stereopsis in sports. The wide range of traditional near stereo acuity tests as standard means of measuring stereopsis currently
fails to reveal the potential contributions of these additional components, in particular recognition speed, distance stereopsis, and dynamic stimuli. Standardized tests
comprising the required components are missing. Therefore, there is a strong need
for systems that provide extended and focused evaluation of stereopsis performance.
Although robustness has not been considered by literature for stereopsis evaluation,
its potential contribution has to be investigated to cover a wide range of stereopsis
performance as described by literature [Sala 05].
This thesis describes the development of the StereoViPer test which provides a
combined analysis on the recognition of disparities from a distance and the required
response times using static and dynamic stimuli. Thus, it models the required evaluation of distance stereo acuity, recognition speed, and robustness for static and
dynamic stereopsis. Sensation of depth, as listed in the full range of stereopsis performance in literature [Sala 05], is not covered as it has not yet been identified to be
potentially valuable for the stereopsis evaluation in sports.
Before a novel test is used to analyze potentially highly developed stereopsis of
athletes, the basic functionality needs to be proved. The different stereopsis components such as recognition speed and robustness have to be analyzed for their potential
contribution to stereopsis performance evaluation. The test requires a basic evaluation of the implemented theory and the used stimuli. It needs to be investigated if
the test can be solved monocularly or, with other words, if the test is able to quantify
stereopsis in general by using a basic version of the test without comprising dynamic stimuli. Levels of stereopsis performance with known quality differences have
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24

Chapter 3. Purposes and structure of this thesis

to be measured to prove that the test is able to distinguish between different stereopsis performance levels. Clinical environments provide subjects with normal and
defective stereopsis and enable the clearest separation of stereopsis levels as ground
truth measurements. Although the required stereopsis performance measures such
as recognition speed might not have merit in clinical stereopsis measurements at the
current state of research, Section 2.1.4 showed that at least distance stereo acuity
tests have been suggested for clinical usage by several research groups. Therefore,
an evaluation of a new test in a clinical environment has the first aim of proving
the concept of the test and the second aim of enabling further research on distance
stereo acuity in combination with a potential contribution of recognition speed. As
the measured components differ from traditional tests, an evaluation of the potential
contributions is required by a comparison with traditional measurements. Therefore,
the first main purpose of this thesis is the proof of concept for the basic functionality
of the developed stereopsis performance test.
Once the test has been practically evaluated, the test can be applied for the main
purpose of this thesis, the investigation of stereopsis in highly competitive sports as
introduced in the beginning of this chapter. Section 2.2 showed that additionally to
the already extended measurements, such as recognition speed and distance stereo
acuity, further modifications and extensions are needed for the special requirements of
athletes such as dynamic stimuli and input methodologies which support the strong
connection between visual recognition and motor reaction of highly trained athletes
[McLe 87]. It needs to be investigated if extended stereopsis tests, which address the
requirements developed in Section 2.2 can reveal potential contributions of stereopsis
to the performance in game of highly trained athletes. Thereby, stereopsis of professional athletes needs to be compared to stereopsis of amateurs or even completely
inexperienced subjects. Given the demand and popularity of soccer in Europe, this
thesis reports on the application of the proposed extended tests for a comparison of
professional and amateur soccer players with subjects without experience in soccer.
As stated in Section 2.2 previous studies [Ward 03] performed standard near stereo
acuity tests to compare elite and sub-elite soccer players without obtaining significant
differences. It is not clear if this is due to the inherent limitation of basic optometric
tests. A focused and extended analysis of distance stereopsis in soccer is still missing
that also includes speed measurements, dynamic stimuli, and a comparison between
soccer players and inexperienced subjects. The second main purpose of this thesis is
to perform such measurements and analyze their potential contributions.
As for the assessment of stereopsis performance simulated 3D content will be used,
the impact of current 3D display technology on the HVS, in particular on stereopsis
performance, has to be analyzed. Section 2.3 showed that current technology can
influence the HVS and even cause visual discomfort. Thereby, the decline of stereopsis performance, in particular due to the VA-conflict, is unknown. It needs to be
analyzed if the proposed stereopsis test can assess values close to natural stereopsis
performance despite the used 3D display technology. It was shown that literature
currently recommends a common zone of comfortable viewing, which is intended to
provide sufficiently natural conditions so that no visual discomfort arises. However,
it is not known if this zone can provide sufficiently natural conditions such that natural performance values are preserved. The third main purpose of this thesis is to
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investigate the performance changes of stereopsis within and outside this zone of
comfortable viewing to analyze the impact of hardware limitations on the proposed
test.

3.2

Structure of this thesis

Chapter 4 provides details about a novel stereopsis performance evaluation system.
It is intended to provide the required easy to use test that is capable of measuring
stereoacuity combined with speed and robustness measurements. In this chapter the
test only provides static stimuli to prove the basic concept. Methods and principles
of the system are described. The functionality is evaluated in a clinical and two
non-clinical contexts. In the clinical context performance results of subjects with
normal, weak, and without stereopsis ability are compared against each other to
prove the ability of the test to distinguish between normal and defective stereopsis
as a representation of clearly different performance levels. In the first non-clinical
context the performance results of subjects with normal stereopsis are compared
to their performance results on monocular tasks with the same input mechanism to
evaluate the system’s response time measurements. In the second non-clinical context
the test is compared to a traditional near stereo acuity test to analyze potential
contributions of the extended measurements of the proposed test. The results are
discussed regarding the functionality and the contributions of the proposed stereopsis
performance test.
Chapter 5 provides details about the stereopsis performance evaluation of soccer
players as highly trained athletes. The test developed in Chapter 4 is used to assess
stereopsis performance of professional and amateur soccer players. The results are
compared to subjects, which are inexperienced in soccer. Thereby, the test is extended
by a dynamic stereopsis test [Paul 12b] to meet the criteria of sports vision. Methods
and principles are described with focus on the extensions for athletes. The results are
presented afterwards and discussed regarding the impact of stereopsis on soccer. The
main content of this chapter has been published in Frontiers in Psychology [Paul 14].
Chapter 6 provides details about the impact of 3D displays on stereopsis performance. The test developed in Chapter 4 is used to assess stereopsis performance as
close as possible to natural conditions and additionally with stimuli inside and outside
the zone of comfortable viewing. The performance results are compared between the
different conditions and discussed regarding the impact of 3D displays on the HVS.
The main content of this chapter has been published at the International Conference
on 3D Vision [Paul 13].
Chapter 7 summarizes the results of this thesis and provides a discussion and
conclusion. The chapter describes how the contributions of this thesis can be integrated into the current state of research, and gives an outlook for further research
and potential application fields, which could benefit from the findings of this thesis.
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Chapter 4
Stereopsis performance evaluation
This chapter describes a novel static distance stereopsis test, the StereoViPer test, as
an assessment method for the performance of depth perception using stereo vision.
The chapter was partially published in [Paul 11, Paul 12a]. The test measures static
distance stereo acuity of a test subject while simultaneously estimating stereopsis
speed and robustness for each presented disparity. It is intended to provide the fundamentals for the evaluation of stereopsis of athletes as a comprehensive assessment
of static distance stereopsis performance.
The following section provides a detailed description of the test procedure. Three
different experiments have been designed in order to show the basic functionality of
the proposed test. The results and discussion are given in Section 4.2 and Section
4.3. The chapter closes with a conclusion in Section 4.4.

4.1

Assessment method for stereopsis performance

The assessment method is implemented as a 4AFC test with unconstrained display
duration and a commercially available controller or a keyboard as button input device. The button input devices used in the experiments of this thesis always refer to a
commercially available game controller connected via USB. In Section 4.1.1 the definitions given in section 2.1.3 are adopted and reformulated according to the required
task. In Section 4.1.2 the presented stimulus and the general test procedure are described. Each stimulus configuration is presented in multiple trials, further referred
to as iterations. Section 4.1.3 discusses the required number of iterations and the
required threshold for correct decisions to estimate static stereo acuity. Section 4.1.4
describes how response time is measured and used to estimate static stereopsis speed
and robustness. Section 4.1.5 summarizes the test procedure. Three experiments
were conducted to evaluate the test and are explained in Section 4.1.6. The first one
investigates the response times between different types of visual tasks. The second
one investigates three groups of subjects with different but known stereopsis levels
for differences in stereo acuity, speed, and robustness. The third one compares the
proposed method with a traditional test.
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4.1.1

Reformulation of the definition for stereopsis performance

The stereopsis performance components defined in Section 2.1.3 require some redefinitions to comply with the goals of this thesis. Here, stereopsis performance is
intended to be measured as naturally as possible to model depth estimations in real
life situations. Therefore, the following redefinitions apply:
1. Stereo acuity still represents the minimum recognizable disparity. However, as
this chapter provides the description of a method, in which various disparities
are presented in multiple iterations, stereo acuity is referred to as the lowest
recognized presented disparity. As multiple iterations per disparity are performed, the successful recognition of a disparity is based on the correct decision
rate. As the viewing distances for the proposed method will be shown to be in
the range of several meters, distance stereo acuity is measured. The technical
aspects of measuring stereo acuity are described in Section 4.1.3 in more detail.
2. Speed still represents the time that is required for a successful depth estimation.
Here, it is defined more specifically as the time that begins when a subject spots
objects with different disparities and ends when the subject recognizes correctly
which object appears closer to him or her. In this thesis this also includes
additional mechanisms such as eye movements or accommodation time, as those
components are required in real life for a fast depth perception. The technical
aspects of measuring speed are described in Section 4.1.4 in more detail.
3. Robustness still represents the variation of stereopsis performance measures of
one subject. However, in this thesis robustness refers exclusively to the variation
of speed for each disparity separately. This means that the focus is on the
variations of speed for the recognition of one disparity in multiple iterations.
Therefore, mainly internal stress factors are covered. The technical aspects of
measuring robustness are described in Section 4.1.4 in more detail.

4.1.2

Stimulus and test procedure

The stimulus consists of four white disks with equal crossed disparity, further referred to as base disparity, which appear on a gray background with zero disparity
with a Michelson contrast of 0.78. Crossed disparities were selected, as it was shown
that they are faster to process than uncrossed disparities [Patt 95]. In multiple iterations one of the disks is selected randomly to have its base disparity enlarged by
a specific amount, further referred as disparity difference. The stimulus is depicted
in Figure 4.1. Base disparity and disparity difference are defined and described in
the following section in detail. The subject’s task is to identify the disk appearing
closer to him or her as fast as possible in each iteration. A schematic overview is
depicted in Figure 4.2. Therefore, the scanned disparities are disparity differences.
After each interaction of the subject with the test to identify the closer disk, the
screen turns black before showing the next stimulus. The stimulus type is based on
monocularly recognizable contours. In the author’s opinion this models the natural
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Figure 4.1: Static disk stimulus: The gray background has zero disparity on the
screen plane. Three disks are placed at the base disparity in a depth plane in front
of the screen plane. The closer disk is placed at the base disparity with an additional
disparity difference in a depth plane in front of the other disks.

Figure 4.2: Test procedure: The subject identifies the closer disk via a button input in
each iteration. The projections of the disks have the same size to prevent monocular
cues. At the end of the test the results are shown in a diagram.
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depth perception better than random-dot stereograms and literature provides evidence that contour-based stereograms are more easily processable than random-dot
stereograms [Gree 12], which is important in the context of response time evaluation. Without training random-dot stereograms tend to require more time for the
exposure of the stimulus than the actual perceptual processing time for usual stereograms [Jule 64, Fris 75]. The test is intended to be presented on a 3D stereo display,
preferably a 3D TV. Within the scope of this work circularly polarized 3D TVs with
a bisection of the vertical resolution and a dual projection system were tested as
display modalities.
No fixation target is presented and no gaze control is performed as the aim was
to model the mechanism of spotting an object that suddenly appears in sight. This
includes the fixation and accommodation of the eyes.
The disks had a luminance of 388 mcd2 while the background had a luminance of
48 mcd2 . The polarization filters of the 3D glasses reduced the luminance of the disks
to 161 mcd2 and the luminance of the background to 18 mcd2 .
Base disparity and disparity difference
Disparity was quantitatively described in Section 2.1.3 for the general case for two
points with real depth. The equations have to be adapted for experiments with a 3D
stereo display. For the proposed test, two types of disparity were used, base disparity
and disparity difference. Functions shall be derived to express both disparity types
by the offset between the two screen projections of a virtual object described in pixels
and the distance between the observer and the screen as input parameters. First, the
pixel width wpx is calculated as the ratio between the screen width wS and the screen
resolution in horizontal direction Rx .
wpx =

wS
Rx

(4.1)

For the base disparity, the parameters defined in Section 2.1.3 have to be adapted
to the presentation of a single virtual point on a 3D display, as illustrated in Figure
4.3a. The fixation point F becomes the virtual point on which the observer’s eyes are
converged on. Point P is located at the midpoint between the two projections of F
on the screen. Therefore, F and P are dependent on each other. The offset between
the two projections of F has to be a multiple of wpx and is defined by the factor νd .
Due to the theorem of intersecting lines the perceived depth ∆d and the distance
D between the observer and F have the same relation as the interpupillary distance
a and the offset νd · wpx . Usually, only the distance D + ∆d between observer and
screen is known. D and ∆d have to be calculated by
D
a
a (D + ∆d)
=
⇔D=
∆d
νd · wpx
νd · wpx + a

(4.2)

The horizontal distance e2 between the midplane of the eyes and P can be defined as
a multiple of pixels with the factor νh by
e2 = νh · wpx

(4.3)
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(a)

(b)

Figure 4.3: Scheme for base disparity (a) and disparity difference (b) on 3D stereo
displays. (a) Base disparity is defined by the difference of θF , the angle enclosing
the eyes and a virtual point F, and θP , the angle enclosing the eyes and the screen
point P between the two projections of F. The distance D between observer and F
and the distance ∆d between screen and F have the same ratio like the interpupillary
distance a and the projection offset of νd pixels with a width of wpx . Therefore, the
horizontal offset e1 of F and the horizontal offset e2 of P are dependent on each
other as well. (b) Disparity difference is defined by the difference of the angle θF1 ,
enclosing the eyes and a virtual closer point F1 , and the angle θF2 , enclosing the eyes
and another virtual point F2 . It is equivalent to the difference of the base disparities
of both points.
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As F and P are interdependent, the horizontal distances e1 and e2 are as well. e1 can
be defined as
a · e2
a · νh · wpx
e1 =
=
(4.4)
a + νd · wpx
a + νd · wpx
Therefore, by using Equations 4.2 and 4.4 Equation 2.4 can be reformulated to

a

+ e1
− e1
2
θF = arctan
+ arctan
D
D


a + νd · wpx a + (νd + 2νh ) wpx
= arctan
·
+
2 (D + ∆d)
a + νd · wpx


a + νd · wpx a + (νd − 2νh ) wpx
·
+ arctan
2 (D + ∆d)
a + νd · wpx
a
2

(4.5)

Consequently, by using Equation 4.3 Equation 2.3 can be reformulated to

 a

+ e2
− e2
2
θP = arctan
+ arctan
D + ∆d
D + ∆d
a

a

+ νh · wpx
− νh · wpx
2
2
= arctan
+ arctan
D + ∆d
D + ∆d


a
2

(4.6)

The base disparity is defined as the difference between the convergence angle θF of
the virtual point and the convergence angle θP of the screen point as
φbase = θF − θP

(4.7)

For the disparity difference, three virtual objects with the same base disparities are
shown, and one object that has an enlarged disparity. As the depth difference of the
closer object compared to the other three virtual objects has to be estimated, the
difference between the fixation angle θF1 of the virtual closer object and the fixation
angle θF2 of one of the other virtual objects defines the disparity difference φdif f ,
as depicted in Figure 4.3b. This is equivalent to the difference between the base
of one of the other
of the closer object and the base disparity φbase
disparity φbase
1
2
objects. The angles θF1 and θF2 can be calculated with Equation 4.5 as
φdif f = θF1 − θF2 = φbase
− φbase
1
2

(4.8)

If the interpupillary distance a is much smaller than the observer Distance D + ∆d,
minor changes of a are affecting the disparity difference only marginally. D + ∆d is
expected to be set to at least 3.5 meters and therefore much larger than a. Therefore,
a can be assumed to be the human mean interpupillary distance of 6.3 cm [Dodg 04]
if not stated otherwise. The resulting error in the disparity difference is lower than
10−2 arcsecs accepting deviations from the mean interpupillary distance in the range
of ±5 cm.
The above listed formulas are used for the proposed test to derive the applied disparity differences according to given screen parameters and a given distance between
the observer and the screen.
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Prevention of monocular cues

A stereopsis performance test is only allowed to provide depth cues based on binocular
disparity. As a contour based stereogram is used in the proposed test, all monocular
cues needed to be minimized, if they allow an identification of the closer disk. Three
potential monocular cues were identified:
1. Disk size: By perspective projections objects farther away appear smaller in
size. The disks in the proposed test are designed to have always the same
diameter in their projections when observed monocularly. See Figure 4.2 for an
illustration.
2. Disk displacements: If all the disks are presented with the same lateral distance
the projection of the closer disk is detectable monocularly at least for high
disparity differences due to its exposed displacement resulting from the disparity
difference similar to the Titmus stereo test [Coop 77]. Therefore, a random
lateral offset is applied to each horizontal displacement. The two corresponding
projections for one disk are displaced by the same offset to avoid a modification
of the disk’s disparity, as illustrated in Figure 4.4.

(a)

(b)

Figure 4.4: Example for disk displacements as monocular solution cues. Projections
for the left eye with the upper disk as closer disk with the same disparity differences
are shown. (a) All disks have the same lateral distance. The upper disk is the only
displaced disk due to the disparity difference. (b) All disks are displaced by a random
offset. The upper disk cannot be identified as the closer disk due to displacement.
3. Crosstalk: The assumptions here on crosstalk are based on 3D displays that
allow simultaneous viewing for both eyes (i.e. color-multiplexed or polarizationmultiplexed approaches). Therefore, ghosting artifacts result in the proposed
test in shimmering rings around the disks if observed monocularly. The ring
thicknesses could be used to identify the closer disk. Due to the fact that
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no background introduces a high contrast and lower contrasts reduce the recognition of ghosting [Wang 11], a gray background was utilized that led to a
Michelson contrast of 0.78 as already stated in Section 4.1.2.

4.1.3

Detection threshold and number of iterations

Figure 4.5: Psychometric function for the stereo vision performance test with a guessing rate of 0.250. The strongest stimulus is always perceived and yields a correct decision rate of 1.000. As the stimulus becomes weaker the correct decision rate decreases
until it reaches the guessing rate where the stimulus is not perceived anymore. For
the proposed test, the decreasing strength of the stimulus are decreasing disparity
differences. The psychometric threshold of 0.625 lies at the steepest location of the
function and gives the required minimum correct decision rate where a stimulus is
still considered as perceived.
For a given number of iterations, a threshold of correct decisions is required to
classify a given disparity difference as perceived or guessed. A commonly used approach is the use of a psychometric threshold (PT), which can be calculated with a
psychometric function [Swet 66, Bach 96]. The used function for the proposed test
was modeled as a sigmoid function. The x-axis represents the weakness of a general
stimulus, while the y-axis represents the correct decision rate, as illustrated in Figure
4.5. A subject is considered to give constantly correct answers when the stimulus is
strongest. As the stimulus becomes weaker the correct decision rate decreases until
the stimulus is not perceivable and the subject is guessing. Thus, the lower bound of
the function is the guessing rate (GR). The weakness of stimulus in the proposed test
is represented by decreasing disparity differences. The four closer disk candidates in-

4.1. Assessment method for stereopsis performance

35

Figure 4.6: Probability function S(n) with iterations n ∈ [1; 25] for guessing at least
P T · n times correctly where P T denotes the psychometric threshold. The jumps in
the function are due to rounding of P T · n to retrieve full iterations.
troduce a GR of 0.250. The PT is the correct decision rate at the function’s steepest
position [Swet 66, Bach 96] and can be calculated by
PT =

1.000 − 0.250
1.000 − GR
+ GR =
+ 0.250 = 0.625
2
2

(4.9)

The PT represents the break even point in the psychometric function at which a
subject is able or not able to perceive a given stimulus strength. For decreasing
disparity differences and under ideal conditions, a correct decision rate exactly equal
to the PT marks the disparity difference limit and thus the stereo acuity for a subject.
Therefore, only disparity differences are considered as perceived by the subject, if the
correct decision rate is equal or higher to the PT.
The required number of iterations n for one disparity difference can be retrieved
by investigating the probability function S(n) of guessing the closer disk with a
correct decision rate of at least the PT. It can be modeled as a sum of binomial
distributions B(·|n, GP ). n has to be chosen such that the probability returned by
S(n) is maximum to a certain significance level. For the proposed test the significance
level was set to 0.01. This yields to
S(n) =

n
X
i=dP T ·ne

1
B(i|n, ) ≤ 0.01; i ∈ N
4

(4.10)

This means that the probability for guessing in n iterations for a given disparity
difference should be 0.01 or lower. It has to be noted that the index variable i is
required to be a natural number and that the minimum number of correct iterations
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is P T · n. As the latter is not necessarily a natural number, it was rounded to the
next larger natural number dP T · ne. However, ideally n has to be chosen such that
!

(4.11)

dP T · ne = P T · n

This ensures that the minimum number of iterations is not higher than actually
required and reduces the probability of misclassification when someone reaches his
or her detection threshold. The probability function S(n) was evaluated to meet
the criteria required in Equations 4.10 and 4.11. After nine iterations the function
remains below the significance level of 0.01, as illustrated in Figure 4.6, satisfying
Equation 4.10. A number of 16 iterations also satisfies Equation 4.11. Therefore,
a disparity difference is classified as recognized, if at least ten decisions out of 16
iterations were correct.
For decreasing disparity differences, the detection threshold identifies disparity
differences that are too small for detection for a subject. Thus, it estimates the
quantitative component stereo acuity.

4.1.4

Response time

The response time for a subject was defined from the first appearance of a stimulus
until the subject presses a button to select one disk. The response times are measured in milliseconds by the local CPU. The timer is started automatically as soon as
the first frame of the stimulus is presented. Polling of the input device is performed
after each frame to avoid delays due to buffering. Therefore, it has to be assured
that the frame rate can really be performed on the used computer system. The timer
is stopped automatically with a button press of the subject. The response time is
automatically measured in each iteration. There are 16 n
iterations for each disparity
o
dif f
f
dif f
dif f
difference φk out of a given set of disparity differences φdif
,
φ
,
.
.
.
,
φ
,
.
.
.
,
1
2
k
where k denotes the index of the current disparity difference. For each iteration
φdif f

j ∈ {1, . . . , 16} one response time τj k
per disparity difference.

is measured. This yields 16 response times

dif f

The median medφk per disparity difference was calculated instead of the mean
value, because lucky guesses and single longer detection times (e.g due to short inattentions) result in considerably lower or higher detection times respectively.
dif f

medφk

φdif f

= median(τj k

(4.12)

)

The median of response times per disparity difference estimates the qualitative component speed.
dif f

Consequently, the median absolute deviation (MAD) madφk of response times
per disparity difference was calculated instead of the standard deviation.
dif f

madφk

dif f

= median|medφk

φdif f

− τj k

|

(4.13)

The MAD of response times per disparity difference estimates the qualitative component robustness.
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While speed is expected to reflect the level of task complexity by increased response times, robustness is expected to model the uncertainty of a subject. One
might be able to achieve comparable medians of response times between two different
task complexities with the same number of iterations, but might have inconsistent
response times for the higher complexity due to uncertain decisions and thus have a
higher MAD.
There are two strategies to calculate the two measures defined above.
(i) First, all 16 response times for one disparity difference can be used to calculate
the median or the MAD for this respective disparity difference.
(ii) The second strategy is based on the assumption that response times for incorrect
decisions are not representatives for stereopsis speed, as valid stereopsis was not
proven for those iterations with incorrect decisions. Therefore, the median and
the MAD for a disparity difference can also be calculated by only using response
times for correct decisions.
Both strategies were used and compared in the experiments in this chapter.

4.1.5

Summarized test procedure

The selected disparity differences are automatically presented to the subject in randomized order. No staircase procedure is applied to provide the same number of
iterations for each disparity difference for response time calculations. The subject
indicates the disk identification by pressing a button. The test finishes after each
disparity difference has been presented in 16 iterations. After that, for each disparity difference, the test displays the correct decision rate, the median of the response
times, and the median absolute deviation of the response times. Further, the detailed
results for each iteration are saved to the local hard disk. The stimulus presentation,
time measurements, and data collection are automatically managed by the test itself.
The duration for testing one subject with three to six different disparity differences
is approximately eight to 15 minutes depending on the speed of the subject. It has
to be noted that subjects with normal stereopsis should be able to accomplish the
test with three to six different disparity differences within five to eight minutes.

4.1.6

Experiments

Three experiments were conducted to evaluate the ability of the proposed test to
assess stereopsis performance. The first one compared the response times for the
stereopsis performance test with monocularly solvable tasks. The second one analyzed
stereopsis performance in a clinical environment and involved subjects with defective
stereopsis. The third one compared the results of the proposed test with the results
of a traditional test. For the evaluation all 16 response times for each subject and
for each disparity difference were used if not stated otherwise.

38

Chapter 4. Stereopsis performance evaluation

Response time evaluation
Experimental setup In the first experiment 29 subjects (Table 4.1) participated
to evaluate the differences in response times between the proposed test and two tasks
without stereoscopic stimuli and the differences of response times of one subject from
coarser to finer disparities. Both non-stereoscopic tests were presented binocularly.
The purpose of this experiment was not to show response times of a clinical group
or to measure representative values of a broader population. The purpose was to
analyze the basic response time measurements of the proposed test for a group with
normal stereopsis. As the test will be used for athletes in the following chapter, the
group mainly consisted of young adults.
1. Reaction test based on simple visual stimulus
For the first task, the subjects had to react as fast as possible when the screen
turned from black to white. The median of the response times in 16 iterations was used as an estimation for a basic reaction time based on a simple
visual stimulus. Therefore, the screen remained black for four seconds. Then,
a randomized duration between 0 and 5000 ms was additionally applied. After that, the screen turned white until the subject interacted. When a button
was pressed, the screen turned black again and the next iteration started. The
procedure is summarized in a diagram in Figure 4.7.
2. Decision test based on contrast simulus
For the second task, a 4AFC test was conducted analogously to the proposed
stereoscopic one. Only one disk instead of four appeared in 16 iterations. Disparities were not included. The subject had to decide where the disk appeared
as fast as possible. The median of response times was used as an estimation
of the decision time based on a contrast stimulus instead of a stereoscopic one.
The procedure is summarized in Figure 4.8.
For the proposed stereopsis performance test, three disparity differences were presented (15, 30, and 60 seconds of arc) relative to a base disparity of 15 seconds of
arc in 16 iterations each. The medium disparity difference of 30 seconds of arc was
selected, as 80 % of adults have this stereo acuity or better [Cout 93]. Further, the
three disparity differences are commonly used as lower disparity differences in available stereo acuity tests, e.g. the TNO test. The disparity differences were presented
in randomized order. The size of the disks and the distance between the disks were
quantified as angle in seconds of arc. Both were set to 2000 seconds of arc.
All subjects first accomplished the test to evaluate the reaction time based on a
simple visual stimulus, then the test to evaluate the decision time based on a contrast
stimulus and finally the proposed stereopsis performance test in a viewing distance
of five meters for each test. For the stereoscopic tasks, each disparity difference was
presented at the beginning of the stereopsis test in one training iteration. The training
iterations were not included in the calculations for the results and were presented
additionally to the 16 iterations of each disparity difference. In consequence, three
training iterations were presented. The training iterations were intended to familiarize
the subject with the stereoscopic task. For all tests, the display was a polarized 3D
TV (Philips 32PFL6007K/12) with a diagonal of 32”, 60 Hz frame rate, and a Full
High Definition (HD) resolution of 1920 x 1080.
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Table 4.1: Information about subjects that participated in the response time evaluation experiment. Visual acuities were measured using the Freiburg Vision Test
(FrACT) [Bach 96] at a distance of five meters.
Subject Age Gender Dominant eye Visual acuity
(left/right)
1
18
female
left
1.32/1.61
2
24
female
right
1.32/1.52
3
25
male
right
1.19/1.39
4
25
male
left
1.04/0.91
5
26
male
right
2.00/1.52
6
26
male
left
0.46/0.54
7
27
male
right
1.67/0.55
8
27
male
right
1.35/1.02
9
27
male
right
1.28/1.52
10
27
male
left
1.19/0.74
11
27
male
right
0.85/1.28
12
28
female
left
1.79/1.35
13
28
male
right
1.39/1.52
14
28
female
left
1.35/1.19
15
28
male
right
1.35/1.11
16
29
male
left
0.81/1.32
17
29
male
left
1.72/1.25
18
29
male
right
2.00/1.67
19
30
female
right
1.16/1.47
20
31
male
right
1.25/1.92
21
31
male
right
1.47/1.72
22
31
male
left
1.56/1.72
23
33
male
right
2.00/2.00
24
34
female
right
0.94/0.78
25
34
male
left
1.52/1.72
26
35
female
left
0.69/1.39
27
37
male
right
1.06/1.00
28
38
male
right
0.70/1.67
29
43
male
right
1.4/0.88
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Figure 4.7: Reaction test based on a simple visual stimulus: The screen remains black
for four seconds and for an additional random time up to 5000 ms. The subject has
to react as soon as the screen turns white in 16 iterations.
Data analysis The medians of the response times of all subjects were compared
for each disparity difference of the stereoscopic tasks with the medians of response
times of both non-stereoscopic tasks. Further, the groups of response time medians of
the three different disparity differences were compared with each other. The medians
for the stereoscopic tasks were calculated and evaluated in two analyses.
(i) In a first analysis all response times were used for the calculations. All subjects
were included.
(ii) As response times for disparity differences that were not detected according
to the PT can be considered as invalid estimations for the speed of depth
recognition, they were excluded in a second analysis. Therefore, only response
times were used for calculations that corresponded to correct decisions. Further,
only subjects were included which were able to recognize all three disparity
differences according to the PT.
Statistical analyses were performed with non-parametric methods, as the sample distribution was unsuccessfully tested for normality by a Lillifors test with a significance
level of 0.05. A Friedman test with a significance level of 0.01 was used in both analyses to evaluate significant differences. A Wilcoxon signed rank test was used as post
hoc test to identify potential individual significant differences between pairs.
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Figure 4.8: Decision test based on a contrast stimulus: First, all disks are shown
without disparity until an interaction by the subject. In each iteration only one disk
is presented without disparity. The subject has to select the disk as fast as possible
in 16 iterations.
Clinical evaluation
Experimental setup In the second experiment, 60 subjects participated to evaluate stereopsis performance as assessed by the proposed test between healthy and
defective stereopsis. The purpose of the experiment was to analyze stereopsis performance of groups, which have known quality differences in stereopsis. Therefore, this
experiment can be assumed as a proof of concept, whether the values measured by the
test are able to discriminate between clear performance differences. None of the subjects participated in the experiment described above. Based on their performances in
two standard stereo acuity tests as described in more detail later, the subjects were
divided into a normal stereopsis group (Table 4.2), a weak stereopsis group (Table
4.3), and a non-stereopsis group (Table 4.4). The latter two groups represented defective stereopsis. The weak stereopsis group was expected to be able to perform
depth estimations based on the presented stereoscopic stimuli but with low stereopsis
performance such as reduced speed. The non-stereopsis group was expected to not be
able to perform depth estimations based on the presented stereoscopic stimuli. The
non-stereopsis group consisted of strabismus patients that were positively classified
for strabismus by a cover test [Motl 11]. The two other groups consisted of subjects
that came for a routine eye examination and agreed to participate in this study. Each
subject of all three groups performed two stereo acuity tests, the TNO test and either the Titmus test or the Lang II test. The latter one was performed by children
with an age of six years or younger. Subjects that were not able to recognize any
stimulus in both accomplished tests were assigned to the non-stereopsis group, which
was only valid for the strabismus patients. Subjects that were not able to recognize
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Table 4.2: Information about subjects that participated in the clinical evaluation
experiment and showed normal stereopsis. Stereo acuity tests that were not applied
to a certain subject are marked with “-”. Stereo acuity tests in which subjects could
not detect any disparity are marked with “neg.”. Visual acuities were measured using
the Freiburg Vision Test (FrACT) [Bach 96] at a distance of five meters.
Visual
Domin.
Stereo acuity (arcsecs)
Subj. Age Gender
acuity
eye
(left/right) TNO Titmus Lang II
Normal stereopsis
1
7
male
left
0.8/1.0
60
40
2
7
female
right
0.8/0.8
60
100
3
8
male
right
1.0/1.0
60
20
4
8
female
left
1.0/1.0
60
20
5
15
female
left
0.7/0.7
120
40
6
16
female
left
1.0/1.2
60
40
7
16
male
left
0.8/0.7
60
40
8
18
male
right
1.0/1.0
120
40
9
22
female
left
1.2/1.2
60
40
10
22
female
right
1.2/1.2
60
40
11
25
male
right
1.0/0.8
120
40
12
25
female
right
1.0/1.0
120
60
13
29
female
right
1.2/1.2
50
100
14
29
male
right
1.0/1.0
60
100
15
30
female
left
1.0/1.2
60
40
16
32
female
right
1.0/1.0
60
25
17
33
male
left
1.0/1.0
120
100
18
36
female
left
1.0/1.2
60
40
19
39
male
right
1.0/1.0
60
25
20
40
female
right
0.6/0.8
60
20
any stimulus in one of the accomplished tests but at least one stimulus in the other
test were assigned to the weak stereopsis group. Subjects that were able to detect
at least one stimulus in each of the accomplished tests were assigned to the normal
stereopsis group.
All subjects performed the proposed stereopsis performance test in a completely
dark room at a viewing distance of 3.74 meters. The distance to the screen was
lower than in the first experiment as this experiment was conducted in a clinical
environment, where space was limited. The size and the distance between the disks
were quantified as an angle in seconds of arc. The disk size was set to 2000 seconds
of arc. The distance between the disks was also set to 2000 seconds of arc. The
base disparity was set to 20 seconds of arc. Six disparity differences relative to
the base disparity were presented (20, 40, 60, 80, 100, and 120 seconds of arc) in
16 iterations each. The disparity differences were presented in randomized order.
Each disparity difference was presented at the beginning of the stereopsis test in
one training iteration. The training iterations were not included in the calculations
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Table 4.3: Information about subjects that participated in the clinical evaluation
experiment and showed weak stereopsis. Stereo acuity tests that were not applied to
a certain subject are marked with “-”. Stereo acuity tests in which subjects could not
detect any disparity are marked with “neg.”. Visual acuities were measured using the
Freiburg Vision Test (FrACT) [Bach 96] at a distance of five meters.
Visual
Domin.
Stereo acuity (arcsecs)
Subj. Age Gender
acuity
eye
(left/right) TNO Titmus Lang II
Weak stereopsis
21
5
male
right
0.9/0.9
neg.
550
22
6
male
right
1.0/1.0
120
neg.
23
11
female
left
0.7/0.7
neg.
63
24
11
male
right
0.8/0.8
120
neg.
25
12
female
right
1.2/1.2
neg.
20
26
13
female
left
0.8/0.8
neg.
60
27
19
female
left
1.0/1.0
neg.
40
28
20
female
right
1.0/0.8
neg.
100
29
21
female
left
1.2/1.2
neg.
100
30
26
female
left
0.8/1.0
240
neg.
31
26
female
right
1.0/1.0
neg.
40
32
29
male
right
1.0/1.0
neg.
200
33
35
female
right
0.8/0.9
neg.
100
34
36
female
right
1.2/1.0
neg.
100
35
44
male
left
1.0/0.8
neg.
100
36
44
male
right
0.6/0.7
neg.
120
37
46
female
left
1.0/1.0
neg.
60
38
47
female
right
1.0/1.0
neg.
100
39
51
male
right
0.8/0.8
neg.
100
40
56
female
right
1.0/1.0
neg.
40
for the results and were presented additionally to the 16 iterations of each disparity
difference. Therefore, six training iterations were presented. The training iterations
were intended to familiarize the subject with the stereopsis test. The used display
was a polarized 3D TV (Philips 32PFL7606K/02) with a diagonal of 32”, 60 Hz frame
rate, and a Full HD resolution of 1920 × 1080.

Data analysis The medians and the MADs of the response times of all subjects
were grouped according to their assigned group. For each disparity difference, the
three groups were compared to each other. The medians and MADs were calculated
in two analyses similarly to the previous experiment.
(i) In a first analysis all response times were used for the calculations. All subjects
were included according to their groups.
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Table 4.4: Information about subjects that participated in the clinical evaluation
experiment and did not show measurable stereopsis. Stereo acuity tests that were
not applied to a certain subject are marked with “-”. Stereo acuity tests in which
subjects could not detect any disparity are marked with “neg.”. Visual acuities were
measured using the Freiburg Vision Test (FrACT) [Bach 96] at a distance of five
meters.
Visual
Domin.
Stereo acuity (arcsecs)
Subj. Age Gender
acuity
eye
(left/right) TNO Titmus Lang II
No stereopsis
41
5
male
right
0.8/0.8
neg.
neg.
42
8
female
right
0.8/0.8
neg.
neg.
43
9
male
left
1.0/1.0
neg.
neg.
44
12
female
left
1.0/1.2
neg.
neg.
45
19
male
right
0.7/0.7
neg.
neg.
46
23
male
right
1.0/1.25
neg.
neg.
47
24
female
right
0.8/0.8
neg.
neg.
48
26
male
right
0.6/0.8
neg.
neg.
49
33
female
left
1.0/1.0
neg.
neg.
50
39
male
right
1.0/1.2
neg.
neg.
51
40
male
right
1.0/1.0
neg.
neg.
52
43
female
right
0.8/0.8
neg.
neg.
53
46
male
right
1.0/1.0
neg.
neg.
54
47
male
right
0.8/0.7
neg.
neg.
55
48
female
right
0.6/0.7
neg.
neg.
56
50
female
left
0.8/0.8
neg.
neg.
57
53
male
right
0.8/0.8
neg.
neg.
58
54
female
right
1.2/0.8
neg.
neg.
59
55
male
left
1.0/0.8
neg.
neg.
60
62
male
right
1.0/1.0
neg.
neg.
(ii) In a second analysis only response times for correct decisions were used for
calculations. Subjects were included for a disparity difference only, if they were
able to recognize it according to the PT.
Statistical analyses were performed with non-parametric methods, as the sample distribution was unsuccessfully tested for normality by a Lillifors test with a significance
level of 0.05. In both analyses a Kruskal-Wallis test and a post hoc Wilcoxon rank
sum test were used to compare the medians and the MADs for each disparity difference with p ≤ 0.05 and p ≤ 0.01.
For investigating the ability of the proposed test to predict whether a subject has
normal, weak, or absent stereopsis, a Support Vector Machine (SVM) [Burg 98] within
the LIBSVM library [Chan 11] was used for evaluation. For each subject, the medians and the MADs of the response times for each disparity difference were grouped
in a 12-dimensional vector. For each disparity difference, the medians and MADs
respectively were normalized to the range [0; 1] across all subjects that were able to
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recognize this disparity difference according to the PT. If a subject was not able to recognize a certain disparity difference according to the PT, the corresponding median
and MAD respectively were not included into the calculations for normalization and
directly set to one. As testing strategy, a leave-one-subject-out cross validation was
performed. In each iteration, all subjects except of one were used for training, and
the remaining subject was used for testing. The SVM was used with a linear kernel
and probability outputs. The penalty value C was optimized in each iteration of the
cross-validation by performing a grid search for C on the training data in a range
of [0; 20] with a step length of 0.25. For this purpose, another leave-one-subject-out
cross-validation was performed for each value of C without including the test subject.
Therefore, training and test data were strictly separated. The value with the highest
classification accuracy was selected as penalty value C for the test subject.
Comparison with traditional methods
Experimental setup The purpose of this experiment was to analyze the potential contributions and connections of the proposed test compared to standard static
near stereo acuity tests. The main aims were to investigate how traditional and the
proposed stereo acuity measurements agree or disagree and how response time measurements connect to stereo acuity. Therefore, this experiment provides a comparison
study between the proposed test as a distance stereo acuity test with response time
analyses and the Titmus test as a traditional near stereo acuity test. The Titmus test
was selected as standard test, as its stimulus resembles the stimulus of the proposed
test.
The participating subjects were selected from the same cohort which was analyzed
in the clinical evaluation. Subjects, which did not perform the Titmus test or failed
for the Titmus test, were excluded for this experiment, as a comparison between the
tests was not possible. In consequence, the non-stereopsis group and parts of the
weak stereopsis group were excluded from this experiment. Subjects younger than
ten years or older than 40 years were excluded to prevent artificially longer response
times due to age reasons. Therefore, 27 subjects with an age of 25.67 ± 9.23 years
participated in this experiment. The clinical groups were ignored during the further
procedure of this experiment, as each participating subject has been qualified by valid
results in the Titmus test.
The results of the tests were used as they were obtained in the clinical experiment,
but differently analyzed. In consequence, the experimental setup remained the same
and is summarized as follows. The Titmus test was conducted for disparities ranging
from 10 to 200 seconds of arc. The proposed test was performed in a completely dark
room at a viewing distance of 3.74 meters. The size of the disks and the distance
between the disks were quantified as angle in seconds of arc. Both were set to 2000
arcsecs. The base disparity was set to 20 seconds of arc. Six disparity differences
relative to the base disparity were presented (20, 40, 60, 80, 100, and 120 arcsecs)
in 16 iterations each. The disparity differences were presented in randomized order.
Each disparity difference was presented once in a training iteration at the beginning
of the stereopsis test. The training iterations were not included in the calculations
for the results and were presented additionally to the 16 iterations of each disparity
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difference. The training iterations were intended to familiarize the subjects with the
stereopsis test.
Data analysis Two analyses were conducted. Calculations only involved response
times for correct decisions according to analysis (ii) of Section 4.1.4.
1. The aim of the first analysis was to compare stereo acuity results between the
proposed test and the Titmus test. Pearson’s correlation was computed between the stereo acuities of successfully performing subjects measured by the
Titmus test and the proposed test. Subjects were only included for correlation,
if they were able to recognize at least one disparity in both stereo tests respectively. Correlation only quantifies the strength of relation between two measures but not their agreement or changes in scale by one measure. Therefore,
the measured stereo acuities were additionally compared in a Bland-Altman
plot [Blan 86].
2. The aim of the second analysis was to investigate whether recognition speed as
assessed by the proposed test contributes to a finer characterization of stereopsis. The analysis included subjects which were able to recognize at least one
disparity in each of both stereo tests. Response times were measured with the
proposed test for a disparity of 120 seconds of arc, which was recognizable for
all subjects.
Response time medians, stereo acuities as measured by the proposed test, and
stereo acuities as measured by the Titmus test were correlated with the subjects’
ages. Pearson’s product was calculated for each comparison to test for potential
age affects.
The range of measured response time medians for 120 seconds of arc was divided
by three to identify the fastest subjects. Subjects with response times located
in the first third were defined as best performers. Subjects with response times
located in the second and last third were defined as comparison group.
As the sample distribution was unsuccessfully tested for normality by a Lillifors
test (p ≤ 0.05), statistical analyses were performed with non-parametric methods by using a Wilcoxon rank sum test. Stereo acuities of best performers were
compared for significant differences with the stereo acuities of the comparison
group. First, stereo acuity as measured with the proposed test was compared
between the two groups. Then, stereo acuity as measured with the Titmus test
was compared between the groups.

4.2
4.2.1

Results
Response time evaluation

According to the previously defined PT 28 of the 29 subjects were able to detect 60
seconds of arc, 25 subjects were able to detect 30 seconds of arc, and 16 subjects
were able to detect 15 seconds of arc. Therefore, 29 subjects were evaluated in the
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Figure 4.9: Response time evaluation: Comparison of response time medians between
different tasks. All subjects and response times are included. The middle lines in
the boxes mark the median of response time medians, the boxes mark the 25th and
75th percentile, and the dashed lines mark the minimum and maximum medians of
response time. All tasks differed significantly from each other for p ≤ 0.01 (**) except
for 15 seconds of arc compared to 30 seconds of arc.
first analysis including all response times and all subjects. In consequence, 15 subjects were evaluated in the second analysis including only response times for correct
decisions and only subjects that recognized all disparity differences according to the
PT. The medians of the response times for all disparity differences of the stereoscopic
tasks ranged between 729 ms and 7597 ms in the first analysis and between 729 ms
and 3511 ms in the second analysis. The differences between the corresponding medians of the response times for the stereoscopic tasks and the medians of the reaction
times based on a basic visual stimulus ranged between 332 ms and 7143 ms in the
first analysis and between 332 ms and 3135 ms in the second analysis. The differences
between the corresponding medians of the response times for the stereoscopic tasks
and the medians of the decision times based on a contrast stimulus ranged between
101 ms and 6908 ms in the first analysis and between 101 ms and 2834 ms in the
second analysis. Significant (p ≤ 0.01) differences between the response time medians
of the non-stereoscopic tasks and the stereoscopic tasks were observed for all disparity differences in both analyses. As the disparity differences decreased, the response
times for the stereoscopic tasks increased in both analyses. Significant (p ≤ 0.01)
differences of all disparity differences to one another were observed in both analyses. One exception is the comparison of 15 seconds of arc to 30 seconds of arc when
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Figure 4.10: Response time evaluation: Comparison of response time medians between different tasks. Only response times for correct decisions and subjects that
recognized all disparity differences are included. The middle lines in the boxes mark
the median of response time medians, the boxes mark the 25th and 75th percentile,
and the dashed lines mark the minimum and maximum medians of response time.
All tasks differed significantly from each other for p ≤ 0.01 (**).
including all response times in the first analysis. No significance could be observed
here. A comparison between the response times of the different groups can be found
in Figure 4.9 and Figure 4.10.

4.2.2

Clinical evaluation

The numbers of subjects for each group that were able to successfully recognize a
certain disparity difference according to the used PT are summarized in Table 4.5.
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Table 4.5: Clinical evaluation: Number of subjects for each group (normal stereopsis,
weak stereopsis, and non-stereopsis) that were able to successfully identify a certain
disparity difference according to the used psychometric threshold of 0.625.
120
100
80
60
40
20
Groups
arcsecs arcsecs arcsecs arcsecs arcsecs arcsecs
Normal
20
20
20
20
20
19
(20 subjects)
Weak
17
16
14
13
7
2
(20 subjects)
Non
0
0
0
0
0
0
(20 subjects)
Table 4.6: Clinical evaluation: Comparison of response time medians between the
groups for disparity differences from 20 to 120 seconds of arc. All response times
and subjects are included (first analysis). (*) indicates significance for p ≤ 0.05.
(**) indicates significance for p ≤ 0.01. (-) indicates no significance for p ≤ 0.05.
Normal
Weak
Non
20 40
60 20 40
60 20 40
60
Normal (20 subjects) ** **
** ** **
**
Weak (20 subjects) ** **
**
*
*
*
Non
(20 subjects) ** **
**
*
*
*
Normal
Weak
Non
80 100 120 80 100 120 80 100 120
Normal (20 subjects) ** **
** ** **
**
Weak (20 subjects) ** **
**
*
*
*
Non
(20 subjects) ** **
**
*
*
*
(i) After including all subjects and all response times in the first analysis the medians
of response times ranged between 533 ms and 2750 ms for the normal stereopsis
group, between 700 ms and 4716 ms for the weak stereopsis group, and between 683
ms and 15532 ms for the non-stereopsis group. Significant (p ≤ 0.01) differences for
comparing the response time medians of the normal stereopsis group to the response
time medians of the weak stereopsis group and to the response time medians of the
non-stereopsis group were obtained for all disparity differences. The response time
medians of the weak stereopsis group showed significant (p ≤ 0.05) differences to
the response time medians of the non-stereopsis group for all disparity differences.
Significant (p ≤ 0.01) differences for comparing the MADs of the normal stereopsis
group to the MADs of the weak stereopsis group and to the MADs of the nonstereopsis group were obtained for all disparity differences except for 20 seconds of arc.
The comparison of the MADs showed no significant (p ≤ 0.05) differences between
the weak stereopsis group and non-stereopsis group for all disparity differences. The
comparisons between the response times of the different groups by using the first
analysis can be found in Figure 4.11 and Figure 4.12. Significant differences between
groups are summarized in Table 4.6 and Table 4.7.
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Figure 4.11: Clinical evaluation: Grouped inter-subject comparison of the medians
of response times per disparity. All response times and all subjects are included
(first analysis). The red middle lines in the boxes mark the median of response time
medians, the boxes mark the 25th and 75th percentile, and the dashed lines mark
the minimum and maximum medians of response time. Significant differences are
marked for p ≤ 0.05 (*) and for p ≤ 0.01 (**).

Table 4.7: Clinical evaluation: Comparison of response time MADs between the
groups for disparity differences from 20 to 120 seconds of arc. All response times
and subjects are included (first analysis). (*) indicates significance for p ≤ 0.05.
(**) indicates significance for p ≤ 0.01. (-) indicates no significance for p ≤ 0.05.
Normal
Weak
Non
20 40
60 20 40
60 20 40
60
Normal (20 subjects) **
**
**
**
Weak (20 subjects) **
**
Non
(20 subjects) **
**
Normal
Weak
Non
80 100 120 80 100 120 80 100 120
Normal (20 subjects) ** **
** ** **
**
Weak (20 subjects) ** **
**
Non
(20 subjects) ** **
**
-
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Figure 4.12: Clinical evaluation: Grouped inter-subject comparison of the MADs
of response times per disparity. All response times and all subjects are included
(first analysis). The red middle lines in the boxes mark the median of response time
MADs, the boxes mark the 25th and 75th percentile, and the dashed lines mark the
minimum and maximum MADs of response time. Significant differences are marked
for p ≤ 0.05 (*) and for p ≤ 0.01 (**). The normal group differs significantly from
the other groups.
(ii) As in the second analysis subjects have been excluded from each disparity difference that were not able to recognize that respective disparity difference according to
the PT, only a comparison of response times for correct decisions between the normal
and the weak stereopsis group was possible. In the non-stereopsis group no subject
was able to recognize any disparity difference. The medians of response times for
the normal stereopsis group ranged again between 533 ms and 2750 ms and between
700 ms and 3583 ms for the weak stereopsis group. The comparison of the response
time medians and the comparison of the MADs between the normal and the weak
stereopsis group showed significant (p ≤ 0.01) differences from 120 seconds of arc
down to 40 seconds of arc. A comparison for 20 seconds of arc was not possible as
only two subjects in the weak stereopsis group were able to recognize this disparity
difference according to the PT. The results are summarized in Figure 4.13 and Figure
4.14. Significant differences between groups are summarized in Table 4.8 and Table
4.9.
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Table 4.8: Clinical evaluation: Comparison of response time medians between the
groups for disparity differences from 20 to 120 seconds of arc. Only response times for
correct decisions and subjects that were able to recognize a certain disparity difference
are included for the respective disparity difference (second analysis). (**) indicates
significance for p ≤ 0.01. (-) indicates no significance for p ≤ 0.05. (n.e.) indicates
“no evaluation”, if five or less subjects remained in one group. The number of subjects
in the left column relates to the initial group sizes and varied per disparity difference.
Normal
Weak
Non
20 40
60
20 40
60
20 40
60
Normal (20 subjects)
n.e. **
** n.e. n.e. n.e.
Weak (20 subjects) n.e. **
**
n.e. n.e. n.e.
Non
(20 subjects) n.e. n.e. n.e. n.e. n.e. n.e.
Normal
Weak
Non
80 100 120 80 100 120 80 100 120
Normal (20 subjects)
**
**
** n.e. n.e. n.e.
Weak (20 subjects) **
**
**
n.e. n.e. n.e.
Non
(20 subjects) n.e. n.e. n.e. n.e. n.e. n.e.
-

Figure 4.13: Clinical evaluation: Grouped inter-subject comparison of the medians of
response times per disparity. Only response times for correct decisions and subjects
that were able to successfully recognize a certain disparity difference are included
for the respective disparity difference (second analysis). The red middle lines in the
boxes mark the median of response time medians, the boxes mark the 25th and
75th percentile, and the dashed lines mark the minimum and maximum medians of
response time. Significant differences are marked for p ≤ 0.05 (*) and for p ≤ 0.01
(**).
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Table 4.9: Clinical evaluation: Comparison of response time MADs between the
groups for disparity differences from 20 to 120 seconds of arc. Only response times for
correct decisions and subjects that were able to recognize a certain disparity difference
are included for the respective disparity difference (second analysis). (**) indicates
significance for p ≤ 0.01. (-) indicates no significance for p ≤ 0.05. (n.e.) indicates
“no evaluation”, if five or less subjects remained in one group. The number of subjects
in the left column relates to the initial group sizes and varied per disparity difference.
Normal
Weak
Non
20 40
60
20 40
60
20 40
60
Normal (20 subjects)
n.e. **
** n.e. n.e. n.e.
Weak (20 subjects) n.e. **
**
n.e. n.e. n.e.
Non
(20 subjects) n.e. n.e. n.e. n.e. n.e. n.e.
Normal
Weak
Non
80 100 120 80 100 120 80 100 120
Normal (20 subjects)
**
**
** n.e. n.e. n.e.
Weak (20 subjects) **
**
**
n.e. n.e. n.e.
Non
(20 subjects) n.e. n.e. n.e. n.e. n.e. n.e.
-

Figure 4.14: Clinical evaluation: Grouped inter-subject comparison of the MADs of
response times per disparity. Only response times for correct decisions and subjects
that were able to successfully recognize a certain disparity difference are included
for the respective disparity difference (second analysis). The red middle lines in the
boxes mark the median of response time MADs, the boxes mark the 25th and 75th
percentile, and the dashed lines mark the minimum and maximum MADs of response
time. Significant differences are marked for p ≤ 0.05 (*) and for p ≤ 0.01 (**).
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The SVM classifier reached an accuracy of 0.92. The complete normal and the complete non-stereopsis group were correctly classified. Five subjects of the weak stereopsis group were misclassified; two of them were mapped to the normal stereopsis
group and three were mapped to the non-stereopsis group. The classification confussion matrix is summarized in Table 4.10. The probabilities for each subject to belong
to a certain group as predicted by the SVM are summarized in Figure 4.15.
Table 4.10: Clinical evaluation: Confusion matrix for classifying each subject according to his or her medians and MADs of response times.
Normal
Weak
Non
Normal (20 subjects) 20 (100%)
0 (0%)
0 (0%)
Weak (20 subjects)
2 (10%)
15 (75%)
3 (15%)
Non
(20 subjects)
0 (0%)
0 (0%)
20 (100%)

Figure 4.15: Clinical evaluation: Probabilities for each subject to belong to one of the
three groups predicted by the Support Vector Machine (SVM). For each prediction,
the SVM was trained with all other subjects.

4.2. Results

4.2.3

55

Comparison with traditional methods

1. Valid stereo acuity results were achieved by 27 subjects in both stereo tests.
The resulting stereo acuities of both tests per subjects are presented in Figure
4.16. The stereo acuities correlated with a Pearson’s product of 0.68. The
correlation was significant with p ≤ 0.0001. The Bland-Altman plot in Figure
4.17 shows a mean difference of -18.63 seconds of arc in stereo acuity for the
proposed test compared to the Titmus test.
2. Pearson’s product revealed no correlation between stereo acuity and recognition
speed with age. Response time medians correlated with age with a Pearson’s
product of -0.24. The correlation was not significant (p ≤ 0.20). Stereo acuity as
assessed with the proposed test correlated with age with a Pearson’s product of
-0.09. The correlation was not significant (p ≤ 0.65). Stereo acuity as assessed
with the Titmus test correlated with age with a Pearson’s product of 0.12. The
correlation was not significant (p ≤ 0.50).
The response times for 120 seconds of arc of all subjects ranged between 550 ms
and 1450 ms. The first third of response times ranged from 550 ms to 850 ms
and defined the best performer group of 15 subjects with an age of 28.73 ± 7.32
years. The second and the last third of response times ranged from 851 ms
to 1458 ms and defined the comparison group of 11 subjects with an age of
21.83 ± 10.21 years. The response time medians for 120 seconds of arc are
depicted in Figure 4.18.

Figure 4.16: Comparison with traditional methods: The plot shows per subject the
stereo acuity as assessed with the proposed test and the Titmus tests respectively.
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Figure 4.17: Comparison with traditional methods: Bland-Altman plot of stereo
acuities as assessed by the proposed and the Titmus test. The plot shows the differences and the averages between the stereo acuties of the proposed and the Titmus
test, the mean difference, and ±1.96 of the standard deviation (SD) of the differences.

Figure 4.18: Comparison with traditional methods: Sorted response times per subject
as measured with the proposed test at a disparity of 120 seconds of arc. The red line
marks the lower third of the measured response time range with 850 ms.
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The best performer group showed significantly (p ≤ 0.01) better stereo acuities
as measured with the proposed and the Titmus test. The mean stereo acuity
as measured with the StereoViPer test was 21.33 seconds of arc for the best
performer group and 53.33 seconds of arc for the comparison group. The mean
stereo acuity as measured with the Titmus test was 36.00 seconds of arc for the
best performer group and 76.92 seconds of arc for the comparison group. The
distribution of stereo acuities of both groups are depicted in Figure 4.19.

Figure 4.19: Comparison with traditional methods: Distribution of stereo acuities per
subject group. The best performers in response times (≤ 850 ms) for a disparity
of 120 seconds of arc included more subjects with better stereo acuity as measured
with the proposed and the Titmus test and showed significantly better stereo acuity
than the rest of the subjects in the comparison group, which achieved higher response
times (> 850 ms).

4.3

Discussion

Discussion of the response time evaluation
The experiment about the task dependent response time evaluation showed a high
range of stereoscopic response time medians in between the subjects as well as a
high range of differences between stereoscopic and simple non-stereoscopic response
time medians. The high ranges arise because the minimum and maximum values
of all disparity differences were stated. However, rather high ranges remain within
the response time medians of each disparity difference, e.g. 979 ms to 3511 ms
for 15 seconds of arc after only including response times for correct decisions. One
assumption is that those variations between the subjects remain because stereopsis
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performance as assessed by the proposed test is as individual as the human visual
system. Nevertheless, the significant differences between the non-stereoscopic tasks
and the proposed test in all presented disparity differences and in both response time
analyses emphasize the task complexity of the stereoscopic task. The response times
for the stereoscopic tasks involve durations for several other mechanisms like the
response time from recognizing the light stimulus until pressing the button or from
detecting the closer disk until selecting and pressing the corresponding button.
The first non-stereoscopic task represented response time measurements for detecting a basic light stimulus. The task modelled the time it takes for a subject from
perceiving a light stimulus until pressing any button. Therefore, the basic motor
reaction on a visual stimulus could be measured without any decision times. Due
to the difference in stimuli it can only be stated that the stereoscopic tasks have a
significantly higher complexity than recognizing whether a light is turned on or off
and that the first non-stereoscopic task marks the lower bound of response times per
subject when using the display and input modality of the proposed test.
The second non-stereoscopic task represented response time measurements for detecting a contrast stimulus. Additionally, the task differs from stereoscopic tasks, as
it does not provide additional target objects but only one disk. It does not include
comparison tasks on a visual level but a localization task. However, the subject had
to perform a decision task on the input modality by selecting the corresponding button. Therefore, the stimuli might differ, but the motor reaction on a visual stimulus,
the decision time for the desired button, and the localization of one disk even without
comparing it to others were all covered by the second non-stereoscopic task. These
mechanisms are also included in the stereoscopic measurements. Therefore, it represents the basic connection between a visual localization task without comparison and
the decisional motor reaction per subject when using the display and input modality
of the proposed test.
As the non-stereoscopic response times are significantly lower than the stereoscopic ones, although they underlie different stimuli, they give a time baseline for
the stereoscopic tasks. They could be used for a normalization of the stereoscopic
response times as they involve major contribution of the non-stereoscopic demand
that is also included in the stereoscopic task of the proposed test as described above.
The proposed test provides the opportunity to assess the individual increase of
response time medians while simultaneously estimating stereo acuity. The significantly different response time medians between the presented disparity differences
as assessed by the proposed test show that the stereoscopic task complexity is significantly increasing with decreasing disparity differences independently from the individual stereopsis performance. Specifically, the performance component speed as
assessed by the proposed test is significantly decreased. Therefore, the proposed test
provides the opportunity to assess the individual increase of response time medians, while the disparity differences decrease to the stereo threshold. This increase
of response times for a decrease of disparity difference can be assumed as a logical
conclusion from studies which reported that subjects showed better stereo acuity for
higher than for lower stimulus exposure times [Tyle 91, Watt 87, Hess 06]. However,
in the conducted study in this thesis stereo acuity did not change but the temporal parameter, as disparity was varied instead of exposure time. Therefore, subjects
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tended to have higher durations for coarser disparities even if the examined fine and
coarse disparities were above their stereo thresholds. Literature also provides some
evidence for this coarse-to-fine-processing. Previous studies proposed that low spatial
frequencies of stereo content are processed before high spatial frequencies [Marr 79].
Wilson et al. even stated that disparities are processed in distinct channels for spatial
frequency [Wils 91]. Therefore, literature supports the findings of this experiment.

Discussion of the clinical evaluation
The experiment about the clinical evaluation showed that the proposed test enables
the separation between groups of subjects with clear and expected differences in
stereopsis performance, i.e. normal and defective stereopsis, by analyzing the response
times.
Discussion of the analysis of the sterepsis performance results
When all response times and all subjects are included, the quantification of stereopsis
speed as assessed by the proposed test enables the separation of the normal stereopsis
group from the weak and the non-stereopsis groups for all disparity differences. The
quantification of robustness as assessed by the proposed test allows the same separation down to 40 seconds of arc. The response time behavior of weak and non-stereopsis
subjects is only significantly different at a higher significance level (p ≤ 0.05). This
seems reasonable as the weak stereopsis group includes various subjects that were not
able to recognize certain disparity differences according to the PT. As no subjects of
the non-stereopsis group was able to recognize a single disparity difference a similar
response time behavior between the weak and the non-stereopsis group is expectable.
In consequence, the MADs, which represent robustness, of both groups are too similar
for a significant difference even at a significance level of p ≤ 0.05. As the complete
stereoscopic tasks can be interpreted as high difficulty levels for the weak stereopsis
group, the assumption can be made that robustness as assessed by the proposed test
seems to be more affected by defective stereopsis than speed. Otherwise, not only
speed would show significant differences between the weak and the non-stereopsis
group.
Removing subjects from the measurements that were not able to recognize a certain disparity difference according to the PT and analyzing only response times for
correct decisions preserves the significant differences between the normal and the
weak stereopsis group. Subjects of the weak stereopsis group showed a lower recognition speed than the subjects of the normal stereopsis group. In combination
with the significantly different robustness, which is represented by the MADs, the
weak stereopsis group showed significantly lower stereopsis performance as assessed
by the proposed test. However, one drawback of analyzing only subjects that were
able to recognize the examined disparity difference is that the remaining groups are
unbalanced. A comparison at a disparity difference of 20 seconds of arc could not be
evaluated due to too few subjects in the weak stereopsis group. In future studies, it
should be managed to use as many subjects such that for each disparity difference the
groups are balanced. In the case of 20 seconds of arc, it can be interpreted controversially if the two subjects in the weak stereopsis group can really be considered to
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have weak stereopsis when they are able to recognize such a low disparity difference.
A comparison of response times of a non-stereopsis group remains impossible as no
subject of the non-stereopsis group is able to recognize any disparity difference by
definition. Nevertheless, in the remaining chapters the response times are evaluated
by only considering response times for correct decisions and subjects that were able
to recognize a certain disparity difference. This models the recognition speed in a
more precise manner and it reveals the same findings like including all response times
and all subjects. The advantage is that response times for incorrect decisions and
subjects that could not recognize a certain disparity difference do not have an disturbing impact with values that can be assumed to be results of guesses instead of
valid recognition speed estimations for stereopsis. Stereoblind subjects for presented
disparity differences do not necessarily require a response time evaluation as they can
be simply identified by their correct decisions rates.
The inclusion of young children did not affect the significant differences in the
conducted experiment. The second analysis was repeated after removing subjects that
were younger than eight years old (two per group) and after removing subjects that
were younger than twelve years old (four per group) from the normal and the weak
stereopsis group. The significant results remained the same in both cases. However,
based on the data of this experiment it cannot be concluded that young children do
never have an impact on stereoscopic response time measurements. Further research
would be required. However, after the exclusion of young children the mean age of
the normal stereopsis group was still six years younger than the mean age of the
weak stereopsis group. Response times can be dependent on age, as younger subjects
might have lower reaction times than older ones. Therefore, it has to be noted the
lower response times of the normal steropsis group might be partially dependent on
the younger age of the group. However, even if reaction speed might be dependent
on age, consistent reactions are not. The analysis of the MADs shows that normal
subjects were more confident by showing lower variations in their response times. As
these values are in agreement with the speed results and should be independent from
age, it can be assumed that the influence of age is lower than the influence of a higher
stereopsis performance and that the response time analyses produced valid results,
which are related to stereopsis performance.
As no fixation target was used, the response times include movements and accommodation of the eyes which contributes to the response times of the subjects. It
is assumed that this also contributes to the high variations of response times within
one group. This is interpreted as natural condition. Referring to the redefinition of
speed in Section 4.1.1 fixation and accommodation durations are involved. Especially
when it comes to measurements with highly trained athletes in the following chapter,
those two mechanisms are desired to be included in the response times.
As there is usually a trade-off between accuracy and speed observable in speeded
tasks the estimation of stereo acuity as assessed by the proposed test requires additional focus. Therefore, the results of a correlation experiment between the proposed
test and the Frisby test were examined in collaboration with the author [Tong 14].
The Frisby test was conducted without time pressure. Both tests produced stereo
acuities that correlated with a Pearson’s product of 0.72. Therefore, the trade-off
between stereo acuity and speed of the proposed test is assumed to be acceptable
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for measuring stereo acuity reliably. However, it is noticeable for three subjects of
the weak stereopsis group that they had disparity differences that they could not recognize which were followed by lower disparity differences that they could recognize.
Here, the trade-off between accuracy and speed might have been an issue.
The test requires a higher duration than other pure stereo acuity tests. This is due
to the fact that most of these other tests are not performed in a comparable number
of iterations. Therefore, in the author’s opinion, pure guessing cannot be addressed
accurately enough in those tests. The duration to perform the proposed test could
also be reduced if a smaller amount of iterations per disparity difference would be
used. E.g., it is possible to reduce the number of iterations for each disparity difference
to eight iterations and set five correct decisions as the threshold for detection. Under
these conditions the probability that a disparity difference would be classified as
perceived, although pure guessing was performed, is still lower than 0.05.
As no subject of the stereopsis group was able to detect any disparity difference it
can be assumed that the proposed test is not solvable without measurable stereopsis
for the presented disparity differences. A future strategy to use the proposed test for
clinical screening could be to evaluate the correct decision rates to classify subjects
without measurable stereopsis and to use the analysis of response times for correct
decisions to distinguish between weak and normal stereopsis performance.
Discussion of the classification results
The classification results emphasize the findings listed above. The stereopsis components returned by the proposed test yield considerable classification performance
on a three class problem. It is not surprising that each subject of the non-stereopsis
group could be classified correctly as all of them did not recognize a single disparity
difference and therefore are represented by characteristic feature vectors. The complete normal group could also be classified correctly as almost each subject except of
one could recognize each disparity difference. Further, their response times tended to
be lower. Therefore, the crucial group was the weak stereopsis group, which received
an accuracy of 75%. The two subjects that were mapped to the normal stereopsis
group could recognize all disparity differences and, according to the author’s opinion, performed at comparable response times to the ones of the normal stereopsis
group. See Figure 4.13 and Figure 4.14 for more details. Two of the three subjects that were mapped to the non-stereopsis group could not recognize any disparity
difference. Therefore, they received the same feature vector as the subjects of the
non-stereopsis group. The remaining misclassified subject could recognize several
disparity differences, but the response time medians and MADs were so high that he
received values close or equal to one after normalization. For a better classification
a larger sample would be required. This can be seen in the returned probabilities.
The misclassified subjects in the weak stereopsis group received a higher probability
to belong to the non-stereopsis group than the subjects of the non-stereopsis group.
The reason is that if a subject of the non-stereopsis group was selected for testing
by the leave-one-subject-out cross-validation, the classifier was trained with at least
two subjects of the weak stereopsis group showing the same feature vector. Those
two subjects reduced the probability for the non-stereopsis group. If one of those two
subjects of the weak stereopsis group was selected, only one subjects remained in the
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weak stereopsis group for training, which resulted in only half of the influence for the
probabilities of the non-stereopsis group.
The interpretation of the classification results suggests that correct decisions and
thus stereo acuity had a strong impact on the results. Although response times can be
used to automatically classify the performance levels, it might be strongly dependent
on stereo acuity. This finding is discussed in more detail within the scope of the
next experiment, as it analyzed the connection between those two components in a
stronger focus.
As each evaluation strategy in the clinical experiment relies on the grouping of
the subjects, it has to be noted that the grouping strategy may also be affected by
errors. It is very likely that a subject is stereoblind if he or she is not able to perceive
a single disparity in two state-of-the-art stereo acuity tests. But weak stereopsis is
difficult to define. The gold standard classification for weak stereopsis, i.e. a subject
was not able to detect any disparity in only one the two tests, is reasonable and seems
legit but is not proved. Therefore, the gold standard grouping of the subjects has to
be considered carefully. It has to be noted that there is no standardized method to
classify weak stereopsis to the author’s knowledge.
The results showed that stereopsis performance as assessed by the proposed test
differs for subjects with normal and defective stereopsis. Four of the subjects in
the weak stereopsis group showed correct decision rates below the PT for higher
disparity differences and then again correct decision rates above the PT for lower
disparity differences. Those subjects were assumed to always be close to the PT.
This behavior was only observed in the weak stereopsis group.
The classification shows potential as a computer-aided diagnosis for medical experts in the future. The probabilities returned by the classifier could be used as
a support for physicians. However, more research is required in this field. Larger
samples are necessary for a more precise analysis and it needs to be proved that
stereopsis response times can contribute to clinical purposes. Therefore, this analysis
is intended to support the prove of concept in the first place.

Discussion of the comparison with traditional methods
The conducted experiment compared distance stereopsis as assessed by the proposed
test with near stereo acuity as assessed by the Titmus test. The correlation between
both tests is significant and comparable to the correlation between the proposed test
and another distance stereo acuity test, as the proposed test and the distance Frisby
test correlated with a Pearson’s product of 0.72 as already discussed previously. This
finding would support the hypothesis that the results of near and distance stereo
acuity tests do not have to differ necessarily [Wong 02]. The Bland-Altman plot in
Figure 4.17 showed that the proposed test and the Titmus test systematically differed
in their stereo acuities. There are three potential main reasons.
1. Both tests did not present exactly the same disparity differences.
2. The used paradigm of classifying recognized disparities differed in both tests.
The theory behind the proposed test predicts the maximum possibility for correctly guessed decisions by iterating over one disparity in multiple trials. A
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similar prediction is not possible for the Titmus test, as it is executed only once
for each disparity. Therefore, stereo acuity as measured by the proposed test
is based on mathematical principles by measuring stereo acuity in 16 iterations
in contrast to the Titmus test.
3. The different viewing distance and the different results supports the hypothesis
that near and distance stereo acuity can produce different results [Brad 06].
Although the Bland-Altman plot in Figure 4.17 suggests that the proposed test
overestimates good stereo acuities compared to the Titmus test, the used paradigm
for classifying recognized disparities delivers a clear maximum probability for misclassifications. For evaluation of stereopsis on a high performance level such as it can
be expected in competitive sports distance stereo acuity as provided by the proposed
test might provide additional information differing from near stereo acuity, which
is supported by findings in the literature [Coff 90, Laby 96] and is important when
stereopsis of athletes is measured in the next chapter.
The significantly shorter response times of the best performer group showed that
recognition times differed in between subjects for a disparity of 120 seconds of arc.
As the best performer group had significantly better stereo acuities in the respective
tests, it can be assumed that better stereo acuity is associated with higher recognition
speeds. The shorter the response times for a disparity of 120 seconds of arc, the better
the stereo threshold. The results of this experiment again supported the finding
that finer disparities take longer to be processed than coarser disparities, as the
recognition times of each subject increased with decreasing disparity differences. This
increase of response times with decreasing disparity was individual and depended on
the respective stereo threshold of each subject.
Thereby, the best performer group showed for 40 seconds of arc as measured
with the proposed test still significantly (p ≤ 0.01) lower response times than the
comparison group at the coarsest disparity of 120 seconds of arc. Therefore, coarser
disparities appeared to challenge the best performer group less than the comparison
group.
The data suggest that age did not have an effect on the obtained results. The
correlation calculations demonstrated that stereo acuity and response time showed
low and insignificant correlations with the subjects’ ages.
As stereo acuity of traditional tests could have been used to separate the groups,
potential benefits of additionally measuring recognition speed for stereopsis evaluation
have to be investigated. The results suggest that recognition speed contributes with
additional performance information by providing a separation between groups, which
combines the results of near and distance stereo acuity. Examining subjects with
the same stereo acuity, different response times were found. It was supposed that
differences in the stereopsis performances of these subjects becomes only apparent
in response times. As better stereo acuities were associated with lower response
times for 120 seconds of arc, recognition speed analysis enables a finer performance
classification of highly performing subjects. It can be expected that recognition speed
could enable an additional performance discrimination between subjects, which are
able to recognize the finest presented disparity. Therefore, subjects with very good
stereo acuities can be separated by their associated response times.
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One limitation of the experiment is the unequal distribution of stereo acuity among
the subjects. The majority of subjects achieved the best measurable stereo acuity
for the proposed test. In future studies a population with a wider range of stereo
acuities should be evaluated to allow a closer investigation of the connections between
recognition speed and stereo acuity.

Comparison between experiments
The subjects of the clinical evaluation and the subjects for the comparison experiment
with a traditional method corresponded to the same cohort. The best performers
in the comparison experiment were subjects, which were mostly able to recognize
disparities down to 20 seconds of arc. Subjects in the normal stereopsis group in the
clinical evaluation could also recognize disparities down to 20 seconds of arc (with one
exception). Therefore, the best performers in the comparison experiment consisted
mainly of normal subjects of the clinical evaluation. It can be assumed that the
response time analyses of both experiments represented similar comparisons, while
the subject groups were motivated differently. Consequently, comparable results are
not surprising. Both analyses warranted the usage of the conducted response time
measurements for performance comparisons with different motivations and strategies.
A more interesting point is the comparison between the response time evaluation
of the first experiment and the response time analyses of the clinical evaluation, as
the cohort of subjects was different in both experiments. A response time comparison of subjects of the first experiment which were not able to recognize all presented
disparities with the weak stereopsis group of the clinical evaluation could not reveal
significant differences between the groups regarding the response time medians or
MADs. This finding would suggest that the subjects, which failed in the first experiment, showed weak stereopsis performance results comparable to those of the clinical
evaluation. However, when it comes to the comparison of best performers, i.e. subjects, which were able to recognize all presented disparities in the first experiment,
and subjects of the normal stereopsis group in the clinical evaluation, the clinical
subjects showed significantly better response time medians, although the MADs did
not differ significantly. This would suggest an enhanced recognition speed of normal
clinical subjects, although both groups had the same confidence in their decisions,
as robustness as represented by the MADs did not differ significantly. However, a
direct and fair comparison of both groups cannot be performed. Both experiments
were conducted at different locations with different setups. Thereby, the clinical
evaluation used slightly higher disparity differences (e.g., 40 seconds of arc compared
to 30 seconds of arc) and a lower viewing distance (3.74 meters compared to five
meters). Better performance results of normal subjects of the clinical group might
have benefitted from the setup differences. Section 2.1.4 showed that several previous studies reported differences in stereo acuity due to differences in viewing distance
[Stat 93, Brad 06]. As this chapter could show dependencies between response times
and stereo acuity, response times might also be dependent on the viewing distance.
However, more research would be required. Therefore, it can only be stated here that
results of a direct comparison between the two experiments have many dependencies,
which do not allow a direct and valid comparison of stereopsis performance across the
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experiments. Stereopsis performance comparisons as conducted with the proposed
test should always be performed with the same experimental setup.

4.4

Conclusion

The proposed test enables the simultaneous evaluation of response times and recognized disparities as well as screening for defective stereopsis. It enables the calculation
of distance stereo acuity, but extends the measured values by response time analyses.
The underlying theory of the proposed test provides a mathematically reasoned maximal error probability for the classification of recognized disparities. As the minimal
and maximal possible presented disparities are dependent on the viewing distance and
the screen resolution, fine and coarse disparities can be evaluated easily for distance
stereopsis, if the display device is selected accordingly. Solving the test without valid
stereopsis is not possible for the presented disparities according to the conducted
experiments.
The response time analyses allow a quantification of recognition speed and robustness. Although the measurements are dependent on stereo acuity, they allow a
finer discrimination of stereopsis performance. While recognition speed quantifies the
task complexity by the promptness of responses for a disparity, recognition robustness
quantifies the confidence of responses for a disparity. The combined analysis of stereo
acuity and response times improved the evaluation of stereopsis and contributed to
a finer discrimination of stereopsis. Recognition speed and robustness appear to be
additional factors for discriminating highly performing subjects, as the discussion of
results showed that both measurements contributed to the explanation of results and
are required for a complete interpretation of stereopsis performance.
The chapter showed that only response times for correct decisions should be used
as defined in analysis (ii), because this reveals analogous findings like the inclusion
of all response times as defined in analysis (i). In contrast to analysis (i), analysis
(ii) is based on a more precise estimation of recognition speed of stereopsis and is in
agreement with the paradigm of the PT.
The proposed test enables a wide range of applications concerning clinical and
non-clinical research and evaluation of human stereopsis. The additional evaluation
of response times might not contribute to clinical applications at the current state of
research. A potential contribution to the clinical environment has to be investigated
in the future. Then, the classification approach shows potential for a computersupported diagnosis of stereopsis performance. The clinical evaluation of distance
stereo acuity without response time evaluation was introduced in Section 2.1.4 and
provides a potential clinical application for the stereo acuity measurements of the
test even now. However, the combined analysis of stereo acuity and response times
qualifies for the evaluation of normal stereopsis of high performing subjects such
as highly competitive athletes. Therefore, the next chapter provides evaluations of
stereopsis performance of professional and amateur soccer players using the proposed
test.
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Chapter 5
Stereopsis performance evaluation of
soccer players
This chapter describes the application of the stereopsis performance assessment method, the StereoViPer test, introduced in Chapter 4 to evaluate the stereopsis of
athletes. The method was extended to cover a wide range of aspects of stereopsis
performance of athletes. It was used to measure the stereopsis performance of professional and amateur soccer players and to compare it to the performance of subjects
without soccer background.
The chapter and its content have been partially published [Paul 12b, Paul 14].
First, the chapter describes extensions and modifications to the method as well as
two experiments. The first one compares different input methods resulting from
the extensions described in this chapter. The second one compares the stereopsis
performance of soccer players with that of subjects without soccer background. Then,
the results of the experiments are shown. They are discussed with regard to the
existing literature and the findings of the previous chapter. The discussion includes a
suggestion how the various measured values could be combined to compare stereopsis
performance of individual subjects. The chapter closes with a conclusion on the
presented contributions.

5.1

Assessment method for stereopsis performance
of soccer players

The method is based on the findings of the previous chapter and extended by a
dynamic stereo test and a gesture control. Section 5.1.1 gives an overview of the
used tests and modifications. The first major extension to the test introduced in the
previous chapter is a dynamic stereo test. A detailed description is given in Section
5.1.2. The second major extension, described in Section 5.1.3, is a gesture control
that is used as input interface. The complete test procedure is summarized in Section
5.1.4. Experiments, which evaluate the gesture control and stereopsis performance of
soccer players, are presented in Section 5.1.5.
67
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5.1.1

Assessement overview

Three tests were conducted to cover stereopsis performance of athletes.
1. The monocular test is intended to assess basic choice reaction time as a baseline
for the stereo tests. It shows one disk at one of four possible positions. The
subject has to decide where the disk appears as fast as possible. It is adopted
from Section 4.1.6.
2. The static stereo test is intended to assess static stereopsis performance. It was
described in Section 4.1.
3. The dynamic stereo test [Paul 12b] is intended to assess dynamic stereopsis
performance. As sports vision deals with static and dynamic components a
dynamic stereo test is required as extension to the static one to cover the stereopsis performance of athletes. Like the static test it provides the performance
components stereo acuity, recognition speed, and robustness. They are measured in the same manner as for the static one but with a dynamic stimulus.
Therefore, the performance components are measured for dynamic stereopsis.
The dynamic stimulus is described in more detail in Section 5.1.2.
Each test was implemented as a 4AFC test. Therefore, the same minimum number of
iterations and the same PT as introduced in Section 4.1.3 apply. The input interface
was modified to allow gesture driven controls instead of a button input. This should
focus on the findings in literature that the visual system and the motor system are
highly connected among trained athletes [McLe 87]. It is described in more detail in
Section 5.1.3.

5.1.2

Dynamic stereo stimulus

The dynamic stereo test provides a moving stereoscopic stimulus on a background
with grass texture, as depicted in Figure 5.1. The visual targets consist of four
spheres with the same soccer ball texture. Three of those virtual soccer balls are
located on the screen plane; one has an enlarged disparity and appears in front of
the screen plane. In this configuration, the balls move out of the screen towards the
observer by continuously enlarging their disparities. All the balls move with the same
velocity. Therefore, the ball with the enlarged disparity always appears in front of
the other balls during the whole sequence. Consequently, the other balls will remain
on one moving virtual plane during the whole sequence. As one ball has an enlarged
disparity and the disparity of all four balls is continuously increasing, the disparity
difference between the leading ball and the remaining balls is increasing as well. This
means that when three of the balls are on the screen plane at the beginning of the
movement a certain disparity difference is set. During the movement the disparity
difference is increasing as well until it reaches a maximum pre-set value. However, the
observer perceives the leading ball always at the same depth difference to the other
balls. Therefore, disparity difference ranges are presented. When a certain maximum
disparity difference is reached, the balls are set back to their initial disparities (on
and in front of the screen plane), and the sequence starts over. All four balls have
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Figure 5.1: Dynamic ball stimulus: The background with grass texture has zero
disparity on the screen plane. Three balls are placed in a depth plane in front of the
screen plane. The leading ball is placed with an additional disparity difference in a
depth plane in front of the other balls. All balls move out of the screen with the same
velocity by continuously enlarging their disparities. Therefore, the initial disparity
difference is also enlarged. At a maximum disparity difference the balls are set back
to their initial positions and the procedure is repeated. In effect, disparity difference
ranges are presented. This figure has been partially published [Paul 14].
the same size when observed monocularly, which continuously increases during the
movement. This effect is intended to enable a realistic impression of approaching
objects. However, as the 2D size of all balls is the same at the beginning of the
movement and increases in the same velocity during the movement, the 2D sizes
of all balls relative to each other remain the same. This is intended to avoid an
identification of the leading ball by monocular size differences, analogously to the
minimization of monocular depth cues presented in Section 4.1.2. Additionally to the
axial movement, each ball is equally rotating around its x-axis. This effect models
the effect of an approaching ball, which naturally includes rotation. The subject’s
task is to detect the leading ball as fast as possible.

5.1.3

Gesture control

The gesture control facilitates the selection of a target object (a disk or a ball) by
pointing into its direction. It is based on the Microsoft Kinect depth sensor and its
underlying pose estimation [Shot 13], which is capable of extracting the joint positions
of the human body. In the proposed gesture control the body of the subject is divided
into four quadrants. Each quadrant represents one selection area, as illustrated in
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(a)

(b)

Figure 5.2: Gesture control: The images show the depth map returned by the Kinect
depth sensor. Blue pixels represent the subject. The dashed yellow the detected joints
of the subject. Solid yellow lines the four quadrants, which are used as selection areas.
(a) A neutral position is indicated with hands near the shoulders. (b) A selection is
indicated with one hand pointing in one of the quadrants.
Figure 5.2. As long as the subject holds its hands close to the shoulders no selection
is performed. This was defined as neutral position. As soon as the subject moves one
of its hands more than 30 cm away from the shoulder the action will be recognized,
as a selection for the respective quadrant. As a consequence, the target object that
is associated with the selected quadrant is selected. If both hands trigger different
quadrants simultaneously, only the right hand and the respectively triggered quadrant
will be recognized as only one of the target obejcts can be selected in each iteration.
The Kinect tracking device provides a frame rate of 30 frames per second. Therefore,
it introduces a maximum quantization error of 33.33 ms into each response time of
the subject.

5.1.4

Summarized test procedure

The overall test procedure requires each subject to complete all three tests by using
the proposed gesture control. Figure 5.3 shows subjects performing the test. First,
the subject performs the monocular test, then the static stereo test and, finally, the
dynamic stereo test. Each stereo test consists of 16 iterations multiplied with the
number of presented disparity differences or disparity difference ranges respectively.
As the monocular test does not contain disparities and provides only one setting, a set
of 16 iterations is performed once. In summary, monocular choice reaction time and
stereo acuity, speed and robustness for static and dynamic stereopsis are measured.

5.1.5

Experiments

Two experiments were conducted. The first experiment analyzed the response time
differences that are introduced by using the gesture control as input instead of buttons. The second experiment used the proposed tests to analyze the stereopsis performance of professional and amateur soccer players and compared the results with
those of subjects without soccer background. The results of the second experiment
have already been published [Paul 14].
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(a)
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(b)

Figure 5.3: Subjects performing the static (a) and dynamic (b) stereo test on a large
dual-projection screen using the proposed gesture control. A more complex texture
is shown here for the static test. In the experiments the same display and stimulus
configuration was used as described in Chapter 4.
Response time evaluation with different input interfaces
Experimental setup As the response times are dependent on the used input interface 78 male subjects with a mean age of 18.08 ± 3.99 years participated in this
experiment to analyze the impact of the proposed gesture control on the response
times. Therefore, all subjects performed the monocular test first using a gamepad
similar to the experiments in Chapter 4 and afterwards using the proposed gesture
control. Both tests consisted of 16 iterations respectively. The subjects accomplished the tests at a viewing distance of five meters on a polarized 3D TV (Philips
32PFL6007K/12) with a diagonal of 32”, 60 Hz frame rate, and a Full HD resolution
of 1920 x 1080.
Data analysis Two aspects were analyzed to evaluate the impact of the gesture
control on the response times.
(i) First, the potential increase of response times and variations among response
times of one subject, which were introduced by the proposed gesture control
should be analyzed. The response time medians and the response time MADs
for using a game controller were compared respectively with those for using the
proposed gesture control. A Wilcoxon signed rank test was used to identify
significant differences.
(ii) Second, as the gesture control might introduce differently time consuming moves
depending on the disk position, the impact of the disk position on the response
times and on the variation of response times of one subject should be analyzed.
The response time medians and the response time MADs were analyzed respectivly dependent on the target object position. The response time medians and
the response time MADs were computed respectively for each subject for each
of the four disk positions separately. This results in four response time medians and four response time MADs for each subject. After that, the response
time medians and the response time MADs of all disk positions were compared
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to one another. A Friedman test was used to evaluate significant differences.
A Wilcoxon signed rank test was used as post hoc test to identify potential
significant differences between pairs.

Significance levels were selected for p ≤ 0.05 and p ≤ 0.01.
Stereopsis performance evaluation of soccer players
Experimental setup The proposed tests were used to compare the stereopsis of
soccer players to the stereopsis of subjects, which were inexperienced in soccer. Only
the gesture control was used as input modality for each test. Subjects were tested
at a viewing distance of five meters on a polarized 3D TV (Philips 32PFL6007K/12)
with a diagonal of 32”, 60 Hz frame rate, and a Full HD resolution of 1920 x 1080.
Therefore, merely distance stereopsis was tested. Like previously described each
subject performed the monocular test first, then the static stereo test and, finally,
the dynamic stereo test. Five conventional disparity differences were presented for
the static stereo test: 15, 30, 60, 90, and 120 seconds of arc. Two disparity difference
ranges were used in the dynamic stereo test: 15 to 30 seconds of arc and 60 to 90
seconds of arc. Three groups of subjects were evaluated. The first group consisted
of 20 subjects without soccer background (“no soccer” group). The latter two groups
represented soccer groups. They consisted of 20 professional and 20 amateur soccer
players respectively. Both groups were part of the soccer club ’Greuther Fürth’. The
professional team of the club played in the German second Bundesliga, which includes
the subjects of the first group. A detailed description of the groups is summarized
in Table 5.1. Each subject was tested for normal visual acuity. If subjects required
additional eyewear (e.g. glasses) they had to use them during the tests.
Table 5.1: Stereopsis performance evaluation of soccer players: Composition of subject groups. All soccer players belonged to the same soccer club.
Mean age ±
Number of subjects
Number of
standard
males / females
deviation
No soccer
29.3 ± 5.3
20
16 / 4
Professionals
23.6 ± 4.0
20
20 / 0
Amateurs
19.8 ± 1.6
20
20 / 0

Data analysis The three subject groups were evaluated for significant differences
by using a Kruskal-Wallis test. A Wilcoxon rank-sum test was conducted as post
hoc test to identify potential significant differences between two groups. Significance
levels were selected for p ≤ 0.05 and p ≤ 0.01. As established in Chapter 4, only
response times for correct decisions were considered in the analyses of the response
times.
1. Monocular test
The monocular test was evaluated by assigning the response time median of each
subject to his or her respective group. After that, the groups of response time
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medians were compared to each other and tested for significant differences. This
represented an analysis of the choice reaction times in terms of speed between
the groups as assessed by the monocular test.
The same procedure was conducted for the response time MADs. This represented an analysis of the choice reaction times in terms of robustness between
the groups as assessed by the monocular test.
2. Static stereo test
The static stereo test was evaluated in terms of static stereo acuity and response
times. Stereo acuity was defined as the lowest disparity difference that a subject
was able to recognize in the presented disparity differences according to the used
PT. Subjects which did not recognize any of the presented disparity differences
(15 up to 120 seconds of arc) received a stereo acuity of 180 seconds of arc, as this
is the next higher disparity in many commonly used stereo acuity tests. This
coarse disparity is usually intended to cover subjects with weaker stereopsis. As
high performance in stereopsis was expected in this study, 180 seconds of arc
was not tested. The stereo acuity of each subject was assigned to the respective
group of the subject. After that, the groups of stereo acuities were compared to
each other and tested for significant differences. Additionally, the percentage of
each group that was able to recognize a certain disparity difference according
to the observed stereo acuities was computed. These calculations represented
an analysis of static stereo acuity between the groups as assessed by the static
stereo test.
The response times were evaluated by assigning the response time median of
each subject to his or her respective group. After that, the groups of response
time medians were compared to each other and tested for significant differences.
This was done for each disparity difference. Response time medians of subjects
that were not able to recognize a disparity difference according to the used
PT were not included for the respective disparity difference. This comparison
represented an analysis of recognition speed in static stereopsis between the
groups as assessed by the static stereo test.
The same procedure as for the response time medians was conducted for the
response time MADs. This represented an analysis of recognition robustness in
static stereopsis between the groups as assessed by the static stereo test.
3. Dynamic stereo test
The dynamic stereo test was evaluated in terms of dynamic stereo acuity and
response times in a similar way as the static one. Dynamic stereo acuities
between the groups were not tested for significance as only two disparity difference ranges were presented. But the percentage of each group that was able to
recognize a certain disparity difference according to the tested dynamic stereo
acuities was computed. This represented an analysis of dynamic stereo acuity
between the groups as assessed by the dynamic stereo test.
The response times were again evaluated by assigning the response time median
of each subject to his or her respective group. After that, the groups of response
time medians were compared to each other and tested for significant differences.
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This was done for each disparity difference range. Response time medians of
subjects that were not able to recognize a disparity difference range according to
the used PT were not included for the respective disparity difference range. This
comparison represented an analysis of recognition speed in dynamic stereopsis
between the groups as assessed by the dynamic stereo test.
The same procedure as for the response time medians was conducted for the
response time MADs. This represented an analysis of recognition robustness in
dynamic stereopsis between the groups as assessed by the dynamic stereo test.

5.2

Results

5.2.1

Response time evaluation with different input interfaces

(i) The medians of response times ranged between 396 ms and 613 ms for using a
gamepad and between 458 ms and 972 ms for using the proposed gesture control.
The medians of response times for using a gamepad differed significantly (p ≤
0.01) from those for using the proposed gesture control.
The MADs of response times ranged between 16 ms and 92 ms for using a
gamepad and between 7 ms and 131 ms for using the proposed gesture control.
The MADs of response times for using a gamepad did not differ significantly
(p ≤ 0.05) from those for using the proposed gesture control.
The results are shown in Figure 5.4.

Figure 5.4: Comparison of response times for the monocular test with buttons as
input and with the proposed gesture control as input. Significant differences are
marked for p ≤ 0.05 (*) and for p ≤ 0.01 (**).
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Figure 5.5: Comparison of response times for the monocular test dependent on the
disk position with upper-right (UR), upper-left (UL), lower-left (LL), and lower-right
(LR) disk. Significant differences are marked for p ≤ 0.05 (*) and for p ≤ 0.01 (**).
(ii) The medians of response times ranged between 540 ms and 1285 ms for the
upper-right disk, between 422 ms and 1024 ms for the upper-left disk, between
505 ms and 1005 ms for the lower-left disk, and between 458 ms and 1095 ms
for the lower-right disk. The medians of response times differed significantly
(p ≤ 0.05) between the lower-left disk and the upper-left disk and between the
lower-left disk and the upper-right disk (p ≤ 0.05).
The MADs of response times ranged between 1 ms and 199 ms for the upperright disk, between 1 ms and 324 ms for the upper-left disk, between 1 ms and
297 ms for the lower-left disk, and between 1 ms and 133 ms for the lower-right
disk. The MADs of response times did not differ significantly (p ≤ 0.05).
The results are shown in Figure 5.5.

5.2.2

Stereopsis performance evaluation of soccer players

Monocular test
The lowest response time median of 458 ms was achieved by a subject of the amateur
group. The highest response time median of 981 ms was achieved by a subject of the
“no soccer” group. The individual response time medians of the “no soccer” group
were significantly (p ≤ 0.01) higher than the individual response time medians of
each soccer group. There were no significant (p ≤ 0.05) differences in between the
soccer groups.
The response time MADs ranged between 14 ms and 122 ms. Both subjects,
which achieved the minimum and maximum respectively, belonged to the amateur
group. The MADs did not differ significantly (p ≤ 0.05) between the groups.
The results are shown in Figure 5.6.
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Figure 5.6: Comparison of response times for the monocular task between subjects
without soccer background (“no soccer”) and professional (“pro”) and amateur soccer
players. Significant differences are marked for p ≤ 0.05 (*) and for p ≤ 0.01 (**).
The response time medians of the “no soccer” group differed significantly (p ≤ 0.01)
from the soccer groups. The MADs did not differ significantly (p ≤ 0.05). This figure
has been partially published [Paul 14].
Static stereo test
The number of subjects that were able to recognize a certain disparity difference
decreased with decreasing disparity differences in each group. See Table 5.2. The
static stereo acuities as assessed by the proposed test did not differ significantly
(p ≤ 0.05) between all groups, as illustrated in Figure 5.7. Also after excluding the
subjects that were not able to recognize any of the presented disparity differences,
the static stereo acuities did not differ significantly between the groups.
Table 5.2: Stereopsis performance evaluation of soccer players: Percentage per group
that was able to recognize a certain disparity difference or disparity difference range
according to the measured stereo acuities based on the used psychometric threshold.
This table has already been published [Paul 14].
Static
Dynamic
Disparity (in arcsecs) 15 30 60 90 120 15-30 60-90
No soccer*
(in %) 50 80 95 100 100
40
90
Professionals* (in %) 50 75 85 90
90
15
75
Amateurs*
(in %) 20 60 80 80
80
65
95
*Group size of 20 subjects
The lowest response time median of 705 ms was achieved by a subject of the
amateur group for a disparity difference of 120 seconds of arc. The highest response
time median of 6913 ms was achieved by a subject of the “no soccer” group for a
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Figure 5.7: Comparison of the static stereo acuity between subjects without soccer
background (“no soccer”) and professional (“pro”) and amateur soccer players as assessed by the static stereo test. Significant differences are marked for p ≤ 0.05 (*)
and for p ≤ 0.01 (**). The static stereo acuities did not differ significantly (p ≤ 0.05).
This figure has already been published [Paul 14].

Figure 5.8: Comparison of the response time medians for the static stereo test between
subjects without soccer background (“no soccer”) and professional (“pro”) and amateur
soccer players. Significant differences are marked for p ≤ 0.05 (*) and for p ≤ 0.01
(**). The response time medians did not differ significantly (p ≤ 0.05). This figure
has partially been published [Paul 14].
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Figure 5.9: Comparison of the MADs of response times for the static stereo test
between subjects without soccer background (“no soccer”) and professional (“pro”)
and amateur soccer players. Significant differences are marked for p ≤ 0.05 (*) and
for p ≤ 0.01 (**). The MADs of response times did not differ significantly (p ≤ 0.05).
disparity difference of 120 seconds of arc. The individual response time medians
were not significantly (p ≤ 0.05) different between all groups and for each disparity
difference, as illustrated in Figure 5.8.
The lowest MAD of response times of 19 ms was achieved by a subject of the
professional group for a disparity difference of 90 seconds of arc. The highest MAD
of response times of 2945 ms was achieved by a subject of the “no soccer” group for a
disparity difference of 120 seconds of arc. It was the same subject which also achieved
the highest response time median. The individual MADs of response times were not
significantly (p ≤ 0.05) different between all groups and for each disparity difference,
as illustrated in Figure 5.9.
Dynamic stereo test
The results were similar to the results of the static stereo test. The number of
subjects that were able to recognize a certain disparity difference range decreased
with decreasing disparity difference ranges in each group, as summarized in Table
5.2. The lowest response time median of 831 ms was achieved by a subject of the
amateur group for a disparity difference range of 60 to 90 seconds of arc. The highest
response time median of 4983 ms was achieved by a subject of the professional group
for a disparity difference range of 60 to 90 seconds of arc. The individual response
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Figure 5.10: Comparison of the response time medians for the dynamic stereo test
between subjects without soccer background (“no soccer”) and professional (“pro”)
and amateur soccer players. Significant differences are marked for p ≤ 0.05 (*) and
for p ≤ 0.01 (**). The response time medians did not differ significantly (p ≤ 0.05).
This figure has partially been published [Paul 14].

Figure 5.11: Comparison of the MADs of response times for the dynamic stereo test
between subjects without soccer background (“no soccer”) professional (“pro”) and
amateur soccer players. Significant differences are marked for p ≤ 0.05 (*) and for
p ≤ 0.01 (**). The MADs of response times did not differ significantly (p ≤ 0.05).
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time medians were not significantly (p ≤ 0.05) different between all groups for each
disparity difference range, as illustrated in Figure 5.10.
The lowest MAD of response times of 38 ms was achieved by two subjects of the
amateur group for a disparity difference range of 60 to 90 seconds of arc. The highest
MAD of response times of 1867 ms was achieved by a subject of the professional
group for a disparity difference range of 60 to 90 seconds of arc. It was the same
subject which also achieved the highest response time median. The individual MADs
of response times were not significantly (p ≤ 0.05) different between all groups for
each disparity difference range, as illustrated in Figure 5.11.

5.3

Discussion

Discussion of the response time evaluation with different input
interfaces
As the response time medians for the proposed gesture control increased significantly
(p ≤ 0.01) compared to a button input, increased response times were expected for the
conducted soccer study as well. However, only the response time medians increased
significantly. The MADs did not show a significant (p ≤ 0.05) increase. This suggests
that the gesture control introduced only constantly increased response times. When
it comes to the comparison of different subjects each using the same gesture control
instead of a button input, the response times should only be constantly increased
for all subjects and the comparison should reveal the same conclusions as with a
button input, only with increased response times per subject. However, significant
differences in response times which were dependent on the target position could be
observed. As, for the stereopsis comparison study, each subject received the target
positions equally randomly distributed over 16 iterations, each position should have
been presented to each subject for each disparity difference with approximately the
same amount of occurrences. Therefore, the pre-conditions for each subject were the
same. If the absolute response times for stereoscopic tasks were required and not
only comparison values, the dependencies on the target position would clearly have
an impact on the results. But as this is not case, it is expected that the impact of
the target position is only marginally affecting the differences between subjects.

Discussion of the stereopsis performance evaluation of soccer
players
Sports such as soccer were expected to have a high demand in terms of stereopsis performance given that the sport necessitates that athletes are able to perform
critically timed estimations of depth and exposes athletes to rigorous training and
dynamic conditions. This initial assumption that competitive athletes could benefit
from highly developed stereopsis could not be proven by the conducted study at least
for soccer. The question arises if differences between soccer players and subjects
without soccer background were not measurable by the used stereo tests or if, in
effect, there are no differences in performance.
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It is crucial to decide whether the depth information during a game is based
on stereopsis or on other depth cues. Depth perception in soccer may not rely on
stereopsis, which is a visual depth cue most effective for objects within two meters,
but rather on other visual depth cues such as motion perspective or relative size. For
farther distances, those depth cues begin to reveal more precise depth estimations
[Cutt 95]. Therefore, stereopsis might not be crucial for the athletes’ high performance
in soccer.
However, the information provided in the proposed stereopsis tests could have had
too little relevance to soccer to reveal superior performance of soccer players. Dicks
et al. claimed that tests have to be conducted that address the visual performance
of athletes based on information that is also provided during a real game [Dick 10].
As the input method requires a movement of 30 cm the assumption can be made
that slower recognition speed could be compensated by faster movement speeds and
vice-versa. However, the response times for the monocular task can be seen as a
baseline for the stereoscopic tasks as already discussed in Section 4.3. The major
contribution of the monocular response times is the movement speed in combination
with the selection time. The computations in this experiment were repeated by
subtracting the choice reaction times of the monocular task of each subject from
its stereoscopic response times. The results remained the same. Therefore, it is
possible that the movement speed did not compensate for a lower recognition speed
in the stereoscopic tasks. However, it cannot be guaranteed that the movement
speed was always constant between the monocular and stereoscopic tasks. Therefore,
a comparison with a button input for the stereoscopic task should be evaluated in the
future as an extension to the previous experiment. Nevertheless, it can be assumed
that the input method is suitable for the evaluation of sports vision. The discussion
of the previous experiment identified the used gesture control as a valid tool for
the assessment of response times for comparison studies. Further, the gesture control
addresses the strong connection between the response of the visual perceptual system
and the response of the motor system of highly trained sportsmen [McLe 87], as the
results of the monocular test are in agreement with the literature, which suggests
that choice reaction times are superior among athletes [Schw 12].
The results in the literature for static stereo acuity in different sports are controversial as presented in Section 2.2. However, static distance stereo acuity was identified to be superior in baseball [Laby 96] and important for sports vision [Coff 90].
Distance stereopsis was evaluated in the experiment of this thesis by using an observer distance of five meters. Here, consistent differences in static distance stereo
acuity as assessed by the proposed static stereopsis test could not be observed. However, the results as measured with the proposed static stereo test seem reasonable.
The proposed static stereo test correlates with the established Frisby distance stereo
acuity test with a Pearson’s product of 0.72, as it was evaluated in an earlier study
in collaboration with the author [Tong 14]. Further, the used PT was tested in an
unpublished preliminary study by presenting a clearly visible disparity difference of
342 seconds of arc to ten subjects, who had one eye covered. None of the subjects
were able to recognize the disparity difference according to the used PT. Therefore,
it is reasonable to assume that the proposed static stereo test produces valid estimations for stereo acuity and cannot be solved monocularly for the presented disparities

82

Chapter 5. Stereopsis performance evaluation of soccer players

that were clearly lower than 342 seconds of arc. The assumption is emphasized by
the findings of Chapter 4, which proved the basic concept of the test including the
stereo acuity measurements. The presented disparity differences are also commonly
used parameters in commercially available stereo tests like the TNO test [Walr 75]
and were successfully applied in some experiments of Chapter 4. Therefore, it seems
unlikely that the static stereo task was too complex for the subjects to reveal any
differences.
A comparison with the results in the literature for stereoscopic response times in
sports is challenging as examples are rarely available. Coffey et al. reported superior
results for professional golf players [Coff 94], while Solomon et al. reported superior
results for professional baseball players, but only for dynamic stereopsis [Solo 88].
The study in this thesis could not reveal any superior results for one of the soccer
groups compared to the subjects without soccer background regarding the medians or
MADs of response times. On the one hand, an assumption could be that the proposed
tests are not sensitive enough to allow the measurement of separable response time
medians between the groups. But on the other hand, the proposed test with the
gesture control as input interface is sensitive enough to allow the observation of
significantly increasing response time medians for decreasing disparity differences as
the individual increase of response time medians was significant (p ≤ 0.01) similar to
the findings of Chapter 4, where a button input was used. The gesture control as input
method is sensitive enough to reveal differences between groups for choice reactions
times. If there are really differences between the groups in the response time medians
for stereopsis, they are likely not as clear as the individual increase of response time
medians for decreasing disparity differences or the differences in choice reaction times.
Further, it was shown in Chapter 4 that the proposed static stereopsis test is sensitive
enough to reveal differences between normal and defective stereopsis when using a
button input. If there are really differences between the examined soccer players and
inexperienced subjects in the response times, those differences are likely not as clear as
the individual increase of response time medians for decreasing disparity differences or
the differences in choice reaction times or the differences between normal and defective
stereopsis. Apart from that, the results of the analysis of the correct decision rates
between the groups would suggest a similar behavior regarding the response times.
Therefore, if stereo acuity of the evaluated soccer players is not superior, then response
times for stereoscopic tasks may not be either, which would support the hypothesis
that recognition speed is dependent on stereo acuity as reported in Chapter 4. As the
MADs and therefore robustness did not differ significantly neither, it can be assumed
that the soccer players and the inexperienced subjects were comparably confident in
their decisions, which emphasizes the assumption that the recognized task complexity
was approximately the same for all groups.
The results of the dynamic stereo test could not show superior performance of
professional soccer players as Solomon could show for the performance of professional
baseball players using a dynamic stereo test [Solo 88]. Although the results of the
static stereo test provided reason to expect similar results for the dynamic test, the
task complexity was eventually too high to show potential differences in performance.
This can be seen at the number of subjects per group that were not able to recognize
the dynamic stimulus for the higher disparity difference ranges. The test parameters
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such as axial velocity might have been chosen too high even for high performers.
The lower disparity range might have been chosen too low, as the number of subjects that successfully performed decreased considerably between the higher and the
lower disparity difference range. The most noticeable decline could be observed for
the professional group. The amount of subjects decreased from 75 % to 15 % from
the higher to the lower disparity difference range. It could be interpreted that the
professionals have worse abilities for dynamic stereopsis. However, assuming that
soccer does not support stereopsis performance, it could be possible that the professional group performed worse by chance. Lower axial velocities and higher disparity
difference ranges should be investigated in future studies to obtain more information
regarding dynamic stereopsis in sports.
The groups are unbalanced in terms of gender, as the group of inexperienced subjects included four females and both soccer group consisted only of males. Therefore,
it has to be investigated whether gender has an impact on stereopsis performance.
To the author’s knowledge literature does not provide any evidence for differences
in stereopsis performance due to gender. Although Zaroff et al. have shown that
males tend to be more sensitive to uncrossed disparities and females tend to be more
sensitive to crossed disparities in terms of fixation disparity, the same study could
not demonstrate significant differences of optimum stereoacuity between males and
females [Zaro 03]. Fixation disparity denotes a slight shift from the optimum vergence
state, when converging on a fixation point, such that the point can still be perceived
as a single image [Howa 12a]. As literature does not provide evidences for the impact
of gender on stereopsis, the inclusion of four females in this study is assumed to have
no effect on the results.
Although the results of this experiment are in contrast to studies that demonstrated superior stereopsis of athletes, those studies conducted measurements on
baseball or golf, not soccer. With regard to soccer, the literature could not show
a consistent discrimination in near static stereo acuity between elite and sub-elite
soccer players [Ward 03]. Near static stereo acuity was not tested in the experiments
of this thesis, but the obtained results for distance stereo acuity of soccer players
are in agreement with the findings of previous studies for near static stereo acuity in
soccer. As a matter of fact, it cannot be stated with certainty if soccer players do not
have superior stereopsis or if it could not be measured. However, this study demonstrated that the professional soccer players did not significantly perform better in the
proposed stereopsis performance tests. In contrast to previous studies on stereopsis
in sports using standard optometric tests, the proposed tests allowed a focused and
extended analysis of stereopsis performance including static and dynamic distance
stereo acuity in combination with response time measurements.
Comparison by the combination of the measured stereopsis performance
values
One open question is if the various measured values can be combined to directly
compare stereopsis performance of different players or athletes. Given the fact that
stereopsis performance is deciding for the competitiveness and success in certain
sports, this would allow to create individual perceptual training strategies and observe
their results. As there is not any standardized procedure, this thesis gives a suggestion
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for a possible interpretation of how to use and combine the measured stereo values
for comparison in three steps.
1. Static stereo acuity
Chapter 2 already explained that static stereo acuity is mostly an accepted
representation for stereopsis in literature. It also introduced static stereo acuity as a quantitative characteristic for static stereopsis performance [Sala 05].
Therefore, the subjects should be first ordered by their static stereo acuities, as
they represent the most basic stereopsis component.
2. Response time medians for static and dynamic stereopsis
Chapter 2 introduced speed as a qualitative characteristic for stereopsis performance [Sala 05]. Therefore, it is considered after stereo acuity. If two or
more subjects have the same static stereo threshold, the response time medians
should be evaluated as representation of speed. As, at this point, all subjects
have the same stereo threshold, it is sufficient to include the response time median of the stereo threshold as a representation of recognition speed for static
stereopsis. As already discussed above the lower disparity difference range for
the dynamic stereo test might have been too complex. Therefore, the response
time median at a disparity difference range of 60 to 90 seconds of arc should be
included as a representation of recognition speed for dynamic stereopsis. The
two response time medians for each subject are combined by calculating the Euclidean norm and used to order subjects with the same static stereo acuity. If a
subject was not able to perceive the disparity difference range of the dynamic
stereo test, he or she is directly assigned with lower stereopsis performance, as
the dynamic component is missing. Subjects with the same stereo acuity but
without a dynamic component can be ordered by only comparing the response
time medians for the static stereo test at the stereo threshold.
3. MADs of response times
Chapter 2 introduced robustness as a qualitative characteristic for stereopsis
performance [Sala 05]. The MADs should be evaluated, if two or more subjects
show nearly the same results in the previous step. The procedure is similar
to the comparison with the response time medians. The MAD of response
times for the static stereo test at the stereo threshold is combined with the
MAD of response times for the dynamic stereo test at 60 to 90 seconds of
arc by calculating the Euclidean norm. Subjects with the same stereo acuity
but without a dynamic component are again ordered by only comparing the
response time MADs for the static stereo test at the stereo threshold.
The hierarchy of this procedure allows a sorting that gives the highest priority
to the precision of depth perception represented by static stereo acuity. The second
priority is a low processing time. The lowest priority is a constant processing time
represented by robustness. It was already mentioned that this procedure is only
intended as a suggestion to compare stereopsis performance of athletes when the tests
with the parameters that were described above are used. As a standardized procedure
is missing, a comparison with an established method is not possible. However, the
procedure has the advantage that subjects can be intuitively compared by using
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Figure 5.12: Suggestion for the combination of the stereo test results to compare
stereopsis performance of subjects without soccer background (“no soccer”) and professional (“pro”) and amateur soccer players. The plot shows static stereo acuity in
the x-axis, the response time medians for the dynamic stereo test at 60 to 90 seconds
of arc in the y-axis, and the response time medians for the static stereo test at the
stereo threshold in the z-axis. A ranking can be done by first comparing the location
on the x-axis. The closer to the origin the better. After that, the points with equal
locations on the x-axis can be compared by the lower distance of the data point to
the origin. Subjects with comparable distances to the origin could be compared by
plotting the MADs of response times for the static stereo test at the mutual stereo
threshold against the MADs of response times for the dynamic stereo test at 60 to
90 seconds of arc.

a 3D plot, as illustrated in Figure 5.12, that shows static stereo acuity in the xaxis, the response time medians for the static stereo test at the stereo threshold in
the z-axis, and the response time medians for the dynamic stereo test at 60 to 90
seconds of arc in the y-axis. As an interpretation subjects are first compared by the
location on the x-axis. After that, the distance of the data point to the origin is used
for comparison. Subjects with comparable response time results would have to be
compared by plotting the MADs of response times for the static stereo test at the
mutual stereo threshold against the MADs of response times for the dynamic stereo
test at 60 to 90 seconds of arc. The suggested procedure did not reveal any differences
between the groups either.
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Conclusion

Professional and amateur soccer players did not show superior results in the proposed
static and dynamic stereopsis tests compared to subject without soccer background.
However, they showed superior results on the monocular test. Therefore, the experiments could not reveal superior stereopsis performance of soccer players as assessed
by the proposed stereopsis performance tests but superior choice reaction times. The
results are in agreement with previous findings about the visual performance of soccer
players and extend them with measurements of distance static and dynamic stereopsis including stereo acuity and response times. The combination of the proposed
tests provides a powerful tool to extensively analyze the stereopsis performance of
athletes, as the tests produce reasonable results. A combination of the results of
the stereopsis tests to compare different subjects is also possible. A suggestion was
presented in Figure 5.12.

Chapter 6
Stereopsis performance evaluation for
3D display consumption
This chapter describes the usage of the static stereopsis performance test, the StereoViPer test, that was introduced in Chapter 4 to evaluate the impact of 3D stereo
displays on the human visual system. As the methods, which are presented in this
thesis, are intended to assess natural stereopsis performance, but make use of 3D
stereo displays, it is important to analyze the impact of the used display modality
on the measured values. As already described in Section 2.3, the V-A conflict introduced by most 3D stereo displays has an unnatural impact on the human visual
system. However, it was also explained that disparities in a certain range, the zone
of comfortable viewing, are accepted values for the consumption of simulated 3D
content without visual discomfort. But visual comfort and discomfort are not necessarly related to normal or reduced stereopsis performance. It is important to know
whether the zone of comfortable viewing also represents a maximum range in which
3D content can be simulated for stereo tests without altering the measured stereopsis
performance. Therefore, this chapter deals with the potential bias on stereopsis performance as assessed by the proposed static stereopsis performance test, which might
be introduced by 3D stereo displays under conditions within and outside the zone of
comfortable viewing.
Parts of this chapter have already been published © 2013 IEEE [Paul 13]. The
chapter starts with a description of the used method and the connections and differences to the static stereopsis performance test as introduced in Chapter 4. Further,
it describes an experiment that analyzed the impact of different disparities inside
and outside the zone of comfortable viewing on the measured performance values.
The results of the experiment are presented afterwards. The chapter closes with a
discussion of the results and with a conclusion.

6.1

Assessment method for stereopsis performance
for 3D display consumption

The method is based on the static stereopsis performance test that is described in
Chapter 4. As the textures of the stimulus differ and base disparities vary additionally
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to varying disparity differences, the modified methodology is described in Section
6.1.1. Section 6.1.2 provides an experiment that evaluated the influence of extensive
base disparity exposures on the measured stereopsis performance.

6.1.1

Stimulus and test procedure

The procedure differs from the method that was described in Chapter 4 in two ways.
1. Stimulus texture
The texture of the disks as well as the texture of the background was modified.
In the previous static stereopsis test a solid gray background was used. It
did not contain a texture to prevent distractions of the subject by any visual
structures in the background. Here, the background is represented by a grayish
brick wall. It models a more complex background. As 3D TV content is usally
represented by more complex structures the background texture is intended to
model a more complex situation. The disk textures are represented by a grayish
texture with simple arbitrary structures.
2. Varying base disparities
In the static stereopsis test as described in Chapter 4 the base disparities were
kept constant during one test procedure. The main goal was to compare different subjects by evaluating the measured performance values for multiple
disparity differences, which were applied on the same base disparity. Another
goal was to evaluate the differences of the measured performance values of one
subject for decreasing disparity differences, which were also applied on the same
base disparity. In other words, the main focus was on the disparity differences
and how they modified the measured values. Here, the main focus was on
the base disparities and how they modify the measured performance values for
one and the same disparity difference. Therefore, multiple base disparities are
presented for one disparity difference. The measured values for the disparity
difference are compared between the different base disparities. It is tested how
the measured stereopsis performance of a subject for a certain disparity difference modifies for different base disparities. The impression for the subject is
that he or she accomplishes the static stereopsis performance test for certain
disparity differences several times as described in Chapter 4. But this time he
or she perceives the disks not only close to the screen. The disks appear in
pre-defined various distances to the screen which are inside or outside the zone
of comfortable viewing. Consequently, the number of iterations for a whole test
procedure increases. Again, there are 16 iterations per disparity differences,
but, as each disparity difference is presented at multiple base disparities, the
number of iterations per disparity difference is multiplied by the number of
tested base disparities.
The used stimulus is shown in Figure 6.1. The basic theory behind the used method
does not differ from the one introduced in Chapter 4, as the principle of a 4AFC test
is not modified. This means that the minimum number of iterations per disparity
difference was not modified as already mentioned and that the used PT paradigm
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Figure 6.1: Complex static stimulus: The grayish background with a brick wall
texture has zero disparity on the screen plane. The disks have an grayish texture.
Three disks are placed in a depth plane in front of the screen plane with a certain
base disparity. The leading disk is placed with an additional disparity difference in a
depth plane in front of the other disks. Aditionally to the disparity difference different
base disparities are tested.

still classifies a disparity difference as perceived, if at least ten out of the 16 iterations
were correct decisions.
Static stereo acuity is again defined as the minimum disparity difference that is
recognizable for a subject according to the PT. But here, this value might change for
different base disparities.
Speed is again represented by the median of response times for a certain disparity difference. This value might change as well for the same disparity difference at
different base disparities.
Robustness is again represented by the MAD of response times for a certain
disparity difference. This value might change as well for the same disparity difference
at different base disparities.
The method is based on the same button input interface as described in Chapter
4, due to the fact that this analysis does not require the involvement of highly trained
athletes like in Chapter 5. See Figure 6.2 for a depiction of the setup.
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Figure 6.2: Setup for the method: Subjects were placed on a seat four meters away
from a 3D TV. The same button input as introduced in Chapter 4 was used as input
interface for the test. This figure has already been published © 2013 IEEE [Paul 13].

6.1.2

Experiments

The proposed method was used to evaluate the increase and decrease of the measured
stereopsis performance for base disparities within and outside the zone of comfortable
viewing. Therefore, the experiment investigates whether the zone of comfortable
viewing is a common limitation for disparities to prevent modifications in stereopsis
performance similar to visual discomfort.
Experimental setup In this study 17 subjects were measured including 13 males
and four females. See Table 6.1 for more details. Their visual acuities were measured
with the ’Freiburg Visual Acuity Test’ [Bach 96]. The subjects’ ages ranged from 17 to
40 (29.2±5.3) years. If subjects had supporting eyewear (contact lenses, glasses, etc.)
they were asked to wear them during all tests. The subjects were told to evaluate a
new strategy for stereo acuity tests. They were instructed to wait for the exposure
of the stimulus. After exposure they were told to press the corresponding button as
fast as possible. Each subject had the possibility to pause the test by leaving one of
the buttons pressed down.
The experiment was conducted at a viewing distance of four meters on a circularly
polarized 3D TV (Philips 7000 series, SMART LED TV) with a Full HD resolution
of 1920 × 1080 and a diagonal of 81 cm. The frame rate was 60 Hz. The setup is
shown in Figure 6.2.
Three base disparities were tested. A base disparity of 19 seconds of arc was
the lowest possible base disparity and was intended as a reference value close to the
screen and close to natural conditions. A base disparity of 2280 seconds of arc was
at the limits of the zone of comfortable viewing but still inside. A base disparity of
4294 seconds of arc was also close to the limits of the zone of comfortable viewing
but already outside. The setup of the base disparities is shown in Figure 6.3.
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Three disparity differences were presented for each base disparity. A disparity
difference of 95 seconds of arc as a high value, a disparity difference of 57 seconds of
arc as a medium value, and a disparity difference of 19 seconds of arc as a low value
were shown.
Data analysis Although the methods and the experiment described in this chapter
were published in [Paul 13], the data analysis in this chapter differs from the publication. This is due to the paradigm developed in Chapter 4, which only uses response
times for correct decisions for analyses. The publication compares response times
only of one and the same subject respectively and thus requires the same amount of
trials per subjects, which is not possible, if only correct decision times are used. This
thesis provides a more global approach for comparing response times for different base
disparities and covers the analyses of the publication by different analysis methods.
The impact of the presented base disparities was analyzed by comparing the measured values of all subjects for one base disparity with all other base disparities.
A Friedman test with a significance level for p ≤ 0.05 and p ≤ 0.01 was used. A
Wilcoxon signed rank test was conducted as post hoc test to identify potential significant differences between two base disparities. As established in Chapter 4, only
response times for correct decisions were considered in analyses about the response
times.
The static stereo acuity of each subject was computed for each base disparity.
It was defined as the lowest disparity difference that was perceivable according to
the used PT. The static stereo acuities of a subject were compared between all base
disparities. Subjects which did not recognize any of the presented disparity differences
(19, 57, and 95 seconds of arc) at a certain base disparity received a stereo acuity of
180 seconds of arc at this base disparity similar to the procedure described in Section
5.1.5. This evaluation analyzed the impact of the presented base disparities on static
stereo acuity.
The medians of response times for correct decisions were computed for each disparity difference, for each base disparity, and for each subject. The medians of all
subjects were grouped according to respective base disparities for each disparity difference. Each base disparity was compared with all other base disparities for each
disparity difference. Subjects which were not able to recognize a disparity difference
at any base disparity according to the PT were excluded from the analysis of the
respective disparity difference. This evaluation analyzed the impact of the presented
base disparities on recognition speed.
The MADs of response times for correct decisions were computed for each disparity
difference, for each base disparity, and for each subject. Similar to the evaluation of
the medians the MADs were grouped according to the respective base disparities
for each disparity difference. Each base disparity was compared with all other base
disparities for each disparity difference. Subjects which were not able to recognize a
disparity difference at any base disparity according to the PT were excluded from the
analysis of the respective disparity difference. This evaluation analyzed the impact
of the presented base disparities on recognition robustness.
The main goal in Chapter 5 was to compare different subjects. A procedure
to combine the different measurements of the stereo tests was suggested in Section
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Table 6.1: Table containing all measured subjects with visual acuities, ages, and genders. Visual acuities were measured with the ’Freiburg Visual Acuity Test’ [Bach 96].
Some visual acuities reached even 2.00 which is not unusual for young normal subjects
according to Rassow et al., who measured 2.0 as a median value [Rass 90].
Subject Visual acuity Age Gender
1
2.00
29
male
2
2.00
23
female
3
1.67
30
female
4
1.69
32
male
5
2.00
34
male
6
0.97
29
male
7
1.07
40
male
8
2.00
32
male
9
1.54
27
male
10
2.00
27
male
11
2.00
26
male
12
2.00
17
female
13
1.87
27
female
14
1.05
25
male
15
2.00
31
male
16
1.83
30
male
17
1.47
37
male

Figure 6.3: Setup of the base disparities: Three base disparities were presented: A
reference value close to the screen, a value at the inner limits of the zone of comfortable
viewing, and a value at the outer limits of the zone of comfortable viewing.
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5.3. This procedure was used here in a modified version to evaluate the impact of
the presented base disparities. As the dynamic stereo components were missing in
this experiment, only the measurements of the static stereo test could be combined.
Therefore, the subjects were sorted according to their static stereo acuities first, then
according to their response time medians at their stereo thresholds, and after that,
according to their MADs at their stereo thresholds. This sorting procedure was
performed for each base disparity separately. After that, the resulting sorting orders
were compared by computing Kendall’s coefficient of concordance. It returns zero, if
no agreement is observed, and amounts up to one, if complete agreement is observed.

6.2

Results

The static stereo acuities resulted in a median of 19 seconds of arc for the reference
base disparity, in a median of 19 seconds of arc in for the base disparity inside the zone
of comfortable viewing, and in a median of 57 seconds of arc for the base disparity
outside the zone of comfortable viewing, as illustrated in Figure 6.4. The number of
subjects that were able to recognize a certain disparity difference for a certain base
disparity are summarized in Table 6.2. No significant (p ≤ 0.05) differences between
the static stereo acuities in between the base disparities could be observed.
The lowest response time medians amounted 708 ms for the reference base disparity, 825 ms for the base disparity inside the zone of comfortable viewing, and 908
ms for the base disparity outside the zone of comfortable viewing. The values were
achieved for a disparity difference of 95 seconds of arc for all base disparities. The
highest response time medians amounted 3058 ms for a disparity difference of 57
seconds of arc for the reference base disparity, 2733 ms for a disparity difference of 95
seconds of arc for the base disparity inside the zone of comfortable viewing, and 5791
ms for a disparity difference of 57 seconds of arc for the base disparity outside the zone
of comfortable viewing. The response time medians tended to increase with increasing base disparities for all disparity differences respectively. The results are shown
in Figure 6.5. No significant (p ≤ 0.05) differences of the response time medians
in between the base disparities could be observed for the lowest disparity difference
of 19 seconds of arc. Significant differences of the response time medians could be
observed for the remaining two disparity differences between all base disparities. The
response time medians for the base disparity outside the zone of comfortable viewing
differed significantly (p ≤ 0.01) from those for the reference base disparity and from
those for the base disparity inside the zone of comfortable viewing. The response
time medians for the base disparity inside the zone of comfortable viewing differed
significantly (p ≤ 0.05) from those for the reference base disparity. The significant
differences are summarized in Table 6.3.
The lowest MADs of response times amounted 50 ms for the reference base disparity, 59 ms for the base disparity inside the zone of comfortable viewing, and 75 ms for
the base disparity outside the zone of comfortable viewing. The values were achieved
for a disparity difference of 95 seconds of arc for all base disparities. The highest
MADs of response times amounted to 792 ms for a disparity difference of 57 seconds
of arc for the reference base disparity, 1567 ms for a disparity difference of 95 seconds
of arc for the base disparity inside the zone of comfortable viewing, and 1742 ms for
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Figure 6.4: Comparison of the stereo acuities per base disparity: A median stereo
acuity of 19 seconds of arc was achieved for the reference base disparity. A median
stereo acuity of 19 seconds of arc was achieved for the base disparity inside the zone
of comfortable viewing. A median stereo acuity of 57 seconds of arc was achieved for
the base disparity outside the zone of comfortable viewing. Significant differences are
marked for p ≤ 0.05 (*) and for p ≤ 0.01 (**).

Table 6.2: Number of subject that were able to perceive a certain disparity difference
according to the PT. The numbers are listed for the reference base disparity, the base
disparity inside the zone of comfortable viewing, and the base disparity outside the
zone of comfortable viewing.
Subjects per base disparity
Reference
Inside
Outside
19 arcsecs 14 (82.35%) 11 (64.71%)
7 (41.18%)
57 arcsecs 17 (100.00%) 17 (100.00%) 16 (94.12%)
95 arcsecs 17 (100.00%) 17 (100.00%) 16 (94.12%)

Table 6.3: Overview of significant differences of response time medians for each disparity difference between the reference base disparity, the base disparity inside the
zone of comfortable viewing, and the base disparity outside the zone of comfortable viewing. (*) indicates significance for p ≤ 0.05. (**) indicates significance for
p ≤ 0.01.
Reference
Inside
Outside
Disparity difference (in arcsecs) 19 57 95 19 57 95 19 57 95
Reference
*
*
- ** **
Inside
*
*
- ** **
Outside
- ** **
- ** **
-
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Figure 6.5: Comparison of the response time medians for the reference base disparity,
for the base disparity inside the zone of comfortable viewing, and for the base disparity
outside the zone of comfortable viewing. Significant differences are marked for p ≤
0.05 (*) and for p ≤ 0.01 (**).

Figure 6.6: Comparison of the MADs of response time for the reference base disparity,
for the base disparity inside the zone of comfortable viewing, and for the base disparity
outside the zone of comfortable viewing. Significant differences are marked for p ≤
0.05 (*) and for p ≤ 0.01 (**).
Table 6.4: Overview of significant differences of MADs of response times for each
disparity difference between the reference base disparity, the base disparity inside the
zone of comfortable viewing, and the base disparity outside the zone of comfortable
viewing. (*) indicates significance for p ≤ 0.05. (**) indicates significance for p ≤
0.01.
Reference
Inside
Outside
Disparity difference (in arcsecs) 19 57 95 19 57 95 19 57 95
Reference
- ** *
- ** *
Inside
- ** *
- ** Outside
- ** *
- ** -
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Table 6.5: Subjects sorted by their stereopsis performance for the different base
disparities. According to the procedure to combine the multiple stereo measurements
that was suggested in section 5.3 subjects are first ordered by their static stereo acuity,
then by their response time medians at their stereo threshold, and after that by their
MADs at their stereo thresholds. The sorting procedure was performed separately for
the reference base disparity, the base disparity inside the zone of comfortable viewing,
and the base disparity outside the zone of comfortable viewing.
Subject IDs sorted for a certain base disparity
Rank
Reference
Inside
Outside
1
16
16
8
2
2
2
15
3
10
8
17
4
8
13
10
5
13
15
11
6
15
11
12
7
11
10
5
8
5
12
16
9
12
5
2
10
1
9
13
11
14
1
6
12
3
17
7
13
9
6
9
14
4
4
3
15
17
3
4
16
6
7
14
17
7
14
1
a disparity difference of 95 seconds of arc for the base disparity outside the zone of
comfortable viewing. The results are shown in Figure 6.6. No significant (p ≤ 0.05)
differences of the MADs of response times in between the base disparities could be
observed for the lowest disparity difference of 19 seconds of arc. For a disparity difference of 57 seconds of arc, the MADs of response times of all base disparities differed
significantly (p ≤ 0.01) from each other. For a disparity difference of 95 seconds of
arc, the MADs of response times for the reference base disparity differed significantly
(p ≤ 0.05) from those of the base disparity inside the zone of comfortable viewing
and from those of the base disparity outside the zone of comfortable viewing. The
significant differences are summarized in Table 6.4.
The sorted lists of subjects for the different base disparities could not reach complete agreement according to Kendall’s coefficient of concordance. It reached 0.28
when comparing all three sorted lists. A comparison only between the sorted list
for the reference base disparity and the base disparity inside the zone of comfortable
viewing returned a value of 0.49. A comparison only between the sorted list for the
reference base disparity and the base disparity outside the zone of comfortable viewing returned a value of 0.36. A comparison only between the sorted list for the base
disparity inside the zone of comfortable viewing and the base disparity outside the
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zone of comfortable viewing returned a value of 0.53. The ordered lists for all three
base disparities are shown in Table 6.5.

6.3

Discussion

The evaluation of stereo performance per subject as assessed by the proposed test
showed degenerated results for increased base disparities. This was noticeable in
all measured components. However, the degree of degeneration was individual and
dependent on the component.
Although the static stereo acuities did not show significant (p ≤ 0.05) differences
in between the base disparities, the static stereo acuities tended to degrade. The
same median of static stereo acuities was reached for the reference base disparity
and the disparity inside the zone of comfortable viewing, but the frequency of higher
stereo acuities was more common for the latter one. For the base disparity outside the
zone of comfortable viewing, the median of static stereo acuities was even degraded
by one disparity difference. Therefore, although there were no significant differences
observed, the results showed potential for degrading static stereo acuities with increasing base disparities. This finding is emphasized by the amount of subjects that
were able to recognize the lowest disparity difference of 19 seconds of arc. Therefore, static stereo acuity might not have been affected significantly for the complete
group of subjects, but increased base disparities did have impact on the measured
static stereo acuity of individual subjects, inside and outside the zone of comfortable
viewing.
The medians of response times increased significantly with increasing base disparities for the two disparity differences higher than 19 seconds of arc. But the obtained
significance level was stricter for the base disparity outside the zone of comfortable
viewing (p ≤ 0.01 compared to p ≤ 0.05). Therefore, it can be assumed that the impact of base disparities outside the zone of comfortable viewing was stronger than the
impact of base disparities inside the zone of comfortable viewing. This assumption
is emphasized by the fact that the response time medians for the base disparity inside the limits inside and outside of the zone of comfortable viewing was significantly
increased compared to the response time medians for the base disparity outside the
zone of comfortable viewing. But as both base disparities had significant impact on
the results, the reason might not be connected to the zone of comfortable viewing
but more to the fact that the latter base disparity was the most excessive one. Interestingly, no significance between the base disparities could be observed for the
lowest disparity difference of 19 seconds of arc. It has to be noted here, that only
response time medians of subjects could be compared that were able to recognize
this disparity difference according to the used PT. As already stated above, three
subjects less than for the reference base disparity were able to recognize 19 seconds
of arc at the base disparity inside the zone of comfortable viewing. Additional four
subjects were not able to recognize 19 seconds of arc at the base disparity outside
the zone of comfortable viewing. This means that for three or respectively seven
subjects the stereopsis performance measurements were modified so distinctly by the
base disparity inside or respectively outside the zone of comfortable viewing that
the stereo acuity measures were varied quantitatively and a qualitative estimation of
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speed for those subjects was not even possible. Therefore, also a comparison of response time medians for this disparity difference was not possible for those subjects,
as valid response time medians for the base disparity outside the zone of comfortable
viewing were not present and in four cases neither for the base disparity inside the
zone of comfortable viewing. Nevertheless, it is remarkable that for the remaining
seven subjects no significant differences between the response time medians could be
observed. On the one hand, the subjects might have had such a highly developed
performance of stereopsis and flexibility of their VA-mechanisms that even excessive
base disparities could not have a significant impact on their measurements. On the
other hand, seven subjects might not have been a population that was large enough
to conduct a meaningful significance test. But independently from the significance,
the diagram of the response time medians, as depicted in Figure 6.5, for 19 seconds of
arc shows an increase for increasing base disparities. This means that an increase of
response time medians was also measurable for this disparity difference, even though
it was not significant. Therefore, increased base disparities had an impact on the
recognition speed for static stereopsis as assessed by the proposed test, inside and
outside the zone of comfortable viewing. The higher the base disparity the higher
the impact.
The MADs of response times for the two disparity differences higher than 19
seconds of arc showed significantly increased values for the two non-reference base
disparities. Here, the significance level for the base disparity outside the zone of
comfortable viewing was not stricter than that of the base disparity inside. Therefore,
it can be assumed that both increased base disparities had a comparable increasing
impact on the MADs. However, significantly increased MADs for 57 seconds of arc
at the base disparity outside the zone of comfortable viewing compared to the MADs
for this disparity difference at the base disparity inside can be interpreted as that
the first base disparity had a stronger impact at least for this disparity difference.
Similar to the response time medians, the MADs for a disparity difference of 19
seconds of arc did not show signicant difference in between the base disparities. The
same findings like for the response time medians can be assumed here. The increased
base disparities had an impact on recognition robustness as assessed by the proposed
test, inside and outside the zone of comfortable viewing.
Independently from the measured component, all performance components resulted in modified measures due to increased base disparities. The amount of modification was highly individual and was also dependent on the task complexity, with
other words on the disparity difference. This individual decline of performance can
be emphasized by the fact that the qualitative measures represented by medians and
MADs of response times increased for the base disparities inside and outside the zone
of comfortable viewing. In some cases, even the quantitative measure stereo acuity
deteriorated and did not allow qualitative response time evaluations for the lowest
disparity difference. These findings reflect the results and conclusions which were
obtained in [Paul 13] where the measured values were analyzed per subject only and
all response times were used.
The varying test values in between the base disparities changed the ordering of
stereopsis performance, as shown in Table 6.5. Therefore, it can be neglected that the
zone of comfortable viewing corresponds to base disparities that do not alter stereopsis
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performance measures. Base disparities should be as low as possible to provide almost
realistic conditions for the assessment of stereopsis performance. In future studies,
base disparities closer to the reference base disparity should be evaluated as well.
This could reveal a limit for base disparities at which performance declines become
measurable. As the results here suggest individual declines in stereopsis performance
for each subject, this limit might be individual for each subject as well. The zone
of comfortable viewing as evaluated here was designed to allow disparities for a 3D
content consumption without visual discomfort and fatigue. A direct connection
between visual discomfort and decline in stereopsis performance seems reasonable
but could not be evaluated in this study. In future studies, this connection should
be investigated (e.g. by using questionnaires after the stereopsis performance tests).
This could enable an individual zone of comfortable viewing that corresponds to
natural viewing conditions regarding the stereopsis performance measures.
The findings of this chapter also have to be interpreted in the context of the
results of Chapter 5 for the evaluation of soccer players. The results of the static
tests are not of interest here, as the used base disparity was too low for an impact
on the results. But the results of the dynamic test have to be reconsidered. An
impact of dynamically varying base disparities on dynamic stereopsis was not evaluated in this chapter and should be done in the future. However, the dynamic test
of Chapter 5 showed base disparities, in particular at the end of a movement, which
were considerably increased to the base disparity used in the static test. It is possible that the performance of dynamic stereopsis of some subjects might be higher
under realistic viewing conditions and that those subjects were influenced by their
CA-mechanism that was not flexible enough for this task. On the other hand, it
can be argued whether a flexible CA-mechanism should be in agreement with well
developed stereopsis. However, at least the impact of different ranges of dynamical
base disparities on the performance of dynamical stereopsis should be evaluated in
the future to guarantee realistic performance measurements of dynamic stereopsis.

6.4

Conclusion

Increasing base disparities had a declining impact on the measured stereopsis performance. The decline in performance was highly individual. The zone of comfortable
viewing did not guarantee the measurement of natural stereopsis performance. As
the zone of comfortable viewing was designed to allow the consumption of virtual 3D
content without visual discomfort and fatigue, performance measurements were not
the purpose for its development. However, a connection between stereopsis performance and visual discomfort by using the proposed test should be investigated in the
future to allow the design of individual zones of comfortable viewing that correspond
to realistic stereopsis performance. To conclude, it can be stated that the base disparities which are used to assess stereopsis performance should always be selected to
be as minimal as possible to allow realistic performance measurements.
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Chapter 7
Discussion and conclusion
This chapter provides a discussion and conclusion of the methods and findings of the
previous chapters. Thereby, the contents of the previous chapters are summarized
and discussed in a connected form. Section 7.1 provides a summary of all results of
the previous chapters. Their contribution to the existing literature are discussed in
a closed form in section 7.2. The chapter closes with Section 7.3, which provides an
outlook about potential work in the future based on the contributions and findings
of this thesis.

7.1

Summary of results

This thesis presented a novel method for the assessment of stereopsis performance,
the StereoViPer test. The method covered static and dynamic stereopsis performance
by assessing the three performance components stereo acuity, recognition speed, and
recognition robustness. A disparity difference was presented in several iterations.
Stereo acuity was estimated by the correct decision rate for a disparity difference.
Recognition speed was estimated by the median of response times for a disparity
difference. Recognition robustness was estimated by the MADs of response times for
a disparity difference.
In Chapter 4 the underlying main theory of the test was developed and its basic
functionality was demonstrated. The chapter provided a detailed description of the
static distance stereopsis performance part of the StereoViPer test. The test consisted
of four equal disks presented on a 3D stereo display. One disk was rendered with an
enlarged disparity and appeared closer to the observer. The observer’s task was
to identify the leading disk as fast as possible with a button input. A disparity
difference was classified as perceived if at least 10 out of 16 iterations were correct
decisions. Therefore, a misclassification due to pure guessing was below 0.01. Three
experiments were conducted to evaluate the basic functionality of the proposed test.
In the first one 29 subjects showed significantly (p ≤ 0.01) increased response time
medians for three stereoscopic stimuli (15, 30, and 60 seconds of arc) compared
to two comparable tasks with monocular stimuli. The stereoscopic response time
medians increased significantly (p ≤ 0.01) for decreasing disparity differences. In the
second experiment a group of 20 subjects with normal stereopsis showed significantly
(p ≤ 0.01) lower response time medians than a group of 20 subjects with weak
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stereopsis and a group of 20 subjects without stereopsis for disparity differences of
20, 40, 60, 80, 100, and 120 seconds of arc. The same significant differences were
obtained regarding the MADs of response times. The third experiment compared the
proposed distance stereo test with the Titmus test as a traditional near stereo acuity
test. Stereo acuities correlated with a Pearson’s product of 0.68, but a Bland-Altman
plot showed systematic differences between the two measures. Best performers in
response times for 120 seconds of arc showed significantly (p ≤ 0.01) better stereo
acuities than the rest of the subjects. The chapter showed that the test is capable of
measuring and analyzing stereopsis performance and discriminating between known
considerably different levels of stereopsis, i.e. normal and defective stereopsis. The
chapter provided evidence that distance and near stereo acuity as measured by the
conducted tests do not agree, which is also reported by comparable previous studies.
Recognition speed was found to be dependent on stereo acuity, but to reveal a finer
discrimination of stereopsis performance than standard near stereo acuity.
In Chapter 5 the proposed test was used and modified for the assessment of stereopsis in soccer to investigate if stereopsis performance of soccer players is superior.
An additional stimulus for dynamic stereopsis was introduced that consisted of four
soccer balls which moved towards the observer out of the screen. As one ball was
rendered with enlarged disparity and the observer had to identify this leading ball
as fast as possible, the basic principle remained the same as for the static stereopsis
test but with the integration of axial movement. The input interface for the static
as well as for the dynamic stereopsis test was replaced by a gesture control based
on the Kinect sensor. Two experiments were conducted. In the first one 78 subjects
showed significantly (p ≤ 0.01) higher response time medians for a non-stereoscopic
visual task compared to the same task with the button input used in Chapter 4.
A comparison of the MADs of response times did not reveal significant (p ≤ 0.05)
differences. In the second experiment 20 professional and 20 amateur soccer players
compared to 20 subjects without experience in soccer could not achieve significantly
(p ≤ 0.05) different response times medians for static stereopsis with disparity differences of 15, 30, 60, 90, and 120 seconds of arc for static stereopsis and 15 to 30
seconds of arc and 60 to 90 seconds of arc for dynamic stereopsis. The differences
between the MADs of response times were not significant as well. Further, no significant (p ≤ 0.05) differences between the stereo acuities could be observed. In
a non-stereoscopic choice reaction time test both soccer groups could achieve significantly (p ≤ 0.05) lower response times compared to the inexperienced subjects.
The chapter showed that soccer players could not perform superior in the presented
stereoscopic tasks but in the monocular task. Further, it was proposed how the stereopsis performance acquired by the test could be combined for direct comparison of
stereopsis performance.
In Chapter 6 the static part of the StereoViPer test was used and modified to
investigate potential implications due to the unnatural simulation of depth by the
used display modalities that are required by the proposed test. Predefined disparity
differences were presented to the same subject with varying base disparities. In consequence, the focus was on the performance differences of the same subject at different
base disparities. In an experiment 17 subjects were evaluated at three disparity
differences, which were presented at three base disparities. Significant (p ≤ 0.05)
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differences of response times medians between all base disparities for all disparity differences were obtained. The same holds for the MADs of response times. The stereo
acuities tend to degrade for increasing base disparities, but no significant (p ≤ 0.05)
differences were obtained. The chapter showed that the display modality has potientially high impact on the results of stereopsis performance and that the zone of
comfortable viewing is not a sufficient limit to ensure natural stereopsis performance.
It is important to use disparities which are as low as possible to preserve natural
conditions.

7.2

Discussion and conclusion of contributions

The main contribution of this thesis is the development of the StereoViPer test, a
static and dynamic stereopsis performance test that is capable of a combined analysis
of stereo acuity, recognition speed, and recognition robustness.
Chapter 4 proved the basic functionality of the test. Although contour-based
stereograms are easier to process than random-dot stereograms [Gree 12], currently
random-dot stereograms are commonly used due to their minimization of monocular
depth cues. The proposed test provides a contour-based stereogram, but introduces
several means to minimize monocular depth cues and was proved to not be solvable
monocularly for the set of presented disparities. Thereby, the test contributes to current stereopsis tests by combining the advantages of both types of tests. Although
the chapter included clinical assessments, its main contribution is not based on a
clinical application. Distance stereo acuity measures were identified as clinically relevant [Sing 13], but recognition time analyses in particular are currently of modest
clinical interest. More research is required to identify a potential benefit for clinicians
and potential future applications in this field are presented in the next section. The
contributions of this chapter focus on the proof of concept for the proposed test.
Thereby, the results of the chapter provided evidence for the hypothesis that coarse
disparities are processed before fine disparities [Marr 79], as response time increased
with finer disparities. A comparison with the traditional Titmus test showed that
distance stereo acuity as assessed by the proposed test provides different information than near stereo acuity, which is in agreement with the literature [Brad 06].
The chapter showed that better stereo acuity relates to higher recognition speed and
demonstrated that recognition speed allows a finer performance discrimination than
stereo acuity. Therefore, the chapter could show that the test adds additional and
valuable information to traditional near stereo acuity tests. As clearly different stereopsis performance could be measured and discriminated, the basic functionality of
the test could be proved for the assessment of potentially highly developed stereopsis in competitive sports. Therefore, the test methodology for stereopsis could be
complemented by a novel test.
Chapter 5 showed the application of the stereopsis performance test in soccer as
an example for competitive sports. The contribution of this chapter is that, to the
author’s knowledge, this is the first stereopsis test capable of fulfilling all the requirements for stereopsis made by literature, which was presented in Section 2.2. Thereby,
the test combines various modifications of traditional near static stereo acuity tests,
such as static and dynamic stereo acuity assessment [Solo 88], distance measurements
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[Laby 96] and response time analyses [Coff 94]. As experienced athletes benefit from
a high connection between visual perception and motor response [McLe 87], a gesture
control is available as input interface. However, superior stereopsis of professional or
amateur soccer players could not be observed [Paul 14]. As the test is capable of discriminating between normal and defective stereopsis, it is assumed that the distances
in soccer are too high to challenge stereopsis accurately enough. Stereopsis is most
efficient within two meters [Cutt 95]. As previous studies on soccer using basic optometric near stereo acuity tests could not reveal any superior stereopsis [Ward 03], this
chapter can be interpreted as a proof of those studies by using extended and focused
tests of stereopsis performance for athletes. Additionally, a method was proposed
how to compare different stereopsis performances based on the measurements of the
test. As no differences between inexperienced subjects and soccer players could be observed, the comparison method could not be investigated practically. However, to the
author’s knowledge this is the first attempt for a definition of stereopsis performance
comparison for athletes.
Chapter 6 investigated the influence of the used display modality on the measured stereopsis performance. The contribution of this chapter is that the zone of
comfortable viewing might be sufficient to observe simulated 3D content on stereo
displays without discomfort, but it is insufficient to preserve natural stereopsis performance measurements [Paul 13]. In the static stereopsis test the presented disparity
differences were as low as possible. Therefore, the influence of the 3D display on
the measurements is assumed to be marginal. In the dynamic stereopsis test the
presented disparity differences and the base disparities were intended to increase to
create the impression that the target objects are moving out of the screen. Therefore,
larger disparities were observed that might have had an influence on the measurement. In consequence, the dynamic test might be influenced by the V-A conflict and
subjects are not only tested for their stereopsis performance but also for the flexibility
of their visual system to adapt to an unnatural setting. The study and the technique
developed in this chapter contributes to research about the comfortable consumption
of simulated 3D content. Previous studies investigated consumption of simulated
3D content on 3D stereo displays by using performance tasks such as search tasks
[Bark 10] or reading tasks [Lamb 12]. To the author’s knowledge, an assessment of
stereopsis performance as defined in this thesis has not been performed before.
In conclusion, the StereoViPer test developed in this thesis provides the opportunity to perform a finer discrimination of normal and defective stereopsis than traditional stereo acuity tests and enables various clinical research on stereopsis performance. It contributes to the literature about stereopsis in sports by providing
the possibility to compare athletes by distance stereo acuity, recognition speed and
robustness by supporting their improved motor reactions. Previous studies on stereopsis in soccer were supported by an extended and focused evaluation of stereopsis
in soccer. Presented disparities have to be selected carefully and as low as possible
to preserve natural stereopsis performance. The proposed test contributes to the research about comfortable consumption of simulated 3D stereo displays by providing
stereopsis performance measurements on different base disparities. The main application of the test is the evaluation of stereopsis in sports. For further analyses a sport
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with a short action range and a high demand on depth estimation should be selected
that supports and challenges stereopsis.

7.3

Outlook

This section provides an outlook how future studies might benefit from the proposed
StereoViPer test and the findings of this thesis to support clinical applications and
research in sports vision.

Outlook for clinical applications
Section 7.2 identified recognition speed as rarely relevant for current clinical applications. However, this could be due the lack of research in this field. It is known that
even fine stereo acuity can suffer from refractive surgeries [Kirw 06] or long-standing
surgical monovision [Fawc 01]. Chapter 4 showed that recognition speed decreases
with finer disparities although the disparities are above the stereo threshold. The
influence of surgeries on recognition speed and robustness is unknown. It is possible that even if stereo acuity is not degrading, speed and robustness might degrade.
The proposed stereopsis performance test would enable a screening for modifications
in stereopsis performance and additionally provide a detailed monitoring of stereopsis performance to observe potential recoveries after therapy. Further, the proposed
test can be used in the research about Parkinson’s disease. Previous studies suggest
that stereo acuity is degenerating during the disease due to cognitive dysfunctions
[Kim 11]. The proposed test allows a detailed and finer analysis of stereopsis performance during long-term observations to reveal more insights into potential cognitive
disorders. Stereopsis with its components as measured in this thesis might provide
an additional information source for the early detection and the progress observation
of the disease.

Outlook for sports vision applications
As a non-clinical application the proposed test has been used to evaluate stereopsis of
athletes. A further application could be to use the findings and the proposed test to
train stereopsis on a perceptual level. Previous studies show that research focuses on
the training of visual perception to enhance the competitiveness of athletes [Schw 12].
However, to the author’s knowledge, there is no current research on training stereopsis separately. This thesis enables future studies on training programs for athletes’
stereopsis performance by combining the findings of this thesis. A future goal could
be to improve the stereopsis of athletes and to investigate the impact on real life situations in sports by using the proposed stereopsis performance test. The impact of
specific stereopsis training on the athletic performance has never been investigated.
As mentioned in Section 7.2 a sport should be evaluated that is more promising
for stereopsis than soccer. As stereopsis is most effective in shorter ranges [Cutt 95],
sports are privileged which have a short action range and a high demand on depth
perception, such as table tennis. Therefore, an improvement of stereopsis in sports
such as table tennis promises major improvements in real sports performance.
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It has been shown in Chapter 6 that 3D stereo displays can have an unnatural
impact on stereopsis due to the V-A conflict, if too high disparities are presented.
In consequence, the flexibility of the visual system is measured instead of natural
stereopsis performance. However, it is unknown if a higher flexibility in the stereoscopic visual system contributes to enhanced natural stereopsis performance. For
example, stroboscopic training has been proved to enhance visual movement perception [Appe 11]. The brain learns to interpolate missing information in the training
phase. An idea is to transfer this principle to 3D perception. In this case technical
drawbacks of current 3D displays, in particular the V-A conflict, define missing or
corrupted information. Therefore, it is assumed that the brain learns to compensate
and adapt to the V-A conflict. The V-A conflict will be a challenge that leads to a
higher plasticity and a higher flexibility for new and challenging situations in real life.
In consequence, it is assumed that the 3D visual perceptual capabilities of athletes
and thus their sportive performance are enhanced. Therefore, technical drawbacks
of current 3D displays would be exploited as a challenge for stereopsis to train athletes’ stereopsis performance for a higher competitiveness. As the proposed stereopsis
performance test was adapted to the requirements of athletes in Chapter 5 and to
the requirements for the evaluation of the V-A conflict in Chapter 6, the proposed
stereopsis test and the findings in this thesis would provide the basis for this future
study.

Outlook for applications regarding the consumption of simulated 3D content
As a side effect of the potential future work presented in the section above, individual
zones of comfortable viewing could be created. Chapter 6 showed that increasing base
disparities altered stereopsis performance measurements. However, the test results
were not directly combined with visual discomfort measurements. It is not clear,
how intensely the individual impression of visual discomfort influenced stereopsis
performance. If the performance results could be connected with subjective grading
methods for visual discomfort such as questionnaires, it might be possible to identify
base disparities, which represent individual thresholds for comfortable viewing, by
analyzing stereopsis performance changes. As a result, individual zones of comfortable
viewing could be created, which allow subjective disparity settings for enhanced and
comfortable consumption of artificial 3D content. The usage of dynamic objects for
the test procedure, as introduced in Chapter 5, could include additional discomfort
factors such as rapid motion to model the consumption of 3D movies. Therefore,
research on 3D stereo displays, and more specifically the multimedia entertainment
industry, would contribute from these future studies.

Appendix A
Software framework
For the proposed stereoscopic tests described in this thesis a software framework for
windows has been written to enable fast and simple developments of stereoscopic
graphic applications in general and of stereopsis performance tests in particular.
The framework is divided into six main modules that are distributed by five
dynamic runtime libraries. The modules are organized by their file names as follows:
1. Stereo: This module covers classes for the development of stereoscopic views.
It contains one class.
• Eyes: This class calculates the views for each eye respectively.
2. Light: This module covers classes for the development of lighting effects. It
contains two classes.
• LightSource: This class implements one light source that can be placed in
the scene.
• Lights: This class organizes multiple light sources and the light properties
of materials.
3. Clipping: This module covers classes for clipping tests. It contains one set of
functions.
• ScreenClipping: This namespace contains functions to check whether an
object is shown inside the viewing range. Consequently, it provides functions for the mapping between object and screen coordinates.
4. TargetObjects: This module covers classes for basic visual objects, which can
be used as targets in vision tests. It contains three classes.
• TargetObject: This class represents the abstract basis class for all target
objects. All target object classes are derived from this class to provide
functions such as altering the size and position or applying textures.
• TargetDisk: This class provides a simple disk.
• TargetRectangle: This class provides a simple rectangle.
• TargetSphere: This class provides a simple sphere.
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5. Tracking: This module covers classes for user input interfaces. It contains two
classes and a sub-module.
• Gamepad: This class enables the input with a gamepad. It uses the DirectInput component of the Microsoft DirectX application programming
interface (API).
• Keyboard: This class enables the input with the keyboard. It uses the
DirectInput component of the Microsoft DirectX API.
• Kinect: This sub-module covers classes for the input with Microsoft’s
Kinect. It uses the OpenNI framework. This module contains three classes.
– KinectGraphics: This class provides graphical support for the Kinect
input such as a limb representation of the user.
– KinectTracking: This class provides the basic control of the Kinect as
pose estimation device such as returning the ankle positions or polling
the device.
– KinectTrackingUtil: This class provides higher level functions based
on the Kinect data such as deciding whether the user has clapped.
6. Util: This module covers classes which provide IO operations, data organizations or other utilities for vision tests. It contains eight sub-modules.
• Data: This module covers classes for data organization. It contains four
classes.
– BaseDisparityData: This class organizes information of one base disparity. It collects instances of DisparityDifferenceData.
– DisparityDifferenceData: This class organizes information of one disparity difference.
– StereoVisionPerformanceData: This class organizes information of
stereo vision performance.
– DisparityPermutation: This class organizes base disparities and disparity differences in randomized order.
• FileIO: This module covers classes for file input and output. It contains
one class and one set of functions.
– IniFileReader: This class provides functionality to read in an arbitrary
windows initialization file.
– StereoVisionTestParamIO: This set of functions provides functionality
to read in specific initialization files for stereopsis performance tests
by using IniFileReader.
• Timer: This module covers classes for time measurements. It contains
four classes.
– Timer: This class represents the abstract basic class for all timer
classes. It defines the basic interface. All other timer classes are
derived from this class.
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– SimpleTimer: This class provides time measurements with time steps
of about 15 ms. It is supported by all CPUs.
– PerformanceTimer: This class provides time measurements with high
precision. It is not supported by all CPUs. Potential conflicts with
Windows XP are known.
– MsTimer: This class provides time measurements with time steps of
1 ms. It is supported by many but not all CPUs.
• TextureIO: This module covers classes which manage graphical input for
texture usage. The Insight Segmentation and Registration Toolkit (ITK)
is used by all classes. It contains two classes.
– AnaglyphTextureFilter: This class represents an ITK filter that uses
an ITK image as input an converts it into an anaglyph image represented by two ITK images. One resulting image contains only values
in the red color channel, the other only in the green and the blue color
channel.
– TextureIO: This class provides functions to read in images and convert
them to textures. It uses AnaglyphTextureFilter to provide anaglyph
textures.
• Logging: This module covers classes for logging functionality. It contains
one class.
– Logging: This class represents a logging object. It allows to write the
log content to a file.
• Randomizer: This module covers classes for the generation of random
numbers. It contains one class.
– Randomizer: This class represents a generator for pseudo-random
numbers.
• Vector: This module covers classes for basic vector operations. It contains
one class.
– Vector: This class represents a vector for calculations in linear algebra.
It is used by Stereo::Eyes.
• VisionTest: This module covers classes for basic functions required in
stereopsis tests. It contains one set of functions.
– VisionTest: This set of functions provides functions such as aligning
target objects or returning the disparity in pixels.
This organization is depicted as a diagram in Figure A.1.
The modules are distributed in five dynamic runtime libraries as follows:
1. Rendering: This library contains all components for providing rendered output.
It contains the Stereo module, the Light module, the Clipping module and the
Util::Vector module.
2. KeyInput: This library contains all components for providing user input with a
button. It contains the Tracking::Gamepad and the Tracking::Keyboard classes
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Figure A.1: Diagram of the developed software framework. Modules are represented
by blue boxes that contain the classes. Arrows represent class inheritage.
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of the Tracking module. As it requires the DirectInput library as additional
dependency, it is separated from the rest of the Tracking components.
3. KinectInput: This library contains all components for providing user input with
the Kinect. It contains the Tracking::Kinect module. As it requires the OpenNI
library as additional dependency, it is separated from the rest of the Tracking
components.
4. TextureIO: This library contains all components for providing texture input. It
contains the Util:TextureIO module. As it requires the ITK library as additional
dependency, it is separated from the rest of the Util components.
5. Util: This library contains all remaining components of the Util module.
The usage of the Microsoft Kinect as input modality requires the installation of the
PrimeSense Sensor Module for OpenNI (Version 5.0.3.4), the OpenNI framework
(Version 1.3.2.3), and the PrimeSense NITE framework (Version 1.4.1.2).
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