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Abstract  
(German version) 
 
 
 
 
 
 
 
Schleiereulen jagen erfolgreich in der Dämmerung. Unter diesen Lichtbedingungen 
ist der optische Informationsverlust durch Quantenfluktuationen (Photonenrauschen) 
sehr groß. Bei einem Nachtjäger wie der Eule sollte das visuelle System an diese 
Bedingungen gut angepasst sein. Das visuelle System von Eulen stellt durch die nach 
vorne gerichteten optischen Achsen eine Besonderheit dar und erlaubt der Eule, 
aufgrund der Überlappung der Sehfelder, binokulares Sehen. Stereopsis ist ein 
besonderes Merkmal binokularen Sehens und ist für das visuelle System der 
Schleiereule ein Mechanismus, um über die Umwelt räumliche Tiefeninformationen 
zu erhalten.  
Ziel dieser Studie ist es, zu überprüfen, ob Stereopsis weniger anfällig für 
Photonenrauschen ist, als dies für monokulares Sehen der Fall ist. Monokulares und 
binokulares Sehen ist jedoch nicht ohne Schwierigkeiten miteinander vergleichbar. 
Wir müssen unterscheiden zwischen einer reinen statistischen Leistungsverbesserung 
durch den Gebrauch zweier Sensoren/Augen („probability summation“) und der 
Leistungssteigerung durch komplexe neuronale Verschaltungen („neural 
summation“). Stereosehschärfe und Verniersehschärfe sind Hypergenauig-
keitsphänomene, weil sie die, aufgrund der optischen Eigenschaften der Augen und 
aufgrund der Geometrie der Rezeptorzellanorndung, theoretisch mögliche Auflösung 
übersteigen. Beide unterliegen zwingend Mechanismen neuronaler Verschaltung; ihre 
Vergleichbarkeit wird dadurch gefördert.  
In dieser Arbeit werden Daten von drei Schleiereulen präsentiert. Bei einer Eule wird 
eine binokulare Verniersehschärfe von 4.58 arcmin im mesopischen Bereich (10-1.9 
cd/m²) und 15.66 arcmin im skotopischen Bereich (10-2.7 cd/m²) gemessen. Für die 
gleichen Lichtbedingungen finden wir eine Auflösung von 1.84 arcmin (mesopisch) 
und 3.54 arcmin (skotopisch) im Stereosehschärfe-Experiment. Ein äquivalentes 
Experiment wurde mit 7 humanen Probanden durchgeführt.  
Die Daten aus diesen Exprimenten werden mit einem ‚Ideal Observer’-Modell 
verglichen. Dieser Vergleich deutet an, daß das Stereosystem der Eule aufgrund 
zentraler neuronaler Mechanismen dem monokularen System (Verniersehschärfe) bei 
sinkenden Lichtverhältnissen überlegen ist.  
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Abstract  
(English version) 
 
 
 
 
 
 
Owls are effective nocturnal predators. Low light-level conditions result in a 
decreasing signal-to-noise ratio as a consequence of increasing photon-noise. To 
assure successful preying, the owl visual system has to be adjusted to these 
conditions most effectively. The owl visual system is most highly developed; their 
two frontal eyes result in a large part of overlapping of the two monocular fields of 
view, engaging them to have binocular vision. Stereopsis is a special property of 
binocular vision and it could be shown that it is an important depth cue which helps 
the owl to gain information about spatial depth relationships. 
The goal of this study is to verify the hypothesis that it is the owl stereo system that 
is able to avoid photon noise influences, other than monocular vision. However, 
monocular and binocular vision is critical to compare. One has to distinguish between 
a statistical performance improvement, originating from the use of two sensors/eyes 
(probability summation), and improvements originating from complex neural 
networks (neural summation). Stereoacuity and vernier acuity are both hyperacuities 
since their threshold levels exceed the theoretically acuity, calculated from receptor 
cell geometry. Both systems underlie neural processing mechanisms and are 
therefore adequate to compare.  
In this work I present data from three barn owls. In one barn owl thresholds for 
binocular vernieracuity could be determined to be 4.58 arcmin in the mesopic 
domain (10-1.9 cd/m²) and 15.66 arcmin in the scotopic domain (10-2.7 cd/m²). For 
stereo acuity we find thresholds of 1.84 arcmin (mesopic) und 3.54 arcmin 
(scotopic). In an equivalent experiment data for 7 human subjects was yielded.  
The gathered data was compared to a theoretical threshold provided by an Ideal 
Observer model. This comparison denotes that the owl stereo system outperforms 
the monocular system under these light conditions, involving a central processed 
enhancement of the visual information reaching the eye.  
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1. Introduction 
 
 
 
Barn owls are nocturnal predators. Their auditory system is highly developed, 

enabling them to hunt successfully under dim light conditions. It is possible, 

however, that owls not only use their ears but their eyes as well to localize their prey 

at nighttimes. A great deal of information has been presented in the literature about 

various aspects of vision in owls. See, for review on vision in the owl, the seminal 

book “birds by night” by Graham Martin (1990). These studies address how visual 

performance might be related to the nocturnal habit of owls by  specifying (non-

stereoscopic) absolute sensitivity and spatial resolution (see e.g., Fite 1973; see 

e.g., Martin 1977).  An account of the influence of binocularity is missing I these 

studies. 

In principle, nocturnal mobility and foraging of owls cannot solely be 

explained by specializations in the eye, since pupil size and brightness in the owl is 

like that in our eye (Hecht and Pirenne 1940). The overall conclusion, therefore, is 

that visual performance of the owl during nighttime cannot significantly surpass that 

reported for man.  

I challenge this view by examining two hyperacuity tasks in the barn owl. By 

applying ideal observer analysis together with these tasks, I will show that (1) robust 

scotopic vision is aided by binocular processing and (2) vision can be involved in 

catching prey at night when considered in terms of stereoscopic discrimination. 
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Studying visual perception  

 

There are two rather distinct levels of research (apart from a theoretical approach) 

enabling us to gain insights about visual perception: (1) physiology and (2) behavior. 

Physiology and in particular neurophysiology focuses on the detailed structures of 

neural networks and functional connection between neuronal cells both at peripheral 

processing stages (such as retina, visual nerve) and in the central nervous system. 

To describe an organism from a cellular point of view when trying to understand 

perceptual processes at a behavioral level is rather limited (de Vries 1943; Marr and 

Poggio 1979; Wagner 1985). Put differently, it is unworkable to explain vision by 

solely determining the underlying physiology, because there are hidden properties on 

every subsequent level of organization, that only emerge when tested behaviorally. 

To provide a more complete picture about perceptual capabilities, 

physiological data always has to be correlated with findings obtained from behavioral 

studies (see e.g., van der Willigen et al., 2003). This second level of research, called 

psychophysics, tries to describe the perceptual capabilities of biological systems on a 

behavioral level (Gescheider 1997). Typically, psychophysical analysis deals with the 

description of perceptual thresholds, telling how good an organism can solve a given 

task. In that way it is also limited, because it doesn’t describe cognitive phenomena 

like for example illusions or attention (van der Willigen 2000).  

The importance of psychophysics is evident in its computational power, 

because it allows us to establish quantitative relations between physical stimulation 

(the outside-world) and perceptual events (our inner-world). In the middle of the 

20th century, it became possible to combine statistical decision theory arising from 

the classic psychophysical field with ‘(Signal) Detection Theory’ (de Vries 1943; 

Barton, 2004; Green and Swets 1966; Tanner and Swets, 1954). It is now a 

common place to use signal detection theory as a fundamental framework to 

understand and analyze behavioral measurements (Geisler and Davila 1985; 

Gescheider 1997; Cohn 2003), and even physiological findings (see e.g., Rogers and 

Graham 1982, Bala et al., 2003).  

The empirical basis of my analysis throughout this thesis will be limited to 

psychophysical analysis. 
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Aim of this study and central hypothesis 
 

Here, I will first put forward a hypothesis on vision in the owl. The functional 

importance of visual perception is to enable owls to hunt successfully, or maneuver 

adequately at night. I will test this hypothesis by specifically asking how binocular 

stereoscopic vision (stereopsis) aids monocular based vision (vernier acuity) under 

scotopic conditions. Thus, the hypothesis may be rephrased and put in a more 

precise straightforward question: 

 

Is binocular stereoacuity in the owl less sensitive to photon noise than 

binocular vernier acuity vision?  

 

To test this hypothesis one needs to determine thresholds for both binocular vernier 

and stereo acuity under decreasing light level conditions to systematically increase 

photon-noise levels. There are three reasons why binocular vernier acuity and not 

monocular acuity is measured. First, vernier acuity tasks can be solved with one eye 

alone. Secondly, we already know the computational advantage of the use of two 

eyes instead of one, provided by the work from Campbell (1965) and McKee (1987). 

Third, in order to maintain comparability of the two tasks, both stimuli should be 

observed with both eyes.  

 

Clearly, for the owl there seems to be a strong ecological pressure to excel at 

nighttimes. In so far as this involves vision, it may be considered in terms of 

camouflage breaking or from discrimination through stereoscopic processing. If 

stereoscopic vision does indeed allow the owls to hunt at night then it is to be 

expected that it significantly surpasses stereo performance in humans.  

To address this ecological aspect of the hypothesis, I undertook a comparative 

approach by measuring both stereo and vernier acuity under the same light 

conditions in human subjects. By subsequently combing these data with an 

(theoretical) ideal observer model, it is possible to determine whether human, but 

not owl, stereoacuity is constrained by sources of noise other than quantal 

fluctuations or photon-noise.  

 

In what follows, I will take a closer look at the owl’s natural behavior (see below, 

section Barn owls); this will provide the reader with an intuitive sense about what 

the owl’s visual system might be capable of. In the remaining sections I will explain 

the logic of using two hyperacuity tasks (stereo versus vernier acuity) in order to 

test the here formulated central hypothesis.  
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Barn owls 

 

Barn owls (Tyto alba) are nocturnal predators. They hunt at dim light levels, at dawn 

in the early morning hours or at sundown in the afternoon and evening. This owl 

species has a highly effective auditory system, which is able to localize prey in total 

darkness (Payne 1971).  

Even so, high preying successes in full moon nights indicate that additional 

information about the visual scene helps the owl to significantly increase its hunting 

success (Clarke 1983, Kotler et al., 1988). During its development the young owl 

also has to bring together well tuned motor coordination, like flying and grasping 

movements, together with audio and visual information about both ego-position and 

relative prey position (Knudsen and Knudsen, 1989). 

Barn owls have proven to be an appropriate animal model for testing 

binocular vision. Their two frontal eyes result in a large part of overlapping of the 

two monocular fields of view, as can be seen in figure 1.4. As a result, barn owls 

have functional stereopsis, which in principle could aid this nocturnal hunter to gain 

information about spatial depth relationships (van der Willigen et al., 1998 and 

2002).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.4: Stereovision in owls. Redrawn from (Pettigrew, 1986). 
Schematic dorsal view of a horizontal section through an owl’s skull (Bubo 
virginianus). As a result of the frontal position of the two eyes, there is a 
large amount of binocular overlap (red tag). Binocular overlap permits a 
common segment of visual space to be viewed by the two eyes 
simultaneously. In the barn owl the optical axes diverge by approximately 
62° (Martin, 1984).  
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Stereopsis is the neural comparison of each eye’s image to extract information about 

relative depth of objects or surfaces (Schor, 2003). Physiological studies on the 

visual Wulst (i.e., the part of the avian forebrain considered to be the analogue of 

the mammalian visual cortex) show that disparity-sensitive cells are prominent 

(Nieder and Wagner, 2000; Pettigrew and Konishi, 1976; Pettigrew, 1976; Wagner et 

al., 1993, 1994). Disparities are tiny positional shifts in the comparison of two-

dimensional images falling on the retinae of both eyes. This neural analysis is 

considered to be a prerequisite for stereopsis (Barlow et al., 1967). 

As will be discussed below, there are good theoretical reasons for believing 

that stereovision might aid the owl to excel at nighttimes.  

 
 
 
Spatial depth vision and positional acuity 

 

Organisms which use visual input to gain information about their environment are 

widely spread throughout the animal kingdom (Dusenbery, 1992).  Spatial depth 

vision is crucial for highly mobile organisms to plan and coordinate body movements 

relative to their environmental situation. However, when we look at the sensory 

apparatus that copes with visual information, we will mostly find two-dimensional 

arrays of light sensitive cells (e.g. the retina of lens eyes) (Land and Nilson, 2002). 

There seems to be no physical equivalent for judging correctly about spatial 

relationships at this processing stage. Thus, perceiving spatial depth has to go along 

with different, even multi-sensory, depth cues to ‘enhance’ the two-dimensional 

retinal image. Diagram 1.5 will sum up and gives examples which depth cues can be 

used to derive spatial depth relationships from one or two retinal images and 

proprioception. 

In this study, I will focus on (horizontal) disparity driven stereopsis. 

Stereopsis is the neural comparison of each eye’s image to extract information about 

relative depth of objects or surfaces (Schor, 2003).  As a consequence this form of 

depth perception requires that both eyes look at the same spot of the world 

simultaneously (binocular field of view) and that both images are integrated to 

derive non matching features in them (binocular fusion). These disparate features 

appear because both eyes look at a visual scene from different vantage points and 

this will result in slightly horizontal shifted images on the retinae (see figure 1.6.). 
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Diagram 1.5.: Spatial depth cues 

 

 

Stereoacuity is the ability of an organism to judge about spatial depth differences 

based on small retinal shifts compared in both eyes, i.e. disparity (Howard, 2002).  If 

we take a closer look at the geometrical constellation of the photoreceptor cells 

within the retina, we will find that the smallest distance between two neighboring 

cells is about 1-2 arcmin in humans, and about 7.5 arcmin in the barn owl. As a 

result, absolute stereoacuity thresholds in these organisms should approximate these 

values. Surprisingly, thresholds for absolute stereoacuity are found to be around 1-2 

arcsec for humans and about 2 arcmin for barn owls, when measured at ambient 

light levels (Sarmiento, 1975; van der Willigen et al., 1998). This phenomenon is 

called hyperacuity, because in this case acuity values are better than can be 

theoretically derived from receptor-cell geometrics (even up to 30 times better in 

highly trained human subjects!) (Klein 2001). 

Here, it should be pointed out that stereoacuity is based upon the horizontal 

comparison of retinal positional shifts between the left and right eye. Thus it can be 

understood as a binocular positional acuity. Another well known positional acuity is 

the so-called vernier-acuity; as first described by (Wülfing, 1892). Vernier acuity is 

the degree to which a pair of fine lines or other visual features can be aligned to 

each other (see figure 1.7 for examples). It is an example of a monocular 

hyperacuity, because these positional shifts can be recognized with one eye alone. 
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Figure 1.6: Horizontal disparities. Relative distance of an object D or F to the fixation target F results 
in a positional shift on the retina, relative to the retinal image F’. Equidistant objects (E) relative to the 
fixation target are lying on a curved plane (when considered in 2-D: Vieth-Müller circle), intersecting F and 
both nodal points of the two eyes. Their images fall on corresponding retinal spots (E’). The difference 
between visual angles of a fixated target and an in-depth target (i.e. αT − αF  or αT − αN)  is a direct 
measure for absolute retinal disparity. Note that internodal distance is crucial for the amplitude of visual 
angles and therefore for the estimation of spatial depth arising from disparity alone. 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7: Testing vernier-acuity. Two classical approaches to test 
human subjects on vernier-acuity thresholds. Subjects are asked to 
discriminate between shifted and non-shifted stimuli. A: Three vertical 
aligned dots. In the left triple, the middle dot is shifted horizontally to the 
right side.  B: Vertical bars. Offset in left pair, right pair is aligned 
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Ideal Observer Theory 
 
Throughout this study, I will point out that owl stereovision is a highly specialized 

system; capable of dealing with the conditions when light levels are low, as was first 

pointed out by (Pettigrew, 1990; Pettigrew, 1986). Thus vision in the owl must be 

more robust to photon noise than is the case for diurnal animals such as primates, 

including humans.  

But how can the performance of such different species be compared, taking 

into account that these visual systems differ in many aspects (e.g. eye geometrics, 

receptor density, and brain structure)? An absolute benchmark could provide an 

objective assessment of visual performance irrespective of the animal tested. One 

way to benchmark our findings is to compare it with the theoretical best possible 

performance, as if the observer of the task knew about every single noise level in his 

system; including blurriness of visual apparatus and spontaneous activity of the 

neurons. Such an “ideal observer” is able to cancel out these imperfections. The only 

noise that still will have an effect on this ideal observer is external noise.  

In this study, I will show that a simple square-root-correlation between the 

luminance of a hyperacuity stimulus and the observed threshold values of a given 

system comes close to the performance of an ideal observer when limited by photon 

noise alone. Moreover, if the central hypothesis of this study (as laid down above) is 

correct than the owl’s performance should resemble the plot as shown in figure 1.8A. 

In this case, it can be concluded that the owl’s stereo system, up to the scotopic 

domain, is only affected by photon noise, but not internal noise. This analysis also 

provides a theoretical framework to compare hyperacuity performance between 

different systems (i.e., human vs. owl) as can be seen in figure 1.8B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8: Hypothetical outcomes of this study. A: Plotted on the x-axis is luminance, in 
logarithmic values. Y-axis shows logarithmic thresholds values for stereo acuity. The steeper the 
slope the more the system will be affected by photon noise. Here two different hyperacuities, 
stereo and vernier, are compared. This result would emphasize that it is a higher-order part of 
the visual system that is enhancing acuity capabilities and not the good optics of the eyes alone. 
B: This result would support the hypothesis, that owl stereovision, contrasting to human 
stereovision, is designed to work under dim light conditions more effectively.  
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Outline 

 

This study introduces measurements of vernier and stereo acuity in both owls and 

humans. In Chapter 2, I will describe the methods, how two young naïve owls were 

trained to discriminate visual stimuli and how an adult, already trained owl, was 

successfully transferred to perform on both stereo and vernier acuity tasks. 

Subsequently, the experimental apparatus and measurement methods used will be 

described in detail. An extensive section on data analysis will be placed in this 

chapter, too. Finally, I will give a short introduction to the equations underlying the 

ideal observer model. Chapter 3 will sum up the results. Here, I show that transfer, 

from one task to another, took place both in the young owls (they learned to 

discriminate vernier stimuli, however on a supervised level), and in owl Sylvester, 

who has been successfully trained to discriminate vernier stimuli in psychometrical 

experiments. In Chapter 4, I will discuss these findings. I will compare stereo and 

vernier acuity in humans and test whether the observed results match the findings 

as presented in the literature on human stereopsis. Comparing owl and human data 

to that of an Ideal Observer will finally strengthen or weaken the central hypothesis 

as described above. A general summary and outlook to future work will complete this 

section. In a separate section (Appendix A-D) the most frequently used 

abbreviations will be listed and some definitions of special terms will be provided. I 

will lay down the programming techniques that were used. This section will be useful 

to future research since it describes the ANSI-C code and the design of the open GL-

based application. Finally, I will also provide information about how monitor 

calibration was achieved. 
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2. Materials and methods 
 
 
 
 
2.1. Owl experiments 
 
2.1.1 Test animals and animal care 
 
Test Animals were three hand-raised barn owls (Tyto alba pratincola / Sylvester, Pan 

Tau, Ole; see drawing above of Pan Tau). They are offspring of the barn owl 

breeding colony of the Institute for Biology II, Department of Zoology and Animal 

Physiology, RWTH-Aachen. These animals are treated and cared for under the 

permission of the Regierungspräsidium Köln. All methods used in the experiments 

are established and approved.  

Since barn owls are habitually nocturnal birds, experiments took place in the 

early morning hours or in the late evening. However, I found out that time for the 

birds’ best attention could be shifted to midday, if handling and feeding times shifted 

accordingly. Training and experimental sessions lasted for about one to two hours, 

depending on the owl’s motivational state and cooperation. During the time of this 

diploma thesis the owls were fed either inside the laboratory or during abstinence 

from experiments in their aviaries. To assure success on behavioral training, the 

animals were food-deprived.  
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The owls’ weight was checked every day to ensure that weight never fell 

below a limit of about 90% of free feeding weights (see figure 2.2). After a depriving 

period of two months, a pause was granted, and feeding took place in an 

opportunistic manner. Once a week a vitamin supplement and a mouse instead of 

chick were given to avoid deficiency symptoms.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2.2: Food depriving. Example of owl weights when food-depriving 
began (arrow). The gray section marks weights at which the owl’s 
performance was best. Food contingencies denoted by inset at bottom (2 
chicks, 1 chick, from food dispenser + reward chick). 

 
 
Owls wore small straps made of leather to fix them to a wooden sitting-perch. 

Because owls naturally prefer to sit on branches or wooden posts, this provides a 

very simple way to carry the owl between its housing and the laboratory. Hand-

raised owls are relatively easy to handle since they are accustomed to human 

administration from their very early days. However, since these animals naturally are 

very effective predators, some precaution is to be considered. During handling 

leather gloves should be worn and, in general, awareness of the owls’ beak and 

claws is advisable.  

 
 
 
2.1.2 Experimental Setup (see figure 2.3 for reference) 
 
All experiments were performed in a light- and almost sound-proof custom-made 

booth (height x width x depth: 240 x 150 x 200 cm). Since barn owls have highly 

sensitive hearing capabilities these noise-reduced conditions had positive influence 
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on the owls’ attention. Light-proofness was a prerequisite for testing under dark-

adapted conditions.  

Inside the booth, on an adjustable mounting system, the owl’s sitting-perch 

was fixed heading towards the stimulus display. Two response bars, within easy 

reach of the owl, were symmetrically placed to the left and right of a remotely 

operated food dispenser that delivered small pieces of meat (~1 gram). The 

response bars were activated by slight pressure from the owl’s beak, while 

performing a chicken-like pecking movement. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.3:  Owl-experiment setup. Top left: View inside the experimental booth. Owls 
had to sit on wooden perch and fixate target stimuli presented via the computer screen.  
Inset bottom right: detail drawing of food dispenser with top-mounted response keys. A 
small light bulb illuminated the feeding hole when a reward is given. The feeding disc turned 
counter-clockwise to reveal a single ‘feeding-slot’ in the feeding hole after every correct 
response. 

 

During training and experimentation, the birds wore a spectacle frame, mounted on 

a small all-aluminum stick, which had been implanted into the forehead of the owls’ 

skull at an earlier time. These spectacles (see figure 2.4) contained red/blue filters to 

separate the images reaching the two eyes. A small head-tracking sensor (infrared 
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(IR) light reflecting surface) was placed on the frontal plane of the spectacle frame. 

3D head position and orientation was monitored online by the DynaSight-RADAR 

System. A Cartesian coordinate frame of head position space was chosen with the x-

axis lying along the horizontal direction, the y-axis along the vertical direction, the z-

axis along the sagittal direction, and an origin located at the center of the 

DynaSight-System case. 

 

 

 

 

 

 

 

 

 
Figure 2.4 : Spectacle wire frame, frontal view. A: photograph, B: 
schematics. The aluminium stick, implanted in the forehead of the owls’ skull, was 
mounted to the paradur-made retainer and fastend with the mounting screw. 
Color foils were adhered onto polarizing filter glasses, to allow both anaglyphic 
and polarized stimuli for presentation. 

 

 

Stimulus display was a 17’’ CRT (cathode ray tube) panel (Ecomo 330; Elsa 

Technology Inc., Germany); viewing distance was 50 cm, ensured by an automated 

experiment logistic, which constantly captured the owls’ head position along the z-

axis. Stimulus sequences, reinforcing contingencies and data processing were 

controlled by an Octane workstation (Silicon Graphics Inc.) outside the booth. Two 

IR-cameras were mounted in a rectangular manner to the inside walls of the booth, 

heading inwards, thus covering the whole inside space. Their signals were monitored 

outside by the experimenter. 

 
 
 
 
2.1.3 Animal Training 
 
 
Operant Conditioning 
 
As denoted in 2.1.1, animal training was achieved by operant conditioning. This 

training method contained two simple teaching mechanisms, the so called positive 

reinforcement and extinction processes.   

 Positive reinforcement means starting or adding something good, something 

the animal likes. Because the animal wants to gain that good thing again, it will 
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repeat the behavior that seems to cause that consequence. In my experiments I 

used a primary positive reinforcer, which the birds don’t have to learn to like. To 

heighten the ‘goodness’ of food, the birds were food deprived before reinforcement 

begins. For training purposes the reinforcement schedule was of a variable interval, 

fixed ratio kind, meaning that time between rewards could differ (related to the 

birds’ response time), and the amount of food given as reward was constant (1 gram 

of meat). 

 If reinforcement fails to occur after a behavior that has been reinforced in the 

past, the behavior might extinguish. This process is called extinction. This basic 

learning process will occur in the owls’ behavior, when discrimination tasks are to be 

solved. Generally a fixed ratio schedule of reinforcement makes a learned behavior 

more vulnerable to extinction. This was desired, since the birds had to push the 

correct button to gain a reward, not any of the two buttons at all.  

 The way how, how often and why a reward is given is critical for the learning 

process. When a behavior that has been strongly reinforced in the past, for example, 

no longer gains reinforcement, the animal might perform this behavior over and over 

again in a burst of activity. This so called extinction burst could also be observed in 

my training sessions. Also, it has to be taken into account that reinforcement in 

general can become associated with the person giving them. However, since I cannot 

report any occurrence of such connection, this problem seems to play a minor role in 

owl-training. 

 

 

Training the owls 
 
At the beginning of this work, one owl (Sylvester) was already trained to 

discriminate disparity-coded static random dot stereograms (sRDS), as described in 

section 2.1.4. Sylvester was, therefore, used to the methods of psychophysical 

testing. These methods comprised daily contact to the experimenter, food 

deprivation over a medium period of time, feeding in the laboratory, getting rewards 

inside the booth, and pecking response bars according to a fixated visual object 

presented via a computer screen.  

 During this work I trained Sylvester to perform on the discrimination tasks he 

already knew. I then introduced new methods to the task, which again had to be 

trained to the animal, in order to achieve high performance levels. One novelty to 

the testing procedure was the use of an almost totally automated testing logistic 

(see figure 2.5). Online head monitoring via the DynaSight-RADAR system was one 

part of this method. In order to start the training stimuli and to begin the next trial 

after a reward was given, Sylvester had to keep his head in a fixed manner, in a 
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virtual 3D area specified by the program, oriented fronto-planar towards the 

computer display. Sylvester also had to learn to discriminate novel transfer stimuli, 

which are described below. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5: Time-event-chart. Three exemplary training trials are 
shown. Stimuli display either ‘object’/’left’ or ‘hole’/‘right’. Fixation 
target marked in gray. Stimuli were shown for random time intervals. 
The owl response could be either correct or false (last response). 
Pecking keys were operatable only during stimulus presentation.  Note 
that head position was monitored continuously except for stimulus 
presentation time.  

 

 

The other two owls (Pan Tau, Ole) were naïve to the test and doing behavioral 

experiments in general. They had to be habituated to the whole new situation. This 

was achieved in routine-like steps summed up in table 2.6. When beginning the 

training, the owls were fed inside the laboratory with small pieces of meat. 

Previously to testing anyway, the owls had to be in a food-deprived state. This was 

done by bisecting daily feeding contingencies for about a week. After that the owls’ 

weight was reduced to about 90% of their free-feeding weight. 

Training began with feeding the young owls via the food dispenser inside the 

experimental booth. This step was learned in about one single week and is one of the 

easier and non-critical parts of the learning process. After that, the response bars 

(‘pecking keys’) were introduced. Either the left or the right key had to be pushed to 

activate the food dispenser. Depending on the owls’ motivational state and interest 

this step is learned in about one to three weeks. The problem with this step is that 

the owl has to push the key once by chance while exploring the setup with its beak. 

Some owls show these exploring behaviors with many and rapid movements and are 

more likely to stripe one of the keys. Others fall asleep while sitting in the booth and 

show no interest at all.  



  Chapter 2: Materials and methods
   

22 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Table 2.6: Summation of training steps. Learning time is based on own experience, 

difficulty is a subjective assessment. 
 

 

The next step is a more difficult one. The owls now had to learn to look at the 

stimulus display for about 1-2 seconds and were then given the reward. To draw the 

owls’ attention towards the screen, I used a small white rectangle, which behaved 

like a pulsating light source (see section ‘Training stimuli’ for details), flashing in the 

center of the screen. To achieve good performance on this task, some weeks or even 

months are required. Being this behavior absolutely unnatural and artificial (fixate a 

distant target  getting food in a proximate range), the difficulty of this task 

becomes evident. After that, the owls had to combine the last two steps. They had to 

look at the screen and then head for one of the two keys in order to get the reward. 

This can be taught relatively fast and is not critical.  

Finally, all behaviors learned so far were combined and put to addition to the 

discrimination of visual stimuli presented on the screen. The owls had to look at the 

screen, fixate a visual stimulus for about a second, and then push the correct button, 

which was now correlated with the presented stimulus. Again, this step is critical and 

takes time. Taken all these steps together, time for training a young naïve owl to 

discriminate visual objects with a performance significantly above chance level will 

cost about 9-12 months. After this time the owls show a very robust state of training 

which also allows transfer tasks to be introduced relatively easily.  
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2.1.4 Visual Stimuli 
 
 
To present stimuli via the computer display and to gather given responses, a self-

written ANSI-C application was used. Stimuli design was arranged using the OpenGL 

utility kit (Glut).  See Appendix A for reference. 

 
 
Training Stimuli 
 
A well preconceived stimulus design for training purposes is crucial to optimize the 

learning process. During this work, I invested a great deal of time to design stimuli 

which were likely to speed up the  training process. Training stimuli were designed in 

a modular and variable manner. They could be easily changed concerning speed, 

size, offset and stimulus concept, even during a running training session. Stimuli 

presentation was separated showing either a small fixation target, flashing in the 

center of the screen, or the target stimulus, which was correlated to the response 

buttons, giving rise to the two-alternative forced choice paradigm, which will be used 

throughout all experiments. 

 The fixation stimulus was shown when training sessions began and in between 

trials. A diamond-shaped gray surface (diameter: 17 arcmin) appeared in the center 

of the screen against a completely dark background while its gray level changed 

from 0.0 (‘black’; <0.001 cd/m²) to 0.8 (‘bright gray’; 10 cd/m²]. Pulse frequency 

was 2 Hz. 

 Target stimuli varied depending on the progress of training. During the first 

weeks, target stimuli appeared in a dynamic fashion. A medium sized (2.8°) 

rectangular gray surface (1 cd/m²) moved from the top towards the bottom line of 

the screen, translating over a visual angle of 17°. These floating blocks were either 

shown in the right or the left half of the screen (horizontal distance: 11°), correlated 

to the response buttons to be pressed. These in-motion blocks drew the owls’ 

attention towards the screen in the first place (see figure 2.7). 

  

 

 

 

 

 
Figure 2.7: Single training stimulus.  Cartoon of a single training trial. A: Fixation target (diamond 
shape) flashing in middle of the screen. B-E: Moving block-stimulus, corresponding to a ‘left’ response. 
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With proceeding training success, visual attributes of the target stimuli were changed 

to become a stimulus which had to be explored visually by the owl more carefully. 

This was done stepwise and always in accordance to an acceptable performance of 

the owl. Vertical translation speed was decreased to a complete halt, transforming 

the stimulus now to a static block, drawn on the horizontal midline of the screen. 

Static blocks now where translated horizontally towards the center of the screen, to 

minimize horizontal separation between ‘left’ and 'right’ stimuli (compare figure 2.8). 

 Finally, the uniform gray surface of the blocks was altered, revealing now a 

sinusoidal vertical grating (2.1 cycle/deg), similar to those which will later be used in 

the vernier acuity measurements. These gratings where rectangular cut-outs (edge 

width: 2.8°), consisting of a smaller inner rectangle (edge width: 84 arcmin) which 

was phase-shifted by a tenth cycle to either the right or left side (for either a ‘right’ 

or ‘left’ stimulus). Michelson-contrast was 1.0 (see formula 2.16), with a maximal 

luminance of 1 cd/m², and a minimal luminance considered to be totally black 

(<0.001 cd/m²). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 2.8: Training stimuli sequence. All stimuli correspond to a ‘left’ response. Mirror for ‘right’ 
responses. A: moving-block stimulus as shown in figure 2.7. B: Static-block, larger. C: Static-vernier 
stimulus. D-E: Position of vernier stimulus was shifted towards center and enlarged. 
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Random dot stereograms 
 
Static random dot stereograms (sRDS) were presented using both the LCD-

polarization-technique and the anaglyph-technique. To create stereoscopic images 

via the polarization-technique, one eye's image was written to the even scan lines, 

and the other eye's image to the odd scan lines of the CRT, each with a frame rate of 

60 Hz. The RDSs were polarized produced using a liquid crystal modulator (LCM, 

model: SGS310; Tektronix, Beaverton, OR) placed directly in front of the CRT. The 

LCM transmitted and blocked the left and right eye's images alternately in synchrony 

with the CRT frame rate when viewed through a set of differently polarized filters, 

which where mounted to the spectacle frame, the owl wore (compare figure 2.4). 

Separation of the mages for the two eyes when using anaglyphs was accomplished 

by viewing the two superimposed images through red and blue filters (see next 

section for details).  

Stereograms were segmented into two distinct depth planes revealing either a 

central, planar surface floating in front of or, alternatively, behind a larger, but 

similar textured pattern (Figure 2.9).  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.9: Depth plane principle. A surrounding ground (light 
gray) plus a central stereoscopic target (dark gray) were shown. 
Floating in front of or behind the display panel depth plane appeared 
the target; here the ‘object’ configuration is shown. 

 

 

The texture contained equal amounts, 50%, of randomly positioned gray and 

dark (polarized RDSs) or, red/blue and dark dots (anaglyph RDSs). Stereogram 

presentation occurred in a static fashion (compare figure 2.10 for RDS design). The 

surrounding ground filled a region of 450 x 450 dots. The target contained 150 x 150 

dots. Each dot subtended 1 x 1 arcmin, measured from the owls viewing position. 
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Dot positions were updated from trial to trial. All dots were anti-aliased to provide 

sub-pixel resolution. Visual angles were calculated for the owl’s actual viewing 

distance as derived from the head-tracking device. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.10: Random dot stereogram. Only anaglyphic RDSs are shown in this picture. A: Two 
single images, containing either only red or only blue dots are superimposed. Note that the 
superposition reveals non-matching dots, which still appear in their original color. These dots alone 
carry disparity information. B: Principle, how to create RDS. Two identical parts of the same random 
dot pattern are shifted horizontally counter-wise, rightward for the right eye image, leftward for the 
left eye image. When the superimposed image is viewed through color-filter goggles, an in-depth 
shape will be perceived. 

 
 
 
 
Vertical-line anaglyph stereograms 
 
When presenting stereo stimuli, two different pictures have to be presented to each 

of the subject’s eyes. This can be achieved by in-time separation (as described in the 

RDS section above), while two different pictures are presented to the two eyes 

alternately in time. The images can also be shown simultaneously when using 

anaglyphs. Here the images are separated by using two different color channels for 

the two images. For example, the image presented to the left eye is contained of 

only red and grades of red and the image presented to the right eye is exclusively 

blue. A spectacle frame worn, containing two different color filters matching the 

spectral attributes used for the images, will now separate the superimposed images 

to reach each eye solely. Note that the ability of color-vision is irrelevant to this 
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method, and colors for the filters and images are only used to separate the two 

images (see figure 2.11 A for reference). 

Vertical-line anaglyph stereograms (VLASs) were similar to the RDSs 

segmented into two distinct depth planes (see figure 2.11 B+C). Stimuli background 

were circular cut-offs (17° in diameter) showing a contrast-uniform (cM=1.0) 

sinusoidal vertical grating pattern. Spatial frequency was 0.70 cycle/deg. Maximal 

luminance level (at a peak of the pattern) was chosen from  following light levels,  

10-2.5, 10-2.25, 10-2.0, 10-1.5, 10-1.0, 10-0.5, 100  [cd/m²], according to the 7 light levels 

tested throughout this work. A smaller inner circular cut-off (9.1°) was provided as 

the stereoscopic target, floating either in front or behind the background pattern. 

The grating patterns for inner and outer circle were in-phase. A three pixel wide 

torus between inner and outer pattern was added to avoid color superposition on the 

edges. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.11: Vertical-line anaglyphic stereograms (VLAS). A: Principle of anaglyphic driven 
stereograms. Two color-coded images are superimposed and, when viewed through color-filter goggles, 
separated again to reach each eye solely. B: Only inner target cut-out carried disparity information. C: 
Perceived depth in both presented stimuli configurations (object/hole). Note that vertical gratings are 
perceived as continuous lines, no offset is apparent. 
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Hyperacuity and sub-pixel stimuli design 
 
Since both stereoacuity and vernieracuity are hyperacuities, which correspond to 

absolute acuity thresholds of about 2-10 arcsec, the presented stimuli intensities had 

to be rather small. Using a viewing distance of 50cm/100cm, one single pixel on the 

computer screen (which is thought to be the smallest step one is able to show) 

appeared 2 arcmin/1 arcmin in diameter. Therefore, all shown stimuli were 

presented in an anti-aliased fashion, meaning that perceived borders and positions 

corresponded to the balance point of luminance levels and not to their actual position 

in space. See figure 2.13 for further explanation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.13: Sub-pixel shifts principle. Top row: Sections of vernier stimulus. 
Bottom row: enlarged sections. A: One complete pixel shift. Perceived shift denoted 
by vertical black solid lines. B: Perceived shift = ½ pixel. Investigate gray levels 
closely. In B, their luminance balance point is shifted to the left for ½ pixel width, 
while actual shift is still 1 pixel in total. Refer to Appendix C for implementation 
details. 

 
 
 
Transfer stimuli  
 
When Sylvester showed good performance on the VLAS task (see section above), 

new transfer stimuli, which contained both disparity and vernier-shift information, 

were shown. Now the smaller inner circular cut-off contained in addition to disparity 

information, a phase shift relative to the outer grating. This shift was rightwards, 

when ‘objects’ were shown, and leftwards, when ‘holes’ were presented. Phase shift 
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intensity was always above threshold (10 pixel shift). See figure 2.14. Transfer 

stimuli were introduced to normal training sessions in a randomly manner, beginning 

with 10% appearance probability increasing to a maximum of 50%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.14: Transfer stimuli.  A: Inner cut-out now contained both disparity 
information and vertical phase-shifts of the grating. B: Perceived stimulus. The 
inner circle seems floating in front of the background. Also, vertical grating had 
an offset, a rightward shift, as denoted by small arrows in this picture. 

 
 
 
Vernier stimuli  
 
Vernier acuity was tested be presenting a vertical sinusoidal line pattern as can be 

seen in figure 2.15 A. Vernier patterns were very similar to the vertical-line anaglyph 

stereograms (VLASs) which were used to measure stereoacuity. Stimuli background 

were again circular cut-offs (17° in diameter) showing a contrast-uniform (cM=1.0) 

sinusoidal vertical grating pattern.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
Figure 2.15: Vernier stimulus. A: Actual view. B: Stimulus parameters. 
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Note that only gray levels were used instead of color-coding. Spatial frequency of the 

grating was 0.7 cycle/deg. Maximal luminance level (at a peak of the pattern) was 

chosen from the 7 light levels as described above. Vernier-shifts were introduced by 

phase-shifting the inner sinusoidal grating relative to the outer grating. The grating 

patterns for inner and outer circle were now out-of-phase, according to the stimuli 

intensities tested (see figure 2.15 B). 

 

 

 

2.1.5 Threshold measurements 
 
During training, the owls were rewarded only for correct responses (conditional 

reinforcement). When the owls were tested, however, rewards were given after 

every trial (unconditional reinforcement). In this way, the animals do not become 

frustrated when the task is difficult or impossible to solve. At the same time, the 

animals do not receive feedback about the correctness of their choices. Prior to the 

experiment the animals were reminded of their task through conditional 

reinforcement on training stimuli. Before test runs, the owl’s motivational state was 

determined by presenting above threshold, fixed-intensity training stimuli. The owl 

had to perform on 90% correct or above; otherwise testing did not take place. 

Threshold performance was determined using a forced choice back-front/left-

right task in combination with a randomized block design. Accordingly, stimuli were 

presented in separate blocks, containing a counter-balanced, but quasi-random 

sequence of holes and objects or, when vernier acuity thresholds were measured, 

right or left shifts that covered a predetermined range of stimulus levels. Both 

anaglyphic sRDSs and anaglyphic Stereograms of maximal contrast were used to 

determine stereoacuity. Target disparities/offsets were chosen from 11 possible 

values (-1.0, -0.8, -0.6, -0.4, -0.2, 0, 0.2, 0.4, 0.6, 0.8, 1.0). These values were 

multiplied by a factor to shift threshold ranges according to the owl’s acuity power 

under the specified light condition. Michelson-contrast (formula 2.16) was adjusted 

to values between 0.8 and 1. All Stimuli appeared against as considered to be a 

completely dark background (< 0.001 cd m-2), limited by the measure abilities of the 

used luminance-meter. 

  

 

      (2.16) 
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2.2. Human Experiments 
 

2.2.1 Subjects 

 

Note that all methods and conditions used in the human experiment were the same 

as used in the owl experiments if not mentioned otherwise.  

Subjects were seven randomly selected female and male humans (all 

members of the institute) and the author. They either have normal or corrected-to-

normal acuity and normal stereopsis. Five of the subjects were naïve to the task, 

while two of these were naïve to psychophysical experiments in general. Two of the 

subjects knew about the goal of this study (see also table 2.17). Subjects are aged 

from 26 to 41.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Table 2.17: Human subjects.  Asterisk marks subject which did not perform on the 
stereo task completely due to non-consistent responses. Maybe elongated training 
stimuli were to solve this problem. 

 
 
 
2.2.2 Experimental setup (see figure 2.18 for reference) 
 
To ensure optimal test conditions experiments were performed in a light proof and 

sound muted room. Viewing distance was 100 cm, ensured by measuring monitor-

eye-distance before every test run. Subjects responded to stimuli by pressing the 

buttons of a standard three-button computer mouse. A P22-phosphor cathode ray 
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tube (CRT) functioned as the stimulus presenting panel (GDM 17E21; Sony, New 

York, NY). Color calibration involved the creation of a look-up table for gamma 

correction values, which produced a linear relationship between stimulus luminance 

and the gray level specified by the program (see Appendix B). Luminance was 

measured (LS-100; Minolta, Ramsey, NJ) at the viewing distance through red and 

green filters, respectively. Color-crosstalk for the blue channel was ranged from 0 to 

15%, the red channel provided much smaller values from 0 to 4% (see Appendix B 

for details). 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.18:  Human experiment. View inside the experimental room. Light level was 
below 0.001 cd/m². The room was sound proof. Subjects had to wear color filter goggles 
and give responses by pressing the buttons of a standard 3-button computer mouse. 

 
 
 
 
2.2.3. Threshold measurements 
 
The subjects were given an above threshold example stimulus at daylight luminance 

level to explain the task. Before each test, subjects were dark adapted for 25 

minutes. The order of testing began at the lowest luminance level for five of the 

subjects, for two the order was reversed (review table 2.17). Between runs, subjects 
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had to wear a light proof spectacle in order to keep the dark adapted state, while the 

experimenter changed stimulus settings for the next run. Visual stimuli were the 

same as used in the owl experiments, except for stimuli intensity, according to 

human acuity power and inter-individual performance.  

Due to the ability of human subjects to concentrate on a given task, trial 

numbers for threshold measurements were higher for each session, contrasting to 

measurements which took place with the owls. Experimental runs were separated 

into two sessions, measuring vernier acuity in the first and stereo acuity in the 

second session. Each subject performed on a minimum of 770 trials for each stereo- 

and vernier-acuity task. Each session contained, according to the seven light levels 

tested, 7 runs. Each run contained 110 trials, making a minimum total number of 

trials n= 1540 for each subject. Since latencies played no roll for this detection task, 

the subjects were given the time they needed to respond. Single test sessions lasted, 

therefore, from one to three hours. 

 

 

2.3 Data analysis 
 

Since the performed data analysis is rather complex I will present a step-by-step 

exemplary analysis for one subject (No. 6) and one luminance level for vernier-acuity 

results. Note that the same analysis was also performed on the owl data. Steps to 

analyze bias-correction, parametrical estimation for fitting psychophysical data, 

testing the model with goodness-of-fit and finally putting sensitivity levels together 

in a plot of luminance dependence will be identical for all subjects tested. The results 

of this analysis will be shown in a summary-plot for each subject separately in 

chapter 3.  

Data analysis was performed using Matlab software, including toolboxes and 

existing functions. Therefore, this section of chapter 2 is widely based on work of 

Christian Cornaz and Mounir Krichane (2005), and Felix A. Wichmann and N. Jeremy 

Hill (2001).  

 

Bias analysis 

Bias, in a 2-AFC task, is the tendency of the subject to prefer one of the two 

response possibilities over the other. Bias, in general, can be either a decisional bias, 

which is independent from stimulus presentation (the subject’s likeliness to tend to 

one of the two possibilities is higher), or a physiological bias, which is founded in the 

mechanisms of the perceptual apparatus (the subject’s perceptual capabilities allow 
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him to detect one of the two categories more easily than the other). In order to 

detect bias (either decisional or physiological) I ran two different tests.  

 

(1) During experiments, I presented some stimuli containing no information 

whatsoever. That is, in 10% of total trials, stimulus level was null. Responses from 

such kind of ‘catch trials’ were simply counted, and afterwards analyzed by a 

Wilcoxon rank sum test. Table 2.19 shows the result of that simple analysis. 

Therefore, the significance probability of two sample data sets to originate from one 

population of values is calculated. The first sample is the data derived from catch 

trials, the second one is an artificial dataset of the same length, containing equally 

amounts of ‘right’ and ‘left’ responses. h=0 is the overall result of that test, meaning 

that the two sample data sets are not significantly different. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Table 2.19: Bias Analysis I, based on ‘catch trials’ and Wilcoxon 
test. Original data set was compared to a equally distributed artificial 
data. In that case h=0 denotes that both are not significantly different. 

 

 

(2) The second bias analysis is based on the one-interval fit of the original data 

(figure 2.20). A confidence interval, based on bootstrapping parameter estimation 

(10.000 Monte-Carlo simulations) was calculated. Reverse calculation of the 50% 

performance value x50% (which is the corresponding x value for a performance of 50 

%) yielded a stimulus intensity which had to be in the computed confidence interval 

in order to accept the hypothesis that no bias was prominent.  

 

In the presented case the confidence interval low boundary was -0.3795 arcmin and 

+0.3827 arcmin for the upper limit. The reverse computed x50% was 0.0019 arcmin, 

which lies within these limits and therefore matches the criterion. ‘No bias prominent’ 

is the conclusion derived from this analysis. Hereby, I anticipated the calculation of a 

fit, plotted as a psychometric function. The computation of the fit will be explained in 

the next section.  
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Figure 2.20 Bias analysis II, based on the 50% performance level confidence 
interval calculated from 10.000 Monte Carlo simulations. Measured data are 
marked as red dots, each containing 10 trials, making a total of n=100. This 
yields a performance resolution of 10%. 
 

 

 

Fitting the data, the psychometric curve 

The performance of each subject in the experiments is summarized by reporting 

response sensitivity (β: standard deviation of the probability density function related 

to cumulative density function, and therefore a measure for the slope of that fit). 

This measure is derived from a psychometric function, which describes the 

dependence of the subject’s performance on some physical aspect of the stimulus. In 

this case it relates the probability of a correct response to the amount of disparity 

(stereo) or horizontal shift (vernier), respectively. Here, I explain how the data is 

fitted with a psychometric function in order determine the observer’s sensitivity. I 

then explain how to assess lack of fit, using a Monte Carlo simulation of the 

statistic’s distribution.  

To model the process underlying the observed data, the number of correct responses 

y in a given block i is usually assumed to be the sum of random samples from a 

Bernoulli process with a probability of success p. A model must then provide a 

psychometric function ψ(x), which specifies the relationship between the underlying 

probability of a correct response p and the stimulus intensity x. A frequently used 

general form is:  
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Here F is the cumulative distribution function, [ ]λγβαθ ,,,=  is the set of parameters 

defining the shape of the curve, γ  is the lower bound of ψ(x,θ) (here we use a one-

interval 2AFC so 0.0=γ ), and finally λ  is the miss rate (rate at which the observer 

lapses, [ 05.00 ≤< λ ], 0=λ  denotes the perfect observer). To provide the 

psychometric curve in this case, I fitted a three-parameter logistic function to the 

data (proportion correct answer relative to positive stimuli intensities, red dots in 

figure 2.21). In this example, sensitivity value β is calculated as β = 0.5635 arcmin. 

In order to perform parameter estimation, I used likelihood maximization. In 

this case, provided that the values of y are assumed to have been generated by 

Bernoulli processes, it is straightforward to compute a likelihood value for a 

particular set of parameters θ, given the observed values y.  

 

 

 

 

 

 

 

 

 

 
Figure 2.21 The single-interval psychometric function. The red dots indicate measured data. 
Solid black line is the logistic fit, parameters shown in inset. Note that this is a single-interval plot 
combining two separate findings on positive and negative stimulus intensities. Their consistency is 
tested via bias analysis. Every stimulus was presented 10 times, including zero intensity (which is 
excluded from fitting due to model assumption). Lapses and guesses ( γλ, ) are indicated to the side 
of the plot. 

 

The maximum-likelihood estimator θ’ of θ is simply that set of parameters for which 

the likelihood value is largest: L(θ’ ;y) >= L(θ;y) for all θ. Since the logarithm is a 

monotonic function, the log-likelihood function l(θ’ ;y) >= l(θ;y) is also maximized 

by the same estimator θ’. In this case, it is given by:  
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Bayesian priors are then used to constrain the fit according to the assumptions of the 

model. They provide a mechanism for constraining parameters within realistic 

ranges, based on the experimenter’s prior beliefs about the likelihood of particular 

values. A prior is simply a relative probability distribution W(θ), specified in advance, 

which weights the likelihood calculation during fitting. The fitting process therefore 

maximizes W(θ)L(θ;y) or logW(θ) + l(θ;y) instead of the unweighted metrics.  

A problem arises with traditional goodness-of-fit methods, since 

psychophysical data tend to consist of small numbers of points and it is by no means 

certain that such tests are accurate. A technique that offers a possible solution is 

Monte Carlo simulation, which is potentially well suited to the analysis of 

psychophysical data, because its accuracy does not rely on large numbers of trials.  

 

Goodness of fit 

Deviance is a monotonic transformation of likelihood. It is used to assess goodness 

of fit, rather than likelihood or log-likelihood directly, because, for correct models, 

deviance for binomial data is asymptotically distributed as 2
Kχ , where K denotes the 

number of data points. The distribution of deviances is obtained using Monte Carlo 

simulation in the following way. B data sets y*
i are generated using the best-fitting 

psychometric function ψ (x,θ’). Then for each data set we compute the deviance D*
i 

yielding the deviance distribution D* (which should be expected from an observer 

whose correct responses are binomially distributed with success probability ψ (x,θ’)). 

Let D
emp 

denote the deviance of our empirically obtained data set, then if D
emp 

> 

D
*(.975) 

(two-sided 95% confidence interval) we are in the presence of over-

dispersion. Note that the number of data sets B must be large ( 000.10≥B ). Figure 

2.22A shows an example of assessing goodness of fit with deviance. In this example, 

the test would be negative (no over-dispersion), since D
emp 

< D
*(.975)

 

One of the most effective ways of identifying an incorrect model is to examine 

the agreement between individual data points and the corresponding model 

prediction. One simple way of looking at the residuals is to compute the correlation 

coefficient between the residuals and the p values predicted by one’s model. This 

allows the identification of a systematic (linear) relation between deviance residuals 

d and model predictions p, which would suggest that the chosen functional form of  
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the model is inappropriate (F is inappropriate). Figure 2.22B shows an example of 

model checking using deviance residuals. In this example, the test would be negative 

(F is not inappropriate), since r is inside the two-sided 95% confidence interval.  

 

 

 
 

 
 
 
 
 
 

 
 

Figure 2.22: Assessing goodness of fit with deviance and deviance residuals, based on 
10.000 Monte-Carlo simulations. A: Probability density function (PDF) of D (dark blue), D 
emp (light blue), and the 95% confidence interval (red). See text for explanation. B: The 
correlation coefficient r (light green), and the 95% confidence interval (red).  Both analyses 
support the goodness of fit of the model to the psychophysical data, since D and r are calculated 
to lie inside confidence intervals. 
 

 

 

 

Gathering sensitivity values 

Now that model prediction is finished and the fit is calculated to be appropriate, the 

sensitivity value for every luminance level can be computed. I will therefore present 

every single psychometric function for each luminance level for subject No. 6 on 

vernier acuity in figure 2.23. Note that beta is still given in values of pixel size. It has 

to be transformed into a value of visual angle α given by: 

              
D
b

2
)

2
tan( =

a
     →     )

2
arctan(2

D
b

=a ,      (3) 

whereas b is pixel size and D viewing distance. Therefore, the width of one pixel 

equals 62 arcsec, when viewed from 1m distance. The corrected beta-values are 

then plotted against luminance levels and finally fitted by a 3-parametric logarithmic 

function, as can be seen in figure 2.24. 
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Figure 2.23: Exemplary data set for vernier acuity (Subject No.6). According to 
the seven light levels used, all 7 psychometric curves for subject No.6 are shown. Red 
dots denote performance level for the associated stimulus intensity (10 trials each). 
Derived fit parameters beta (sensitivity) are summed up in table-inset to the bottom 
right. Confidence Intervals (CIs) are specified for each luminance level. 
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Figure 2.24: Hyperacuity as a function of luminance (Subject No. 6). Data 
points (filled triangles) represent beta values derived from fit procedure described 
above. Vertical lines denote CIs, which have been computed by Monte Carlo 
simulation (n=10.000). Goodness of 3-parameter fit are shown as inset to the top 
of the diagram. A: Vernier acuity. B: Stereo acuity. Note the difference of slope of 
fits. This example from subject 6 is atypical, compared to results from the other 
subjects (see next section). 
 

 

 

2.4 Ideal observer analysis 
 

Here I briefly outline the equations underlying ideal observer processing of a light 

stimulus while performing a two-alternative forced task plus degradations that may 

serve to interpret performance data of real observers.  

Within the frame work of signal detection theory the relationship between 

signal and noise can be analyzed by calculating a S/N defined as the difference of 

means of two hypothetical distributions (one in presence of the light stimulus the 

other in its absence) divided by a common standard deviation (Green and Swets, 

1966). When only a small number of quanta arrive randomly in time (representing 

the light stimulus at dim light), then the number received in a given time interval has 

a Poisson distribution and the standard deviation is simply the square root of the 

mean number (representing noise). 

Cohn (2003) has provided an insightful S/N equation for ideal, but photon 

noise limited detectability: 
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Derivation of Equation 1 becomes straightforward when considering a simple 

detection task in which a small increment in intensity, ΔΙ, is to be detected in the 

presence of the background, Ι, assuming a duration Τ, an area Α, a rectangular 

window in the wavelength domain of width Γ , the signal-to-noise ratio becomes a 

measure for stimulus detectability, known as d-prime or d’. When ΔΙ is small 

compared toΙ, the standard deviations are nearly the same, ~√(ΙΑΤΓ), and the 

detection problem reduces to one in which the means are different by ΔΙΑΤΓ.  

 Visual detection in real observers, however, has two major imperfections, as 

originating from the eyes: a nonzero dark light or dark noise D (Barlow et al., 1967), 

and an imperfect quantum efficiency p (0 < p < 1.0) (Hecht and Pirenne, 1942), 

which give rise to: 

           

 

(2)    
     
      

 

 

 

Note for an ideal observer (for whom D = 0 [events deg-1 sec-1] and p = 1.0) 

this relationship becomes equal to Equation 1 and the appropriate S/N depends on 

what response criterion is used for defining threshold. Taking d’ = 1.0 as our 

threshold criterion, then contrast, ΔΙ /Ι, can be isolated on one side of Equation 2: 

             

         

(3) 

 

where k is equal to 1/√(ΑΤΓ). Consequently, ideal detection as a function of intensity 

is not dependent on the particular parameters or assumptions about the preneural 

mechanisms (optics of the eye, photoreceptor lattice, absorption spectra of the 

photopigments), but is explained by more fundamental properties of the information 

contained in the stimuli tested. 
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The decreasing ideal contrast characteristic of Equation 3 can be extended to 

the discrimination of binocular disparity at dim light. In particular, Geisler and Davila 

(1985) showed mathematically that hyperacuity tasks, where the signal-containing 

image features do not overlap, are essentially a first-order problem. When applying 

this ideal observer model to our two-alternative forced choice, stereo acuity and 

vernier acuity tasks, it can be predicted that two scotopic visual stimuli (RDSs or 

anaglyphs, respectively), both distinguishable at a d’ of 1.0, must have space 

averaged luminance values that differ by 0.95 times their intrinsic standard 

deviation; making the threshold acuity, ηth, proportional to the inverse square root of 

space averaged luminance, L:  

          

                         (4) 

 

 

 

In conclusion, if scotopic stereo performance adheres to Equation 4 then acute 

stereopsis can be thought of as being optimized for detecting disparity-defined 

targets at dim light, because its underlying mechanisms, whatever they are, match 

the theoretically possible performance, as yielded from Ideal Observer theory. By 

introducing equation 4, I provide a simple and very easy to verify benchmark, in 

order to compare visual acuities under dark light conditions in respect to their power 

to avoid photon-noise. 
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3. Results 
 
 
 
 
In this chapter I will present the results on two hyperacuity tasks (vernier- and 

stereoacuity) in both owl (section 3.1) and human (section 3.2) as a function of 

stimulus luminance.  

 
 
 
 
3.1. Owl experiments 

 

3.1.1 Young owls (Ole and Pan Tau) 

 

Summary 
 
Both young owls (Ole, Pan Tau, 14 and 16 months) were naïve to the behavioral 

experiments in general. They were habituated to testing conditions and finally 

learned to discriminate visual training stimuli (see table 2.6 in methods section). In 

both owls, this goal was achieved. However, learning progression in the owls differed 

significantly. That is, Ole is currently still learning to respond to stimulus 

configuration accurately, whereas Pan Tau can already perform well on a 

discrimination task as described below. 

Nonetheless, psychophysical data on hyperacuity tasks for these owls is yet 

not available. Training of an owl on a discrimination task takes on average 6-9 

months; both owls have been in training for less then 6 months. Here, I report on 

their progress in learning the final task via intermediate (less difficult) steps.  
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Task learning and transfer tasks 
 
Here I describe the visual stimuli presented to the owls during the successive stages 

of training. The stimuli shown were succeeded by novel stimuli when the owls 

showed rigid performance. It was difficult to find an appropriate criterion for ‘rigid 

performance’, since performance progress in these animals in general is often highly 

variable. I frequently observed that advances in learning were extinguished after one 

week of additional training. On the other hand, after a pause from both training and 

food deprivation, a significant improvement was noticeable. Consequently, decisions 

to advance to the next training stage (see step one to four below), were based on 

subjective assessments rather than on objective criteria. 

 

Figure 3.1. summarizes the following stimulus steps visually. 

 

• Step 1: Discrimination of moving block stimuli which appeared either to the right 

or to the left of the vertical midline of the display panel. Overall horizontal 

distance (center to center) was 11°. A slight turn of the owls head toward target 

during fixation was noticeable but did not appear in every trial. This stimulus was 

also used to draw the owls’ attention to the screen, when fixation time was still 

too short. 

• Step 2: The same stimuli as in step 1 were shown in a static fashion. Size and 

vertical position was randomly altered, but never exceeded a 25% change from 

original values.  

• Step 3: At the same position as in step 2 rectangular cut-offs of a vertical 

vernier-shifted sinusoidal grating was shown. Horizontal vernier-shift was rather 

large (90 arcmin).  

Stimuli steps 1 to 3 were all clearly separated horizontally, corresponding to 

either right or left responses. Different sizes, altered surface textures and 

randomly selected absolute position showed that a left/right concept was learned. 

• Step 4: Absolute vertical position of stimuli was shifted to the vertical center of 

the screen. Stimulus pattern and size similar to the ones of step 3. Differences of 

the two categories (left/right response) were now only present in the direction of 

horizontal shifts of the grating pattern. The contour of the stimulus was centered. 

In order to correspond correctly to such kind of stimuli the owls had to learn a 

concept of relative rightward and leftward shifts of a complex pattern (sinusoidal 

grating) which were rather small compared to the absolute shifts in step 1-3 (10 

times smaller). Therefore, solving the original task was transferred to solving a 

novel vernier task. 
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Figure 3.1: Task and transfer learning in training sessions. Conceptual drawing of stimulus displays. 
Vertical dashed white line indicates vertical center of the screen. Shown are the two shift-categories, 
marked with R, corresponding to a right response, and L, corresponding to a left response, respectively. 
A: Moving blocks stimulus. Left and right blocks appeared shifted for an absolute value of s = 5.5° from 
midline, while moving from top to bottom of the display panel. B: Static Blocks, which appeared in this 
fixed position during hole stimulus presentation. Horizontal shift relative to midline is identical to A. C: 
Static blocks solid surface was altered to reveal a vernier grating structure (distinct bar geometry 
exemplifies sinusoidal grating in this drawing). Size and position were held constant. Vernier offset was 
above threshold. D: The same grating as in B is now shown centered on the screen. These stimuli 
contained no horizontal shift. They are discriminated alone by a vernier offset in the vertically oriented line 
gratings. 
 
 
 
Training progress 
 
Here, I will give an example of the results for the training tasks as described in figure 

3.1 D. I show the last 22 training sessions with Pan Tau (Figure 3.2A). In these 

sessions, the horizontal shift of vernier grating positions on the screen between left 

and right stimuli was zero. Therefore, the presented stimuli were true vernier stimuli. 

Notice that these data provide strong evidence for transfer to vernier discriminations. 

Figure 3.2A summarizes total numbers of responses given during every session. 

Correct and false responses are shown as fractional bar heights. This finding points 

out three tendencies: First, total number of responses is slightly decreasing, 

denoting that the owl’s rashness decreases and that the owl was under stimulus 

control more often towards to the end of session #23.  
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Second, number of false responses (misses and false alarms) is strongly decreasing. 

To provide additional proof for this tendency I performed a curve fitting analysis 

(figure 3.2B). A two-parameter exponential fit was added ( xbeaxf ⋅−⋅=)( ; green solid 

line), goodness of fit is calculated with SSE = 731.1 (Sum of Squares Due to Error), 

R-square = 0.5576 (square of the correlation between the response values and the 

predicted response values), adjusted R-square = 0.5365 and RMSE = 5.9 (Root 

Mean Squared Error).  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
Figure 3.2: Training progress (Pan Tau).  A: The last 23 sessions are shown (collected in a period of 1 
month). Bar height represent number of trials for each category (dark red: total number of responses per 
session, blue: number of correct responses, green: false responses). Note that total number of responses 
consists of number of correct, false and responses, which were given when no stimulus was shown. High 
total numbers, therefore, denote a ‘hasty’ behavior of the owl, pushing the response bars in many cases in 
which no stimulus was present. Number of correct responses is almost constant due to the fixed number 
of reward contingence during one single session. B: False responses plotted against last 23 training 
sessions. Exponential fit (green solid line) shows constant decrease, thus improving performance. C: 
Percent correct responses plotted against the last 23 training sessions. Exponential fit (blue solid line) 
shows constant increase, thus improving performance. 
 
 

Third, total number of correct answers is almost constant due to the limited load 

capacity of the food dispenser (up to 35 cups can be filled with ~1 gram peaces of 

meat). Fluctuations appear, because sometimes rewards were given without stimulus 

presentation (additional positive reinforcement). Fraction of correct responses of 

total number of response bar hits is shown in figure 3.2C. Again a two-parameter 
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exponential fit was added to emphasize constant improvement (SSE = 3875; R-

square = 0.2976 ; adjusted R-square = 0.2642; RMSE = 13.58). 

Exemplary bias analysis (session #20, Pan Tau) is shown in figure 3.3A. Here, 

absolute counts of response bar hits (‘kicks’) are plotted against response categories. 

Total number of kicks was n=76. A Wilcoxon rank sum test, which is a nonparametric 

alternative to the two-sample t-test, was run (α = 0.05). p = 0.651 is the 

significance probability that the populations generating the two independent samples 

of response trials are identical. h=0 is the result of the hypothesis test and denotes 

that the populations of trials are not significantly different. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Bias analysis in both owls (Pan Tau and Ole).  A: Exemplary bias analysis for Pan Tau. 
Absolute values for left and right responses for session #20 are shown. Wilcoxon rank sum test calculated 
no significant difference between both categories, thus no bias. B: Absolute values for left and right 
responses for last training session with Ole are shown. Again, Wilcoxon rank sum test calculated no 
significant difference between both categories. 
 
 
 
Figure 3.3B shows the same analysis for owl Ole on the last training session. Total 

number of kicks was n=84. Wilcoxon-test (α = 0.05) yielded p = 0.879, h=0. Again, 

the result of this test indicates that no bias was prominent. Yet, no other data for 

this owl is available since training still is in a phase of extensive supervision. 

 
 
 
 
 
3.1.2. Stereo and vernier acuity (Sylvester) 
 
Summary 
 
At the beginning of this study, the owl Sylvester (age: 10 years) was already trained 

to discriminate polarized RDS. To measure vernier acuity, some transfer stimuli had 

to be introduced. This first goal was achieved successfully. Afterwards, stereo and 
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vernier acuity was measured under scotopic conditions. Since the total number of 

trials measured is still low, I can only show preliminary data at this point. However, 

tendencies which emerge from my findings should not be affected by this fact, as will 

be discussed in chapter 4. 

At first, I will report about how transfer-learning took place. I will then 

present results on stereo and vernier acuity. A detailed description of how bias 

analysis and parameter estimation was performed is given in chapter 2.3 ‘Data 

analysis’. Except for bias analysis I, all methods described there were applied to owl 

data analysis as well. 

 
Transfer 
 
Sylvester had to perform on several different stimuli types (see figure 3.4A). He was 

already trained to discriminate polarized RDS. The next step was to introduce 

anaglyphic RDS. In order to transfer stimuli attributes to vernier shifts, vertical line 

anaglyphic stereograms (VLAS) were presented. Here, both disparities and vernier 

offsets could be generated at the same time. Figure 3.4B and 3.4C sum up the 

results of two transfer experiments. The length of the Bonferroni confidence intervals 

(see Appendix A for explanation) confirmed that transfer learning did take place in 

Sylvester. Interestingly, as denoted in 3.4C, learning progress seems to be strongly 

linked to feedback information. Note the data are pooled across all sessions 

performed in each test condition. 

  

 

Vernier and stereo acuity 

 
Vernier and stereo acuity were measured at five distinct luminance levels (10-2.7,   

10-2.4, 10-2.25, 10-2.10, 10-1.90). Sylvester performed on a total of 1200 trials, each 600 

for vernier and stereo acuity tasks. Performance levels (normalized correct 

responses) were plotted against stimulus intensity (shift/disparity [arcmin]) for each 

luminance level, see figure 3.5A. Subsequently, yielded fit parameter beta (denoting 

the slope of the curve, which is a measure for sensitivity) was plotted as a function 

of luminance level in a semi-log manner. Confidence intervals, derived from Monte 

Carlo bootstrapping simulations, were added to account for significance levels (see 
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Figure 3.4: Stimulus transfer (Sylvester).  A: Shown are both response-type (R/L) stimuli that were 
used in the transfer-learning phase. Two transfer experiments were performed successively.  (1) 
Anaglyphic, global RDS (top) were replaced by VLAS (local stereograms, middle); (2) in turn these were 
replaced by vernier shifted gratings (bottom). B: Transfer 1 (global versus local performance levels) is 
denoted by showing correct responses summed up over 11 sessions. The error-bars denote Bonferroni 
confidence intervals (CIs). Notice that the CIs do not deviate significantly. C: Transfer 2 (local stereo 
versus vernier performance) is shown for a total amount of 20 sessions, divided into two distinct 
categories. Note during the first part of this transfer experiment (containing 300 trials in total), every 
response was rewarded (no feedback). During the second part of the transfer experiment (also containing 
300 trials), however, the owl was only rewarded for correct answers. Learning progress can be derived 
from Bonferroni CIs, which don not overlap in the first case, but do overlap in the second. Note also that 
in both parts of this transfer experiment, the likelihood of being presented with a vernier stimulus was 
1/10. 
 

 

figure 3.5B). The owl’s best vernier acuity, measured at a mesopic luminance level 

10-1.90 cd/m²), was 4.582 arcmin. Scotopic light levels of 10-2.7 cd/m² (luminance 

level 5, darkest) yielded a threshold of 15.666 arcmin. The owl’s best stereo acuity 

(luminance level 1) was 1.854 arcmin. Light level 5 yielded a stereo acuity threshold 

of 3.5480 arcmin. 
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Figure 3.5: Vernier and stereo acuity (Sylvester).  A: All 10 psychometric functions are shown. 
Luminance levels are decreasing from level 1 (10-2.7 cd/m²) to level 5 (10-1.90 cd/m²). Single red dots are 
performance levels, derived from 20 repeated trials, making a total of 120 for every luminance level. B: 
Beta (sensitivity) as a function of luminance (triangles) on a semi-logarithmic scale. Solid black line is a 2-
parameter exponential fit. CIs are derived via bootstrapping method. Note the clearly different slopes for 
both fit curves. Vernier acuity sensitivity decreases much faster than sensitivity for stereo acuity does. 
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3.2. Human experiments  
 

 

Summary 
 
Data collection was performed as described in chapter 2.3 ‘Data analysis’. I put all 

the data together to come up with a summarizing result chart for every subject. This 

chart shows results for vernier and stereo acuity in a plot, similar to that shown in 

figure 2.24. Additionally threshold values for lowest and highest luminance levels and 

results from bias analysis II (50% correct response value) are given by showing a 

result-table. 
A detailed analysis of the yielded data so far and a comparative plot, which 

combines both results for owl and human subjects and that of an ideal observer will 

follow in Chapter 4: Discussion. Refer to Appendix B for complete data on human 

experiments. 

 

 

Vernier and stereo acuity 
 

Vernier and stereo acuity were measured at seven distinct luminance levels (10-2.5,   

10-2.25, 10-2.00, 10-1.50, 10-1.00, 10-0.50 and 100.00). All subjects performed on a 

minimum of 770 trials for both vernier and stereo acuity tasks, making a total of 

1540 trials. Subject No. 5 is an exception, since stereo acuity could not be measured 

in that subject. This might be due to the difficulty of the task or the lack of an 

extensive training phase. 

 In general, the collected data from across all subjects is rather 

inhomogeneous. While all subjects show a clearly decrease of absolute acuity values 

when light levels get low, for some subjects the slope for vernier acuity decrease is 

steeper than for stereo acuity (subjects 3 and 6). For all other subjects this 

correlation is inversed (stereo acuity slope is steeper or equal). 

 In the photopic domain (>10-1.00 cd/m²) all subjects showed good 

performance for both stereo and vernier acuity (around 1 arcmin). The function of 

luminance shows a plateau around here, denoting that the perceptual limit for that 

task is reached at these light levels. In the scotopic domain (<10-2.00 cd/m²) subjects 

showed large differences for acuity values. On average vernier acuity worsens of 

about 3.5 times when compared to the photopic domain (exception is subject No. 6: 

‘decrease-factor’ is around 8). For stereo acuity these factors are spread wider (1.5 – 

9 times). 
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At the at end of this chapter table 3.6 will provide the global fit parameters a (offset) 

and b (slope) of the luminance plots . As may be seen, parameters for offset in 

vernier acuity tasks range from 1.985 arcmin to 8.270 arcmin. For stereo acuity task 

this parameter ranges from 0.851 arcmin to 18.239 arcmin (the latter value seems 

to be an exception, according to the computed mean of 6.377 arcmin). The 

dependence of luminance as denoted by the fit parameter b (slope) was found to 

vary between 0.447 arcmin/(cd/m²) and 104.492 arcmin/(cd/m²) for the vernier 

acuity task and from 12.465 arcmin/(cd/m²) to 252.149 arcmin/(cd/m²) for stereo 

acuity. Again, the latter value is extremely high (mean=69.651 arcmin/(cd/m²)). 

 

 

 

Result charts for human experiments 
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Note: Due to inconsistent responses from 
stereo acuity experiments, results are not 
presented here. The stereo task I used was 
relatively difficult to interpret correct (or 
better: consistent), since depth estimation 
was closely related to rivalry phenomena. 
An extensive learning phase might have 
solved this problem, since the subject was 
naïve to these stimuli. 
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Table 3.6: Fit parameters for human luminance plots.  Mean values (being the 
arithmetic average of the numbers) are provided at the bottom of this table. 
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4. Discussion 
 

 

4.1 Owl experiments 

  

Task learning, training efficiency and transfer stimuli 
 
Behavioural studies on barn owls have shown that these animals learn to react 

appropriately to complex visual and auditive tasks (see Dyson et al., 1998 (audio); 

and van der Willigen et al., 2003 (visual)). This is achieved by an extensive phase of 

animal training; positive reinforcement after food deprivation is the approved 

method to perform operant conditioning in these birds. Successful training in barn 

owls include the discrimination e.g. of ITD coded audio signals (Poganiatz et al., 

2001), the position of distant auditive targets while approaching them in a free-flight 

setup (Bremen et al., 2005), the discrimination of illusionary visual contours (Nieder 

and Wagner, 1999), and disparity coded random dot stereograms (van der Willigen, 

2000).  

By elaborating methods from recent work of Rob van der Willigen (van der 

Willigen et al., 2002), I presented an effective method to teach barn owls to 

discriminate computer generated visual stimuli. Two young barn owls are now able 

to perform reliably on a 2-AFC task, based on the discrimination of visual stimuli 

which differ only in the direction of a positional shift in a vertically oriented sinusoidal 

line pattern. In total, training took about 9 months. Effectively, both owls went 

through a training time of approximately 6 month. 

Since learning speed and capabilities differed significantly for both owls, training 

methods and schedules should be precisely adjusted to the individual’s needs, in 

order to speed up the training process. For example, it seems to be a workable 
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strategy to have a week of very intensive training (no feeding except for 

reinforcement contingencies, only desired reactions are rewarded) once a month. 

Specifically, I showed that transfer of learning took place in at least one naïve 

owl (Pan Tau). This juvenile owl successfully learned to discriminate vernier stimuli 

(horizontal offsets). This is shown by a gradually improvement of the owl’s reaction 

to the stimulus (false-alarm rate is reduced gradually as a function of time) (Figure 

3.2B). 

Transfer experiments in an experienced owl, Sylvester, (Figure 3.4) showed 

that this owl could discriminate the depth order of two depth planes (centre versus 

surround), regardless of the type of stimuli that was used, i.e., RDS, or alternatively, 

VLAS). Most notably, I also showed that transfer of discrimination from stereo-

defined to vernier shift-defined gratings was successful. Some important aspects of 

this transfer will be discussed below. 

 

Bias analysis 
 
Bias, in a 2-AFC task, is the tendency of the subject to prefer one of the two 

response possibilities over the other. Bias, in general, can be either a decisional bias, 

which is independent from stimulus presentation (the subject’s likeliness to tend to 

one of the two possibilities is higher), or a physiological bias, which is founded in the 

mechanisms of the perceptual apparatus (the subject’s perceptual capabilities allow 

him to detect one of the two categories more easily than the other). In order to 

detect bias (either decisional or physiological) I ran two different tests.  

As for the human subjects, bias analysis was performed based on the one-

interval fitting of the psychophysical data via a three-parametric logistic function 

(see Chapter 3.2.1 Exemplary data analysis). The inverse calculation of the 50%-

performance level showed no significant deviance from zero stimuli intensity, 

indicating that no bias was prominent.  

In case of owl Sylvester, however, possible bias was determined by counting 

all L and R responses. This animal pushed the left response bar 609 times (out of 

1200 trials in total, i.e. 50.75%). Since the binomial Bonferroni confidence interval 

did not deviate significantly from chance level, i.e. 50% correct, owl Sylvester did 

not exhibit a decisional bias in the test. In general, a well trained owl will not show a 

decisional bias (see also van der Willigen, 2000). As seen in this study, this is not 

always true for experienced human subjects (compare result chart for subject no. 3).  

In addition, perceptual bias should be taken into account. Theoretically, on a 

2-AFC task a randomized set of stimuli should impair non-perceptually based bias. 

Thus any bias should reflect some useful information about the perceptual process in 

the brain and its underlying computing (Geisler and Davila, 1985; Gescheider, 1997; 
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Green and Swets, 1966). In the case of the stereoacuity task, all naïve human 

subjects showed a slight perceptual bias. They all favoured crossed over uncrossed 

disparities, a tendency that has been observed in the literature as well (Howard, 

2002). This probably has to do with the fact that most people are used to fuse 

depth-differences that are in front of the point of fixation. Usually, after some 

training period this bias disappears. 

 

 

Stereo acuity versus vernier acuity 
 
The vernier acuity measured here in owls, is the first data on a monocular 

hyperacuity task in an animal species other than macaque monkeys (Kiorpes et al., 

1993). Vernier acuity for human observers typically falls in the range of 3-10 set arc 

(Levi et al., 2000; Westheimer, 1981; Wülfing, 1892), that of the macaque monkey 

is roughly three times worse, in the range of 10-30 set arc (Kiorpes et al., 1993). 

The owl’s best vernier acuity, measured at a mesopic luminance level 10-1.90 cd/m²), 

was 4.582 arcmin. Scotopic light levels of 10-2.7 cd/m² (luminance level 5, darkest) 

yielded a threshold of 15.666 arcmin. This big difference in acuity level between the 

owl and monkey is probably due to the lower resolution of the owl’s eye (Schaeffel 

and Wagner, 1996). Also the monkey’s best vernier acuity was measured under the 

most favorable conditions, maximum contrast and photopic luminance. This was not 

a prerequisite in my experiments. 

The fit parameters b (slope), b=152.51 arcmin/(cd/m²), is of interest here, 

since it describes the rate at which acuity thresholds increase, when light levels 

decrease. A large value for b therefore denotes that this system is influenced by 

photon-noise largely.  

 For stereo acuity, threshold values for light level 1 (bright) were calculated to 

1.845 arcmin, and for light level 5 (dark) to 3.548 arcmin. Both values are below of 

these for vernier acuity (level 1: 4.582 arcmin; level 5: 15.666 arcmin). Hence, 

there is an absolute shift of sensitivity in the two systems. This dependence doesn’t 

tell us something about the ‘goodness’ of the system in avoiding photon-noise. To 

derive such kind of conclusion we have to look again at parameter b of the fit. In this 

case b is calculated to 66.196 arcmin/(cd/m²), which is closely about one third of the 

value for vernier acuity. This reflects strongly that the stereo system of the owl is 

less influenced by visual noise than is the vernier system.  

This is an interesting finding, since it denotes that the underlying computation 

in the perceptual process of the owls visual systems for the computation of stereo 

and vernier stimuli seem to differ. Note that the aforementioned paradigm allowed 

the animal to view both kinds of stimuli with both eyes (as for stereopsis 



  Chapter 4: Discussion
  

60 

mandatory). Therefore, the increase of perceptual power by adding one or more 

sensor, in this case the second eye (i.e. probability summation), seems to play no 

role when considering the reasons for better performance on the stereo acuity task.  

In conclusion, when visual perception involves information arising from both 

eyes (i.e., stereopsis), and not just the detection of a monocular visible target (i.e. 

vernier acuity), it seems that central neural mechanisms of the owl’s forebrain come 

into play, which are able to withdraw influences resulting from increasing photon-

noise. 

 

 

4.2 Human experiments 
 

Bias analysis I 
 
‘Bias analysis I’ computed for every luminance level the likeliness that null stimulus 

responses were non significantly differently distributed than an artificial data set, 

which consisted of equally amounts of left and right responses. A Wilcoxon rank sum 

test was applied and provided evidence, that no bias was prominent. Subject No. 3 

seems to be an exception to that finding, since the test for almost every session 

indicates bias. In general, this test is an indicator for the presence of a decisional 

bias, meaning that the subject tends to choose one of the two responses more often 

without regards to the shown stimulus. It is therefore possible that subject 3 had an 

‘internal rule’, choosing L-responses in every case of uncertainty about the stimulus.  

With a total amount of n=10 catch trials, this analysis is rather arguable. 

Wilcoxon test results will be positive (‘no bias’) even for an extreme distribution of 

n(R)=8 and n(L)=2. The only way to enhance significance of the test is a larger 

number of catch trials (n). Therefore, an additional analysis describing the subjects’ 

tendency to prefer one of the two response possibilities over the other was 

performed with bias analysis II. 

 

Bias analysis II 
 
‘Bias analysis II’ was based on the one-interval fitting of the psychophysical data via 

a three-parametric logistic function (see Chapter 3.2.1 Exemplary data analysis). 

Monte Carlo simulation (n=10.000) computed confidence intervals (alpha =0.05) for 

the 50%-performance level. An inverse calculation of the stimulus intensity for that 

level (which actually was not used to derive the fit parameters) yielded a value that 

had to be in that confidence interval to accept the hypothesis that no bias was 

prominent. This was done for every luminance level (see result charts, Appendix B). 
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In that way, a bias was absent in 6 of the 7 subjects. Again, subject 3 is an 

exception (see rationale below). 

 Calculating bias via confidence intervals of a fitted psychometric function 

always combines influences from either decisional bias as described above and the 

influence from a perceptual bias which is based on the perceptual process in the 

subject. In order to find both influences (decisional/perceptual bias) separately, one 

has to undergo both analyses, as described throughout this work. 

 

Stereo and vernier acuity 
 
Results for the dependence of visual acuities of luminance level were shown in 

Chapter 3 as a summarizing plot for each of the seven subjects. The involvement of 

an extensive statistical approach to this data via a two fold estimation of fitting 

parameter (first for the computing of a psychometric curve, secondly for the 

description of the derived threshold measurements) was applied and can be 

qualitatively described by the fit parameters provided (see table 3.6). In that way 

data is heterogeneously. Stereoacuity in some subjects (No. 3 and 6) seems to be 

less influenced by photon-noise than it is the case for vernier acuity. This 

relationship is provided by the analysis of the global fit parameters b, which 

describes the slope of the fitted curve. For the other subjects stereoacuity seems to 

be more influenced by luminance decrease as it is the case for vernier acuity. This 

finding is, though preliminary, quiet interesting since it goes along with the finding of 

Livingstone and Hubel (1994) who showed “that stereo acuity seems to suffer more, 

with decreasing light levels, than positional hyperacuity […]”.  

As a conclusion, more data of the same experiments have to be gathered. 

Nevertheless, a comparative approach of both human and owl results on stereo and 

vernier acuity experiments will be discussed in the next chapter.  

 

 
4.3 Comparative approach and Ideal Observer Theory 
 
This chapter is concerned with finding an objective benchmark in order to compare 

the perceptual performances of owl and human on vernier and stereo acuity as 

presented before. The results of experiments with owl Sylvester and the preliminary 

results of human subject No. 1 will be compared. Subject No. 1 matches the overall 

means of data across all human subjects best (see table 3.6) and will be exemplary 

for the data of human subjects. 

To achieve the comparison, I calculated ideal performance as determined by 

the inversed square root law (which was derived in chapter 2.4) to come up with a 

plot, which actually shows the theoretical performance of an Ideal Observer 
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(hereafter: IO), which will be influenced by extern noise alone (i.e. photon-noise). 

Note that the significance of this data is limited because results are based on 

experiments with only one single animal and a preliminary data set for human 

subjects. 

The performance of an IO in the same tasks as used for the owls and humans 

is described by a simple function (
L

1
∝η ). Again, a two-parameter fit can be 

computed ( xbea ⋅−⋅ ), that will describe the curve progression with its parameters a 

(offset) and b (slope). To test the hypothesis that stereovision in owls is less 

influenced by photon noise than human stereovision is, the slope of the fit functions, 

as represented by fit parameter bIO, is the interesting part of this analysis. This 

parameter has to be computed for both owl and human data separately, in order to 

match the different light levels tested in the experiments. Fit parameter derived from 

IO analysis can be directly compared to the parameters found with owl and human 

experiments. A graphical output of the data is shown in figure 4.2. Again, a high 

value for b (being the slope of the fit) denotes a high influence of luminance to 

acuity.  

 The finding from this preliminary comparison is that owl stereopsis is less 

influenced by photon-noise influences than human stereovision is (bIO/bOS=1.54; 

bIO/bHS=1.45) Furthermore owl performance on these stereo tasks beats the 

theoretical possible performance as computed by an IO analysis (bIO=102.3 

arcmin/(cd/m²), bOS=66.2 arcmin/(cd/m²)). Vernier acuity in owls decreases faster 

than the IO does (bIO=102.3 arcmin/(cd/m²), bOV=152.1 arcmin/(cd/m²); 

bIO/bOV=0.67).  If this finding can be validated by more data it would support the 

hypothesis of this work, that binocular stereoacuity in the owl is less sensitive to 

photon noise than binocular vernier acuity vision. With the benchmark provided by 

the Ideal Observer we now have additional information how these data can be 

compared to a theoretical limit. Still, this limit may be beaten, because it only takes 

into account how the information reaching the eye is physically degraded. 

Enhancement by central processing of the visual information is not included in this 

model.   

In human subjects the relationship found in the owl is inversed. Stereoacuity 

decrease matches the IO (bIO=56.5 arcmin/(cd/m²), bHS=38.94 arcmin/(cd/m²)), 

vernier acuity is less influenced (bIO=56.5 arcmin/(cd/m²), bHS=2.303 

arcmin/(cd/m²); bIO/bHV=24.53).  

 Now that owl and human stereo performance is compared with that of an IO, 

what conclusions can be drawn from these findings? My preliminary data indicate 

that owl stereovision may be less influenced by photon noise than this is the case for 
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human subjects under scotopic conditions. It seems that stereopsis in the owl is 

more effective avoiding external noise impact than is the case in humans due to 

differences in the respective stereo algorithms. This superior performance can not be 

founded in the optics of the owls’ eyes, since owl stereopsis beats the theoretical 

possible performance of an IO, which is only affected by external noise.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 4.2: Vernier and stereo acuity compared to the model. Semi-logarithmic plot of 
visual acuity (stereo and vernier acuity, absolute thresholds [arcmin]) against tested light levels. 
Vernier acuity values are denoted by red filled triangles. Solid line is the three-parametrical fit. 
Values for stereo acuity are shown in blue. The dotted line represents the Ideal Observer, as 
described by a simple inversed square root function (acuity is directly proportional to 1/sqrt(L)) 
A: Results from measuring owl Sylvester. For stereo acuity, threshold values for light level 1 
(bright) are calculated to 1.845 arcmin, and for light level 5 (dark) to 3.548 arcmin. Both values 
are below of these for vernier acuity. To derive a conclusion of luminance dependence we have to 
look at parameter b of the fit. In this case b is calculated to 66.196 arcmin/(cd/m²), which is 
closely about one third of the value for vernier acuity. B: Results for human subjects (subject No. 
1). Colour-coding for data and fit plots are identical to A. Here fit parameter b for stereoacuity 
function is calculated to 38.94 arcmin/(cd/m²) and for vernieracuity it is b=2.72 arcmin/(cd/m²).  

 

 

Why might owls perform better than humans? 
 
After having established that the substrate underlying the superior scotopic stereo 

performance of the owl, relative to man, does not rest in the eye a paradox then 

arises when assuming that nocturnality is the primitive condition for primate vision 

(Barton, 2004; Cartmill, 1974). Put differently, if early primates were nocturnal and 

had owl-like resistance of their disparity sensitivity in the face of high photon noise, 

what could have caused them to abandon this perceptual ability?  
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Here I put forward the novel idea that the loss of photon noise-resistive 

stereopsis is linked with the emergence of diurnal, parvocellular-mediated high 

acuity vision in primates. Specifically, nocturnality as the main evolutionary pressure 

for the analysis of (small) disparities may apply equally to owls and primates, if one 

takes into account the controversies over the possible early evolutionary history of 

primates, such as whether the nocturnal and “owl-like” tarsier (Sibley and Ahlquist, 

1990; Niemitz, 1979) is an extant representative of the earliest primates (Pettigrew, 

1986; Martin, 1990), or is derived from diurnal ancestors (Cartmill, 1978). Since 

macaques and humans have re-entered the diurnal niche relatively recently (Barton, 

2004), the initial emergence of stereopsis in anthropoid primates is likely to have 

been associated with nocturnal, magnocellular-mediated (monochromatic) low acuity 

vision.  

Contrary to the owl brain (Pettigrew, 1986) the visual system of anthropoid 

primates has a clearly differentiated parvocellular pathway. Parvocellular dominated 

vision has been linked to photopic vision allowing for a diurnal lifestyle, viz. color 

(van Essen et al., 1992) and high stereo-resolution (Tyler, 1990) processing. The 

emphasis of the modern primate brain on parvocellular-mediated visual 

discrimination is reflected in the way dark-adaptation in humans affects hyperacuity. 

In humans, stereoacuity can yield thresholds on the order of 1-2 arc sec (Howard, 

2002), showing that the cortical representation of visual space has a positional 

resolution which goes beyond that in the retina. The mechanisms by which this 

stereoscopic hyperacuity is achieved must therefore rely on the mismatching of 

features in the images of the two eyes. The ability to judge whether a pair of visual 

features is aligned, is another example of hyperacuity (vernier acuity), but one that 

involves monocular vision. Typically, vernier acuity is 50% better with two eyes than 

with one, and can yield thresholds on the order 1-2 arc sec (Levi et al., 2000). Thus, 

human stereoacuity does not provide a significant perceptual advantage over 

(binocular) vernier acuity in terms of comparisons that are made between 

photoreceptor responses at different spatial locations. Yet, stereo and vernier acuity 

diverge markedly from each other under scotopic conditions even though they track 

each other closely under photopic conditions (Livingstone and Hubel, 1994). Most 

notably, the only study that I know of in the human literature , which has performed 

this comparison, suggest that stereo acuity suffers much more with decreasing light 

levels than vernier acuity. This could reflect that vernier acuity is dependent on the 

high-sensitivity magnocellular pathway, whereas stereo vision remains to be 

dependent on the high-resolution parvocellular pathway with its lower S/N (Wachtler 

et al., 1996) and chromatic properties (van Essen et al., 1992).  

 
 



  Chapter 4: Discussion
  

65 

4.4 Significance of this study 
 
There are a few points left for discussion which still remain of interest, especially 

when considering future work which will complete the picture of the functional 

relevance of stereovision in owls. 

My findings denote that stereovision in barn owls might outperform monocular 

based vision under dim light conditions. These results are derived from measuring 

visual acuity in an owl that was already trained to discriminate disparity based 

stimuli. Vernier stimuli were new to this animal, and it is therefore arguable, that the 

owl’s performance in this task was not yet maximized. As for a next step, it seems to 

be logical to measure another owl on the same task that was trained in an inverse 

manner. First, vernier tasks and secondly stereo task should be learned. I already 

began training in two young owls in that inverse order. Another point is robustness 

of the data. Since only one single animal was measured so far, it is mandatory to 

find data of at least one additional owl. Since we now have owls, which are on a 

good progress of learning, this goal should be achieved in the mid-term future. 

During this study methods were applied which used an extensive way of data 

reduction. Responses from psychophysical experiments were fitted and summed up 

in just one single parameter (beta). This value again was plotted as a function of 

luminance level. From the fit of this new derived data, two parameters (a and b) 

were derived, which were subsequently compared to the theoretical model of an 

Ideal Observer. In my case human subjects completed on 10 trials per stimulus 

intensity. This is a critical number of samples (thus too small), from a statistical 

point of view.  

 
 
4.5 Summary and outlook 
 
The goal of this study was to gain information about the abilities of the owl’s visual 

stereo-system (i.e. stereopsis) in avoiding photon-noise driven influences. Therefore, 

owl stereo acuity was measured under dim light conditions, and compared to the 

findings from measuring vernier acuity under the same conditions. Owl vernier acuity 

was measured the first time in barn owls and the results show tendencies explicitly 

denoting that the stereo-system outperforms tasks that are predominantly based on 

locally defined (i.e., monocular detectable) features when visual signal-to-noise ratio 

decreases. These findings were directly compared to the visual capabilities of 7 

human subjects. Here, the dependence of visual acuity to luminance levels appears 

to be inversed. Vernier acuity in human subjects is less influenced than stereopsis is.   

A theoretical framework consisting of an Ideal Observer model showed 

hyperacute vision diminishes according to an inversed square root law when light 
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levels fall. When owl acuity is compared to this theoretical model, stereo acuity 

showed better performance while vernier acuity pretty much matches the results 

from the Ideal Observer. Again, in humans this finding is inversed. Both findings 

support the hypothesis raised on the functionality and ecological relevance of 

stereopsis in barn owls.  

(1) Stereopsis in barn owls is a computational system that can withdraw 

photon-noise induced effects, in contrast to monocular feature-based  hyperacute 

systems (i.e., vernier acuity). This idea is not without president. Snippe and 

Koederink (1992) have published two seminal papers on this topic that have largely 

been ignored or neglected in the literature. I my view, the owl is living evidence that 

noise correlation within the visual domain can take place in biological systems.  

 (2) Superior acuity of owl stereopsis might be the result of a large ecological 

pressure on this nocturnal animal to be a successful predator, even under bad light 

conditions. This hypothesis is supported by the fact that human stereopsis does not 

show a significant improvement of acuity over monocular vision under dim light 

conditions. In fact, stereo acuity in humans seems to be outperformed by vernier 

acuity when light levels get very low.  

To complete this work, I will now provide a short list with ideas on further 

research topics which could be addressed in order to extend the picture of the 

functional and ecological relevance of stereopsis in the barn owl: 

 

- an engrossment of methods for training purposes is advisable to 

maximize efficiency in the applied tasks 

- for at least one additional owl data acquisition on vernier and 

stereo acuity has to be repeated in order to confirm or falsify the 

outcome of this study 

- both training and transfer orders (vernier-stereo/stereo-vernier) 

are to be performed, to avoid discussion about the general 

influence of sequence choice. 

- the influence of perceptual learning (i.e. the improvement of 

perceptual thresholds by repeated task solving) is to be examined. 

In order to verify the hypothesis which is brought up in this study, 

results should denote that this will not affect the noise-avoiding 

power of the stereo-system in owls. 

- human experiments have to be repeated to produce a large set of 

data that can be statistically tested. 
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Appendix A: Abbreviations and definitions 
 
 
 

α  visual angle 

2-AFC  Two Alternative Forced Choice 

2-D  two Dimensional 

3-D  three Dimensional 

a  fit parameter for luminance plots, denoting y-offset [arcmin]   

ANSI  American National Standard for Information 

arcmin  minutes of arc 

arcsec  seconds of arc 

b  fit parameter for luminance plots, denoting slope [arcmin/(cd/m²)] 

beta  sensitivity value for psychophysical experiments  [arcmin] 

C  C-code programming language 

cd/m²  candela per meter squared (SI unit for luminance) 

CI  confidence interval 

CRT  Cathode Ray Tube 

ctn  Corrected-To-Normal (vision) 

DFE  Degrees oF Freedom 

dRDS  Dynamic Random Dot Stereogram 

h  Result of hypothesis test in Wilcoxon rank sum test 

IO  Ideal Observer 

L  ‘Left’ response 

N  number of trials 

PDF  Probability Density Function   

R  ‘Right’ response 

RDS  Random Dot Stereogram 

RGB  Red, Green and Blue color coding 

RMSE  Root Mean Squared Error  

sRDS  Static Random Dot Stereogram 

SSE  Sum of Squares Due to Error 

TFT  Thin Film Transistor 

VLAS  Vertical Line Anaglyphic Stereogram (termed coined by the author) 

TTL  Thru The Lens 
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2-AFC 

Two-alternative forced choice. An experimental procedure by which the user is con-
strained to select one solution from two alternatives. 
 
 
Bonferroni Confidence Interval 

The Bonferroni method is a method that allows many comparison statements to be 
made (or confidence intervals to be constructed) while still assuring an overall 
confidence coefficient is maintained. This method applies to an ANOVA situation 
when the analyst has picked out a particular set of pairwise comparisons or contrasts 
or linear combinations in advance. This set is not infinite, as in the Scheffé case, but 
may exceed the set of pairwise comparisons specified in the Tukey procedure. 
 
 
Mean 

The arithmetic average of a group of numbers 
 
 
Median 

The center value in an ordered list of numbers 
 
 
Photon-noise 

Noise in general is any stimulus, internal or external, other than the signal to which 
one wishes to attend. Photon-noise is therefore referred to noise which arises from 
light in visual scenes that is not part of the signal. 
 
 
Sensitivity 

A measure of how strong an observer reacts to a signal, in this study referred to fit 
parameter beta [arcmin]. 
 
 
Signal 

A target stimulus, usually recurring.  
 
 
Signal Detection Theory 

In signal detection theory, the sensory process is assumed to have a continuous 
output based on Gaussian distributed noise, called internal noise.  When a signal is 
present that signal combines with the internal noise. By assumption, sensitivity is 
calculated as the difference of the two means of these distributions, signal + noise 
versus noise-alone.  
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Appendix B: Human data result tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  Appendix   

74 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  Appendix   

75 

Appendix C: Stimulus implementation 
 
 
 
ANSI-C application design 
 
Foremost I will show ANSI-C application-design at a glimpse. The programs I used 

followed a more or less strict structure, which I want to present here. Shown to the 

right hand side is the complete code for the application which was used during 

human experiments. The sections are color-bordered corresponding to their 

functional content. Hereafter, I will list stimulus creating draw functions, which are 

called by the main open GL display function. These functions actually draw the pixels 

to the screen, which are observable by the subject. 

 
 

 
 

initial section (red) 
• linking external libraries 
• defining global constants 
• declaration of global variables 
• function header section (list of used functions with 

parameters and return type) 
 

 
private function section (blue1) 
main event handlers 
• mouse 
• keyboard  
• display 
• reshape 
• idle 
• timer 
• file i/o events 
• create external result file 
 
  
main function (green) 
• application initializing methods (open GL) 
• command line parameter evaluation 
• start openGL engine and subfunctions 

 
 
 

secondary function section (blue2) 
main application implementation 
• random vectors 
• stimuli list 
• start experiment 
• draw section (stimuli) 

o draw vernier local 
o draw stereo 
o draw calibration screen 

• write section (display output functions) 
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Open GL stimulus design, ‘drawFunctions’ 
 
 
drawVernierLocal 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
drawStereoVernier 
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drawVernierOUT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
drawVernierOUTBLUE and drawVernierINBLUE 
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Appendix D: Calibration 
 
 
Monitor color calibration 
 
Over time, CRT displays lose their ability to produce a linear relationship between 

applied voltage and displayed luminance, their gamma value will deviate from 

linearity (see figure D.1). This effect will appear for any of the three color channels 

solely. Therefore, in order to produce linear luminance levels during testing, a look-

up table was put up (see table below). This table specifies for every color channel the 

exact value used in the program, in order to produce the desired luminance levels for 

the experiments. A calibration screen was involved, which showed a single-colored 

(RGB) rectangular solid surface, covering the whole measuring-angle, provided by 

the luminance meter. Luminance was TTL-measured under dark conditions using the 

Minolta LC-100 (see figure D.3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.1: Monitor calibration. Absolute luminance measured is 
plotted against color level which was specified in the application 
(right). Table to the left holds these values.  
 

 
 
 
 
 
 
 
 
 
 
 
 
Table D.2: Color look-up table. Absolute luminance measured against the values for the application, 
which produced this luminance.  
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Figure D.3: Calibration setup. Luminance was 
measured thru the lens of the color filter goggles. 

 
 
 
 
 
Color crosstalk 
 

Since color filter goggles never filter color channels perfectly to one single 

wavelength, color crosstalk has to be taken into account. Table D.4 holds information 

about crosstalk between the two filter foils used in the experiments. Note that 

measurement range of the used luminance meter was limited to a minimal 

luminance level of 0.001 cd/m². Therefore, measured luminance values are 

supposed to be smaller than 0.001 cd/m².  

 
 
 
 
 
 
 
 
 
 
 
 

Table D.4: Color crosstalk. Luminance level when measured thru the 
opposite color filter (e.g. red calibration screen measured thru blue filter 
and vice versa). 
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