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1 INTRODUCTION 

1.1 Motivation and Background 

The past decade has been a golden era for consumer imaging technologies. Cam-
era and display sales have grown exponentially, particularly in the smartphone 
market. Heavy competition has driven the technological advancement of imaging 
technologies as companies have sought competitive advantage by improving image 
quality. Whereas in 2006, feature phone displays were a few hundred pixels wide 
and could display 18-bit colors at best, ten years later, smartphone displays are up 
to a few thousand pixels wide and capable of displaying 24-bit colors and covering 
the sRGB gamut. Spatial resolution and color reproduction approach the limits of 
human perception, and thus there is little demand to improve them much further. 
Camera technology has developed in tandem with display technology, and the 
smartphone cameras of today can capture photographs and videos at higher spatial 
and temporal frequencies than the high-end cameras of 2006. The rapid develop-
ment and extensive demand have decreased the price of components, and imaging 
technology is becoming a commodity. As the development of color reproduction and 
number of pixels are plateauing, companies strive to find alternative ways to im-
prove their imaging technology offering to the consumers to differentiate them-
selves in the market.  

Imaging technology often mediates a visual representation of a natural scene to 
an observer. Incremental improvement of the mediated image quality, which en-
compasses attributes such as sharpness and color accuracy, has traditionally been 
the goal in research and development of monoscopic imaging technology, where 
both eyes of the observer receive the same image. However, image quality is only one 
visual display characteristic that contributes to the visual illusion of non-mediation 
(Lombard & Ditton, 1997). Stereoscopic imaging technologies, technologies that 
capture and display a separate image for the left and right eye of the observer, medi-
ate more of the visual cues that an observer utilizes in non-mediated viewing. Thus, 
stereoscopic technologies have the potential to mediate a visual representation of a 
scene with greater fidelity compared to monoscopic technologies and increase the 
illusion of non-mediation. 

Despite the increased fidelity that stereoscopy offers, the popularity of stereo-
scopic devices has remained marginal. From the earliest daguerreotype photo-
graphs to high definition videos on tablet screens, monoscopy has dominated in vis-
ual media. A major contributing factor to the current lack of popularity of 
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stereoscopy is the feedback loop between content and display device availability. 
Because there is little available content, there is also little demand for devices. Con-
versely, because there are only few available display devices, there is little demand 
for content. Stereoscopic artifacts that degrade the viewing experience form an-
other major obstacle to the proliferation of stereoscopic technologies. Moreover, 
compared with the use of monoscopic technologies, the use of stereoscopic tech-
nologies increases the effort required from the user, for example, having to wear 
glasses. 

The recent improvements in the spatial and temporal resolutions and display 
panel miniaturization have allowed the development of high quality stereoscopic 
head-mounted displays (HMDs). Furthermore, the commoditization of tracking 
sensors and a substantial increase in graphics processing power has enabled the re-
cent development of virtual and augmented reality HMDs such as PlayStation VR 
(Sony Corporation, Tokyo, Japan), Oculus Rift (Oculus VR, Menlo Park, CA, USA), 
HTC Vive (HTC Corporation, New Taipei City, Taiwan), HoloLens (Microsoft Cor-
poration, Redmond, WA, USA), and the yet unannounced augmented reality display 
from Magic Leap (Dania Beach, FL, USA). Although HMDs are not the focus of the 
studies presented in this dissertation, the recent widespread industrial and con-
sumer interest in the devices is a strong driving force for the proliferation of 
stereoscopic technologies. 

This dissertation examines stereoscopy as a technology that has the potential to 
improve the illusion of non-mediation. Thus, applications whose goal is something 
else, such as non-realistic artistic expression or medical diagnostics, fall outside the 
scope of the dissertation. The scope of the dissertation includes cameras that rec-
ord a separate image for the left and right eye and displays that separate the two 
images to the eyes of the observer. Cameras that utilize scene depth, such as time-
of-flight cameras, stereo conversion methods, holography, and volumetric displays 
are outside the scope of the dissertation. The scope of visual perception phenomena 
examination includes stationary observers, that is, observer movement and head 
turn are outside the scope. 

1.2 Overview of the Articles 

The goal of this dissertation is to advance the understanding of perception-based 
issues that affect the acceptance of stereoscopic technologies and the emotional 
implications of utilizing stereoscopic technology. To this end, we conducted four 
laboratory experiments and one field study, whose results we reported in five jour-
nal articles (P1–5). The articles contribute to the overall goal of the dissertation, 
although they are independent of each other and address different open questions 
in the stereoscopic imaging chain. The stereoscopic imaging chain consists of a di-
verse set of stages, which also necessitates the utilization of a diverse range of 
research methods. Table 1 provides an overview of the experimental designs em-
ployed in P1–5. In the following, I summarize the main contributions of the articles. 
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P1 focused on a specific perceptual distortion that manifests in spatially interlac-

ing stereoscopic displays. In current stereoscopic consumer displays, the two main 
technologies are temporal and spatial interlacing utilizing glasses. Spatially inter-
lacing displays benefit from lightweight passive glasses that provide a continuous 
flicker-free image, but they also suffer from decreased spatial resolution. In P1, the 
main contribution was the discovery of a depth artifact that results from presenting 
alternating lines to the left and right eye of the viewer. We also proposed solutions 
that eliminate the depth artifact. 

The left and right image in a stereoscopic photograph can differ in luminance and 
color due to imperfections at different stages in the imaging chain. We studied the 
effects of such color asymmetries on the viewing experience in P2. The main con-
tribution was the finding that users tolerate small color asymmetries well, which, 
for example, compression algorithms can exploit. The users were most sensitive to 
an asymmetric reduction in the red channel whereas a reduction in the blue chan-
nel resulted in a smaller decrease in the mean opinion scores. Interestingly, the 
magnitude of perceived depth decreased as the color asymmetry increased. 

Research has shown that stereoscopic presentation can also affect emotions. P3 
examined the effects of stereoscopy on mediated emotional facial expressions. 
Compared with the mean of the monoscopic images, stereoscopy significantly am-
plified the negative valence elicited by angry facial expressions and the positive 
valence elicited by happy facial expressions when the magnitude of depth was close 
to natural. The main contribution in P3 was to establish that stereoscopy modulates 
the emotions elicited by facial expressions and that the modulation is sensitive to 
the technological parameters. These findings indicate that results obtained by the 
widespread use of monoscopic facial expression stimuli might not be directly gen-
eralizable to real world settings. 

 Stimuli Independent variable(s) Dependent variable(s) Method(s) 

P1 Oblique edges Orientation, interlacing, 
pixel size, and stereoscopy 

Perceived depth Depth probe 

P2 Natural scene 
photographs 

Magnitude of color asym-
metry 

Viewing experience, 
naturalness, and depth 

Psychometric scaling

P3 Portrait photo-
graphs 

Facial expression, stereos-
copy, and interaxial 
distance 

Elicited emotions Psychometric scaling

P4 Portrait photo-
graphs 

Facial expression, stereos-
copy, and gaze direction 

Perceived gaze direction 
and mutual gaze 

Psychometric scaling and 2-
alternative forced choice  

P5 Stereoscopic 
cameras 

Time User experience, satis-
faction, learning 

Interview, questionnaire, and 
content analysis 

Table 1 Overview of the experiments conducted in the publications. The experiments in P1–4 were 
conducted in laboratory settings, whereas the study in P5 was conducted in a field setting. 

In P4, we utilized the same emotional facial expression stimuli as in P3 to study 
perceived gaze direction and mutual gaze in stereoscopic portraits. The stimuli al-
lowed us to study a special stereoscopic case, where one eye of the observer always 
received a direct gaze. The results showed that whereas monoscopic gaze direction 
was overestimated, stereoscopic gaze direction was often underestimated. Mutual 



4 
 

gaze was lost when the looker averted the gaze received by one eye of the observer 
beyond a threshold, although the other eye of the observer always received a direct 
gaze. The main contribution in P4 was the discovery of significant differences in 
gaze perception between monoscopic and stereoscopic stimuli. The findings of P4 
complement the results of P3 and provide further evidence against the use of mono-
scopic facial expression stimuli. 

In P5, we studied technology acceptance of stereoscopic consumer cameras in a 
field study. The results showed that novice users captured photographs that were 
unpleasant or impossible to view properly, because they unwittingly violated the 
limitations of the camera. However, the users learned the limitations within a cou-
ple of weeks. Furthermore, users reported several stereoscopic artifacts that 
degraded the image quality, and that particularly people looked like cardboard cut-
outs in the photographs. The main contribution in P5 was to establish a baseline of 
factors that affect the acceptance of stereoscopic cameras and to highlight the im-
portance of specific camera design decisions. 

1.3 Structure of the Dissertation 

This dissertation comprises the summary part (Chapters 1–7) and five articles 
(P1–5). The summary part briefly presents the background, goals, methods, and key 
findings of the articles. Detailed descriptions of the methods, findings, and statisti-
cal analyses are included in the articles. The summary part also assesses the articles 
in a wider context. Chapter 2 provides the reader with a brief introduction to the 
stereoscopic imaging chain with a focus on stereoscopic cameras, displays, and bin-
ocular perception. In Chapter 3, I present various perceptual artifacts that affect the 
technology acceptance of stereoscopic devices. The chapter includes the depth ar-
tifact that we discovered in P1 and the color asymmetries studied in P2. Chapter 4 
moves the summary towards affective processing by investigating the effects of ste-
reoscopy on mediated emotions and gaze direction, that is, the topics of P3 and P4. 
Chapter 5 examines the research on technology acceptance of stereoscopy includ-
ing the results from our stereoscopic camera field study in P5. In Chapter 6, I offer a 
synthesis on the topics examined in the dissertation, discuss the future of display 
and camera technologies, and evaluate the research published in articles P1–P5 
critically. Chapter 7 concludes the summary part of the dissertation with recom-
mendations for academia and industry. 



 
 

2 BINOCULAR VISION AND THE STEREOSCOPIC IMAGING 

CHAIN 

2.1 Non-Mediated Binocular Viewing 

Vision functions as a means for an observer to obtain information about the sur-
rounding environment via light. Objects in the environment refract and reflect light 
emitted from a source such as the sun or a lamp, giving the observer the ability to 
distinguish object shapes and colors. Non-mediated viewing is the direct visual 
sensing of a scene without mediating technologies such as cameras and displays, 
whereas mediated viewing involves mediation technologies that usually attempt to 
replicate the percept that an observer experiences without mediation. Thus, it is 
useful to examine how the human visual system (HVS) extracts information from a 
natural three-dimensional scene before addressing the mediation technologies.  

The light radiating in every direction through every point in a scene composes a 
light field. The intensity of light  in the light field is described by the plenoptic func-
tion (Adelson & Bergen, 1991). In addition to intensity, the plenoptic function has 
seven dimensions: three for spatial location, two for the direction of light, one for 
wavelength, and one for time. The plenoptic function describes completely the vis-
ual information in a scene. The amount of optical data even in a spatially limited 
scene is too large for the human visual system to process. Moreover, the majority of 
the data is redundant for the functioning of the observer in the environment. If one 
uses the plenoptic function to describe the environment, then the task of the HVS 
is to sample the plenoptic function dimensions within appropriate limits and suffi-
cient frequencies to provide enough information about the environment for the 
functioning of the observer in that environment.  

The light intensity dimension of the plenoptic function varies naturally from the 
darkness of the night to bright daylight in the range of ten orders of magnitude, 
whereas a typical intensity range within a scene spans two to six orders of magni-
tude at a single moment (Xiao, DiCarlo, Catrysse, & Wandell, 2002). The HVS is able 
to detect simultaneously only approximately four orders of magnitude (Kunkel & 
Reinhard, 2010). However, the HVS adapts to the range of intensities in the scene 
by adjustment of the size of the pupil that limits the amount of light that reaches the 
retina, but more importantly via adaptation of the light sensing rod and cone cells 
on the retina (Shapley & Enroth-Cugell, 1984). The ability to differentiate two adja-
cent intensities, that is, contrast sensitivity, depends heavily on the luminance and 
the spatial frequency of the observed stimulus (Kelly, 1977). 
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The sampling of the angular dimension is mainly defined by the optics of the eye 

and the distribution of photoreceptive cells on the retina. The visual field of a single 
eye extends approximately 140 vertically and 150 horizontally (Spector, 1990).  
The human retina contains on average 4.6 million cone cells and 92 million rod cells 
(Curcio, Sloan, Kalina, & Hendrickson, 1990). The high density of the cone cells in 
the foveal area enables high visual discrimination in the proximity of the fixated ob-
ject, whereas rod cells dominate peripheral vision and are more sparsely located. 
Depending on the individual, measurement method, and conditions, letter and grat-
ing acuity can reach 60 cycles per degree (Hirsch & Curcio, 1989). However, the 
HVS can detect even smaller spatial details. For example, Vernier acuity is defined 
by the discrimination threshold of the misalignment of parallel lines, and the HVS 
can detect misalignments as small as few seconds of arc (Levi, Klein, & Aitsebaomo, 
1985) which corresponds to hundreds of cycles per degree. 

The HVS samples the wavelength of light at three locations of the spectrum de-
fined by the three types of cone cells that differ in their spectral sensitivity: short, 
medium, and long wavelengths. By combining the intensities detected by the cells, 
the HVS is able to sample wavelengths approximately in the range of 400–700 nm 
and distinguish an estimated 10 million unique colors under optimal conditions 
(Sharma & Trussell, 1997). 

Sampling of the temporal dimension of the plenoptic function depends on several 
properties of the stimulus. The HVS integrates the visual input over time, so that 
the temporal frequency at which the flickering of a static target is no longer visible 
is approximately 60 Hz under bright illumination conditions, and lower in darker 
illumination (Kelly, 1961).  However, research has shown that the HVS is able to dis-
tinguish substantially smaller temporal changes, particularly in dynamic stimuli. 
For example, the presentation order of two spatially separated lines can be detected 
at presentation intervals as small as a few milliseconds (Westheimer & McKee, 
1977). 

For this dissertation, the most relevant dimension of the plenoptic function is 
spatial location. Humans have two eyes, and consequently their visual systems sam-
ple the plenoptic function in two spatial locations separated by the interpupillary 
distance (IPD). The IPD in adult population varies between 45–80 mm with a mean 
of 63 mm (Dodgson, 2004). The combined visual fields of typical human eyes extend 
190, and if eye rotation is taken into account, 290  (Howard & Rogers, 2012). More-
over, humans belong to the group of mammals whose eyes have evolved so that the 
visual fields overlap significantly; the binocular field extends approximately 114. 
The HVS combines the left and right retinal views into a single view, the cyclopean 
view (Julesz, 1971). Recent results in neuroscience have shown that a transfor-
mation from the retinotopic to cyclopean processing takes place early in the visual 
cortex (Barendregt, Harvey, Rokers, & Dumoulin, 2015). Neuronal responses in the 
striate cortex corresponded to retinotopic locations, whereas neuronal responses 
in the extrastriate cortex correlated with the cyclopean locations. The overlapping 
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visual fields provide some substantial advantages compared with monocular vision 
or binocular non-overlapping visual fields. 

 

Figure 2.1 Non-mediated viewing of scene points A and B. The eyes of the observer are separated 
by the interpupillary distance (IPD) and converge on the fixated point A, resulting in convergence 
angle α. The eyes also accommodate to distance d, bringing point A to focus on the retinae, 
whereas point B appears defocused on the retinae. Furthermore, point B is outside of Panum’s 
fusional area and thus perceived as a double image. The retinal distance between point A and B 
projections is different between the eyes, because A and B reside at different distances in depth. 
The difference in the retinal distance from point A to point B between the left eye (LE) and right eye 
(RE) is retinal disparity. 

As the eyes fixate on a scene point, the visual axes of the eyes converge on the same 
point, bringing the fixated point to the high-acuity foveal region on both retinae, as 
Figure 2.1 illustrates. Consequently, convergence minimizes the binocular retinal 
disparity in the foveal region between the left and right eyes. Retinal disparity is the 
distance between corresponding image points in the left and right retinal images. 
Horizontal retinal disparity is equal for all points in the horizontal horopter, which 
is approximated by a circle, the theoretical horopter, which passes the nodal points 
of the eyes and the fixation point. In practice, the experimentally measured empiri-
cal horopter has proven substantially wider than the theoretical assumption as 
Figure 2.1 elucidates. As a simplified rule, observers perceive visual features within 
an area near the empirical horopter, Panum’s fusional area (Howard & Rogers, 2012; 
Panum, 1858), as single fused images, but features outside of that area as diplopic 
(i.e., double images). However, several factors affect the fusibility of objects, such as 
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spatial frequency of the stimulus (Schor, Wood, & Ogawa, 1984) and the relative dis-
parities of nearby objects, that is, the disparity gradient (Burt & Julesz, 1980). In P1, 
we examined the fusing of extraneous features introduced by spatial interlacing. 

Points inside the horopter result in crossed retinal disparity whereas points out-
side the horopter result in uncrossed disparity. The HVS utilizes the disparities of 
matched visual features as a powerful depth cue: stereopsis. Because retinal dispar-
ity depends on convergence, the depth cue from stereopsis is always relative to the 
depth of the fixated point. The mean stereoacuity, that is, the smallest disparity an 
observer is able to detected, was 34 arcsec in 15–59 year age groups, and substan-
tially higher in older age groups (Zaroff, Knutelska, & Frumkes, 2003). However, in 
laboratory experiments with specific stimuli and tasks, researchers have measured 
stereoacuities as small as 3 arcsec (Stevenson, Cormack, & Schor, 1989). 

Although the HVS samples the plenoptic function only at two spatial locations, 
both eyes sample an area in space defined by the diameter of the pupil, not a point. 
The pupil allows light to pass to the lens, which focuses the light to the retina. The 
ciliary muscle around the eye adjusts the shape of the lens depending on the dis-
tance of the fixation point in a process called accommodation. Accommodation 
ensures that objects in the fixation distance are focused and that objects far from 
the fixation distance are defocused. In addition to the accommodation depth cue, 
that is, the information about the state of the ciliary muscles, accommodation 
causes retinal blur, which can also be used as a relative depth cue (Vishwanath & 
Blaser, 2010). Accommodation also facilitates the successful binocular fusing of ob-
jects that have large disparities relative to the fixated point, by filtering out high 
frequencies (Schor et al., 1984).  

Although the stereopsis and convergence depth cues are possibly the most notice-
able difference between monocular and binocular vision, depth is not the only 
consequence of seeing with two eyes. As two eyes fixate on the same point, more 
visual information is available for processing. The increased information leads to a 
better signal-to-noise ratio and consequently increased visual acuity via binocular 
summation (Howard & Rogers, 2012). Binocular summation between the eyes pro-
vides a substantial improvement in contrast detection  (Meese, Georgeson, & Baker, 
2006) and letter acuity (Cagenello, Arditi, & Halpern, 1993). Yet another advantage 
of two vantage points is that if an object occludes the view from one vantage point, 
the other eye might still be able to see past the occluding object. 

2.2 The Imaging Chain and Its Limitations 

Imaging chain refers to the chain of stages involved in mediating a visual repre-
sentation of a physical or virtual scene to a viewer. This chapter examines the 
imaging chain in the consumer still photography context, but for most parts, the 
subject matter applies in other contexts as well. An imaging chain can aim towards 
different goals, but the premise in this chapter is that the ultimate goal of an imaging 
chain is to mediate completely to an observer the visual percept that their visual 
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system would form without mediation. An imaging chain that mediates the dimen-
sions of the plenoptic function at the same fidelity as the human visual system 
would create a perfect illusion of non-mediation. 

The first stage of the imaging chain, the capture stage, is the sampling of the 
plenoptic function. Figure 2.2 illustrates monoscopic and stereoscopic capture. In 
the monoscopic imaging chain, a single camera samples the plenoptic function 
within the limits defined by the physical build and exposure parameters of the cam-
era. For each pixel photodetector in the camera sensor, the camera lens collects the 
light radiating through an area in the scene over a set of directions, defined by the 
camera lens and aperture, into a single value. The camera also integrates the 
amount of light over the exposure time, and samples the wavelength over three 
ranges defined by the spectral sensitivity of the camera. Each photodetector 
measures the number of photons which it converts to voltage and finally to a digital 
number. The result of the first stage of the imaging chain is an array of numbers 
stored in a digital image file. 
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Figure 2.2 Monoscopic (left) and stereoscopic (right) capture of scene points A and B. In stereo-
scopic capture, the stereoscopic cameras are separated horizontally by the interaxial distance (IAD) 
and in this example, the optical axes of the stereoscopic cameras are oriented parallel to each 
other. Thus, the resulting images include large monocular image regions and exhibit only negative 
disparity. To obtain the desired disparity distribution and reduce the monocular regions, the imaging 
sensors or the images can be shifted and the images cropped before display. The distance between 
the projected points A and B on the imaging sensors is different between left camera (LC) and the 
right camera (RC). The difference, stereoscopic image disparity, depends on the depth positions of 
the points and the IAD. 

Compared with non-mediated viewing, the loss of fidelity at the first stage of the 
monoscopic imaging chain is substantial. The most fundamental difference is that 
one camera lens samples the plenoptic function from only one location, compared 
with the two locations of the eyes in non-mediated viewing. The implications are 
manifold, but the most obvious implication is the loss of horizontal differences be-
tween the images received by the eyes of the observer. Similarly as the eye, the most 
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common cameras sample the spectrum of light at three spectral locations. However, 
the current camera sensors adapt to radiance intensity globally, and the dynamic 
range of the measured values in the photograph is severely limited compared with 
the dynamic range of the human eye (Reinhard, Pattanaik, Ward, & Debevec, 2006). 
Another major difference is that the integration of light over the directions results 
in a fixed focus in the photograph, whereas in non-mediated viewing, the observer 
can accommodate their eyes to the object of interest. Thus, the camera must capture 
the image so that all objects of interest are in focus to allow the observer to focus on 
them.  

The stereoscopic imaging chain provides a solution to the most fundamental 
shortcoming of monoscopic imaging. In the capture stage, a stereoscopic camera 
samples the plenoptic function from two locations similarly as a pair of human eyes, 
which results in a difference in the relative horizontal positions of objects between 
the left and right images as illustrated in Figure 2.2. The left and right images must 
be captured simultaneously with matching exposure parameters to avoid asymme-
tries. Section 2.3 focuses on the design principles of stereoscopic cameras. In P5, we 
examined how stereoscopy affects the act of photographing. 

The second stage of the imaging chain is processing and transmission. Before the 
digitalization of photography, consumers took their film rolls to photo laboratories 
and had their photographs developed into paper prints. Today, the primary pro-
cessing of consumer photographs is compression, which may take place several 
times during the processing and transmission stages, starting from within the cam-
era device. Although compression algorithms utilize knowledge about the limits of 
human visual system to maximize perceptual fidelity with the uncompressed im-
age, compression usually degrades the perceived image quality. Processing can also 
be used to improve fidelity. By combining multiple exposures captured with differ-
ent exposure parameters, the dynamic range of the images can be widened 
(Reinhard et al., 2006). Multiple photographs of the same scene can also be com-
bined to enhance the resolution by utilizing super-resolution (S. C. Park, Park, & 
Kang, 2003). Digitalization has also changed the ways consumers share their pho-
tographs. Today, photo sharing takes place primarily via the Internet in social media 
platforms (e.g., Sarvas & Frohlich, 2011), which increases the need to transfer the 
photographs and the probability of further processing taking place before the re-
ceiver sees the photograph. 

Stereoscopy requires only minor changes in the processing and transmission 
stages because the same processes that are used for monoscopic images can be used 
for the two monoscopic images that comprise the stereoscopic image. In addition to 
the monoscopic processing, stereoscopic left and right images need to be aligned 
and shifted horizontally and cropped to obtain the desired stereoscopic disparity 
distribution. Moreover, image formats and broadcasting standards need to support 
stereoscopy. As the sharing of photographs takes place on social media platforms, 
the platforms also need to support the processing, transfer, and display of the stere-
oscopic images. 
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The third stage of the imaging chain is display. Figure 2.3 illustrates principles of 

monoscopic and stereoscopic display and perception. At this stage, a display device 
converts the numbers that comprise the digital image file to analog voltage, which 
is converted to visible light. Again, the difference between the monoscopic displays 
and non-mediated views is substantial. The loss of fidelity is similar to that of the 
capture stage, perhaps unsurprisingly because the camera and display technologies 
have been developed in tandem. Even if one could somehow deliver the full plenop-
tic function from the scene to the monoscopic display, the display would be able to 
reproduce only a fraction of it via its two-dimensional array of pixels. The display 
only conveys a single vantage point of the scene, and the directional information is 
lost; the shortcomings become apparent in the perception stage. 

BLC ALCBRC ARC

Stereoscopic
display
surface

A

B

BREBLE ARE
ALE

α
S

BMC AMC

Monoscopic
display
surface

BREBLE ARE
ALE

α
M

d

 

Figure 2.3 Monoscopic (left) and stereoscopic (right) display stage. In both cases, the eyes ac-
commodate on the display surface at distance d to bring the image point to focus. In monoscopic 
viewing, the distance between the projected points A and B on the retina is approximately the same 
in the left eye (LE) and right eye (RE). The small disparity is only due to the flatness of the display 
surface compared with the curved empirical horopter. Furthermore, the eyes also converge on the 
display surface resulting in convergence angle αM. In stereoscopic viewing, the eyes converge on 
the virtual point A, and thus the distance between A and B on the retina differs between the left and 
right eyes. Under orthostereoscopic conditions, the convergence angle αS and the resulting retinal 
disparities are the same as in non-mediated viewing of the scene. 

In the stereoscopic display stage, the two images captured earlier in the imaging 
chain must be directed to the corresponding eyes of the observer in a manner that 
allows the disparities to be presented to the observer as illustrated in Figure 2.3. 
Most common solutions to accomplish the task are spatial and temporal multiplex-
ing. Section 2.4 describes in more detail the different solutions to separate the 
images to the left and right eye of the viewer.  

The fourth stage of the imaging chain comprises visual perception by the ob-
server. Much like the camera, the eyes sample the plenoptic function in the 
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environment that now contains the monoscopic display. The observer perceives the 
image as a flat surface where the scene is depicted; both eyes of the observer per-
ceive the same image pixels whose content do not depend on the viewing direction. 
Furthermore, when an observer views an image on a monoscopic display, the eyes 
converge and accommodate on the display surface. This is contrary to a non-medi-
ated viewing situation, where the eyes accommodate and converge to the fixation 
point in the three-dimensional scene. 

Stereoscopy enables stereopsis in the perception stage; the screen disparities il-
lustrated in Figure 2.3 project into retinal disparity. In addition to stereopsis, 
stereoscopy enables the eyes to converge and fixate to corresponding points in the 
mediated scene similarly as in non-mediated viewing. As in non-mediated viewing, 
retinal disparities depend on the fixation point and the convergence angle. How-
ever, because the spatial dimension of the plenoptic function is insufficiently 
sampled, the eyes always accommodate to the display plane. The accommodation-
convergence mismatch may cause perceptual distortions and eye fatigue 
(Lambooij, IJsselsteijn, & Heynderickx, 2007; Vienne, 2013). Furthermore, because 
the image is already focused, also the objects nearer and beyond the convergence 
distance are sharply focused on the retinae, which reduces their fusibility 
(Howarth, 2011) and also distorts the perceived depths (Banks, 2015). 

2.3 Stereoscopic Cameras 

Because stereoscopic cameras capture views of a scene from two vantage points, 
stereoscopy introduces several important parameters that the camera designer 
must consider. First, the two vantage points must be separated horizontally, and the 
distance between the points kept fixed at the time of capture. The distance between 
the optical axes of the two viewpoints, the interaxial distance (IAD), affects the 
magnitude of depth that an observer perceives in the resulting photograph. The av-
erage distance between human eyes is 63 mm (Dodgson, 2004), which makes it an 
obvious choice for IAD. However, this only applies to camera–display configura-
tions that mediate the visual representations of objects in the scene in the same 
angular size as in non-mediated viewing, also called the orthostereoscopic configu-
ration. For this reason, the optimal IAD is calculated for the intended combination 
of display size, viewing distance, and scene properties (Jones, Lee, Holliman, & 
Ezra, 2001). Regardless of the above reasoning, several stereoscopic cameras utilize 
a fixed IAD, which limits their use considerably. In P5, we examined the acceptance 
of stereoscopic photography using a fixed IAD stereoscopic camera, and in P3 and 
P4, we investigated the implications of IAD on emotions and gaze perception. 

Another important parameter to consider is camera convergence. As eyes fixate 
on a far object, their visual axes are nearly parallel. However, as the eyes fixate on a 
near object, the visual axes converge on the near fixation point. Converging cameras 
would thus mimic the visual system more closely, but keystone distortion (Woods, 
1993) makes the use of converging cameras challenging. Keystone distortion in ste-
reoscopic photographs refers to the vertical disparity introduced by convergence, 
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particularly to the corners of photograph. That is, in addition to the intended hori-
zontal disparity, the corresponding points in the left and right photograph are 
separated vertically. The vertical disparity introduced by convergence can cause 
viewing discomfort and difficulty fusing the image properly (Kooi & Toet, 2004), 
and hence parallel configuration is the recommended option (Montgomery, Jones, 
Stewart, & Smith, 2002). For toed-in camera configurations, rectification of the ste-
reoscopic images is recommended (Allison, 2007). The camera used in P5, and the 
cameras used to acquire the stimuli in P2, P3, and P4, all utilized the parallel con-
figuration. 

The choice of IAD and convergence depend also on the chosen design principle of 
the camera. The design principles can be categorized based on the number of lenses 
and sensors they utilize (Montgomery et al., 2002). The simplest design is the sin-
gle-lens single-sensor design, which is in practice a monoscopic camera attached to 
a rail so that it can move horizontally between taking the left and right photographs. 
The design does not allow the capture of dynamic scenes because of the delay be-
tween capturing the photographs, but it is widely used in static scenes for its 
availability and affordability. A two-lens two-sensor design can be implemented 
utilizing two monoscopic cameras. Two monoscopic cameras attached to a rail en-
able the photographer to capture dynamic scenes by controlling the shutters in a 
synchronized manner while maintaining the freedom to vary the IAD. In such a con-
figuration, the physical size of the cameras defines the lower limit for IAD, and the 
length of the rail defines the upper limit. Attaching the cameras to a beam-splitter 
rig so that the optical axis of one camera is reflected from and the optical axis of the 
other camera goes through the beam-splitter effectively overcomes the lower limit. 
In stimulus acquisition for P3 and P4, we utilized two monoscopic cameras at-
tached to a beam-splitter rig in a parallel configuration, which enabled us to vary the 
IAD between 0 and 115 mm. 

Dedicated two-lens two-sensor cameras, such as the camera used in P5, usually 
enclose the two lenses and sensors in a single housing with a fixed IAD. A two-lens 
single-sensor implementation is also possible. For example, a dual lens system at-
tached to a regular camera body can record the left and right view side by side on a 
single sensor. Other designs have also been implemented, but they are often de-
signed for specialized tasks, such as Mars exploration (Smith, 1998). Stereoscopic 
cameras can also be utilized to create content for virtual reality displays. For exam-
ple, the spherical eight-lens eight-sensor OZO camera (Nokia Corporation, Espoo, 
Finland) can capture stereoscopic hemispherical video. In addition to the above 
mentioned considerations, capturing video of dynamic content places further re-
quirements on camera design; for example, capturing scenes with significant 
changes in content depth could benefit from dynamic adjustment of the IAD (Sun & 
Holliman, 2009). 
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2.4 Stereoscopic Displays 

Stereoscopic displays direct the left and right images to corresponding eyes of the 
viewer. For this task, several design principles have been developed (Holliman, 
Dodgson, Favalora, & Pockett, 2011; Urey, Chellappan, Erden, & Surman, 2011). Ste-
reoscopic displays form three categories based on how they separate the images: 
spatial, temporal, and wavelength multiplexing. Autostereoscopic displays and 
head-mounted displays (HMDs) are often classified as separate categories, alt-
hough they are subcategories of spatial multiplexing. 

Spatial multiplexing directs the left and right images from spatially separated lo-
cations to the corresponding eyes. A mirror stereoscope (Wheatstone, 1838) 
utilizes two or four mirrors to direct an image from a different display, or a different 
part of a display screen, to each eye. With high quality mirrors, the mirror stereo-
scope provides as good image quality as the monoscopic displays whose images it 
reflects, which makes it suitable for studying the effects of stereoscopic images 
without the distortions introduced by the stereoscopic display technology. How-
ever, a mirror stereoscope also places strict restrictions for the movement of the 
viewer. Most head mounted displays employ the same principles as a stereoscope. 
Instead of mirrors, they direct two spatially separated images of the display screens 
to the left and right eyes utilizing optics that draw the image at the desired distance 
from the eyes of the observer (Holliman et al., 2011). In P1 and P2, we utilized a four-
mirror stereoscope.  

Whereas stereoscopes direct light from entire images in spatially different loca-
tions, autostereoscopic displays and polarizing displays direct a different set of 
pixels from a single display screen to the left and right eyes of the observer. Polariz-
ing displays utilize a patterned retarder that alters the polarization of light emitted 
from a subset of the display pixels. A common solution is to polarize alternate hori-
zontal pixel rows orthogonally (Urey et al., 2011). The viewer must then wear 
glasses with oppositely polarizing retarders in the left and right lenses, which block 
the image intended to the other eye.  

Autostereoscopic displays direct half of the display panel pixels to the left and 
right eyes without the need for eyewear. The two most common optical solutions to 
achieve autostereoscopy are parallax barrier and lenticular lens (Dodgson, 2005). 
Both technologies create a limited viewing zone where both eyes of the observer re-
ceive light from the appropriate subset of pixels (Järvenpää & Salmimaa, 2008). 
Parallax barrier utilizes a barrier grid that blocks the pixels intended for the other 
eye, whereas lenticular lens directs the light from alternating pixel columns to the 
intended viewing zone. In P1, we examined the perceptual effects of presenting al-
ternating image rows to the observer. In P3 and P4 we utilized an autostereoscopic 
display. 

Wavelength multiplexing was widely used in the past in the form of complemen-
tary color anaglyphs, such as red-cyan anaglyphs. These anaglyphs combine the left 
and right image into a single image so that the left and right images are filtered with 
specific non-overlapping wavelength bandpass filters. The viewer then wears a pair 
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of glasses that have a different filter for the left and right eyes for blocking the wave-
lengths of the image intended for the other eye. Whereas complementary color 
anaglyphs provide an affordable but low-quality (Woods, 2007) solution, wave-
length multiplexing by utilizing narrow wavelength bands for red, green, and blue 
components (Jorke, Simon, & Fritz, 2009) provides high image quality. The narrow-
band wavelength multiplexing design is utilized widely in movie theatres under the 
name Dolby 3D (Dolby Laboratories, Inc., San Francisco, CA, USA). 
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3 STEREOSCOPIC ARTIFACTS 

3.1 Artifacts 

Research has identified several factors that affect monoscopic image quality. 
These image quality factors include sharpness, noise, and color accuracy (e.g., 
Engeldrum, 1999). The degradation of most of the image quality factors can take 
place at any stage of the imaging chain. In monoscopic image quality literature, an 
artifact usually refers to a compression artifact, but in stereoscopic image quality 
literature, the term stereoscopic artifact may refer to any image quality degrading 
factor that is specific to stereoscopy. The list of stereoscopic artifacts (Boev, Hollosi, 
& Gotchev, 2008; Boev, Hollosi, Gotchev, & Egiazarian, 2009) is extensive. Similarly 
to monoscopic image quality degradations, any stage in the stereoscopic imaging 
chain can induce artifacts. 

In the following sections, I focus on two specific categories of stereoscopic arti-
facts. The first category consists of artifacts that arise from displays that utilize 
temporal or spatial multiplexing. At the time of writing, the two dominant stereo-
scopic display technologies are temporal and spatial multiplexing. Thus, the 
artifacts specific to these two technologies warrant a detailed examination. The 
second category comprises global asymmetries, which have received little research 
attention. Stereoscopic imaging often involves the use of two separate lenses or 
even separate camera sensors, which makes the imaging system vulnerable to 
asymmetries. Furthermore, imperfections in the stereoscopic display technologies 
can manifest as asymmetric luminance levels or color shifts between the left and 
the right image. 

3.2 Temporal and Spatial Multiplexing Artifacts (P1) 

Both temporal and spatial multiplexing displays have their benefits and draw-
backs, and neither appears superior to the other. A common challenge is reduced 
luminance; temporal multiplexing reduces luminance by blocking the lenses alter-
nately, whereas spatial multiplexing usually blocks light to each eye from half of the 
pixels. Temporal multiplexing requires synchronized active glasses, which places 
additional burden on the user compared to spatial interlacing, because the active 
glasses require batteries and a synchronization signal. The other main drawbacks 
of temporal interlacing are motion, flicker, and depth artifacts caused by the shutter 
glasses. The visibility of flicker is easily reduced by increasing the presentation rate. 
The delay between the left and right image presentation can distort depth in moving 
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images. The problem can be alleviated to some extent by utilizing a multi-flash pro-
tocol where the same left and right images are alternated a few times for each 
content frame (Hoffman, Karasev, & Banks, 2011). The main benefit of temporal in-
terlacing over spatial multiplexing is that all display pixels can be displayed to one 
eye at a time, whereas in spatial multiplexing, each eye only receives half of the dis-
play pixels. 

The resolution-halving effect of spatial multiplexing is not as clear as intuitively 
seems. Each eye of the observer receives a different image, and the two images to-
gether contain an equal amount of data as a single full resolution image. The 
difference in perceived resolution provided by the different multiplexing methods 
has been studied experimentally. A comparison of temporal and spatial multiplex-
ing display technologies in a letter recognition experiment revealed that temporal 
multiplexing outperformed spatial multiplexing for pixel sizes of 1 arcmin and 
greater, but found no difference at 32 arcsec pixel size (Kim & Banks, 2012). Fur-
thermore, the authors found no evidence to support the idea that the perceived 
resolution of the combined left and right image in spatially multiplexing displays 
would surpass that of presented to one eye. Another study also compared temporal 
and spatial multiplexing strategies and found that the participants were unable to 
distinguish the two when the pixel size was reduced to 54 arcsec (M. Park, Kim, & 
Choi, 2014).  

Studies on interlacing methods have overlooked some of the implications of pre-
senting even and odd rows of an image the left and right eyes. The visual system 
matches corresponding features found in the left and right eye views; finding the 
corresponding features is referred to as the correspondence problem (Howard & 
Rogers, 2012). Spatial multiplexing populates the images with black interlacing 
lines, which interact with the image content introducing additional features to the 
left and right views. The additional features are particularly prominent in content 
with oblique edges, as illustrated in Figure 3.1. The solution to the binocular corre-
spondence problem in the case of an interlaced oblique edge becomes ambiguous 
(Figure 3.1). The nearest disparity rule (Mitchison & McKee, 1987; Zhang, Edwards, 
& Schor, 2001) stipulates that in the case of ambiguous visual matches, the matches 
that minimize the local disparity relative to the nearest unambiguous objects are 
weighed more heavily.  Thus, the perceived depth of the dark edge in Figure 3.1 is 
the sum of the actual disparity of the edge in the non-interlaced image and the un-
intended depth artifact caused by interlacing. The magnitude of the depth artifact 
depends on the segment length and the depth of the surrounding unambiguous ob-
jects. The unintended depth artifacts potentially distort the three-dimensional 
structure of the scene. Distortions in depth reduce the naturalness and thus the 
overall visual experience (Seuntiëns, 2006). 
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Figure 3.1 Left, an interlaced stereoscopic image pair. The oblique edge of the dark object is 
highlighted with a white rectangle. Right, the interlaced oblique edge displayed such that the odd 
pixel rows are intended for the right eye (R) and the even pixel rows are intended for the left eye 
(L). The white edges highlight the segment endpoints and the arrows point to the closest matches 
in the left eye image for the specific feature in the right eye image. 

In P1, our objective was to experimentally determine 1) “whether people perceive 
depth artifacts on spatially interlacing stereoscopic displays,” 2) “whether depth ar-
tifacts can be avoided by row-averaging image content or by using a small pixel size,” 
and depending on the result, 3) “which pixel size is adequate to eliminate depth arti-
facts.” We employed a depth probe method where the participants observed 
interlaced oblique edges via a stereoscope and adjusted a depth probe to the depth 
where they perceived the edge to reside. Because the size of the extraneous features 
introduced by interlacing depends on the angular pixel size, we tested five simu-
lated pixel sizes ranging from 16 to 79 arcsec to determine the severity of the artifact 
at different pixel sizes. The stimuli included 14 edge orientations. In addition to the 
interlaced condition, we tested non-interlaced and row-averaged conditions. In 
row-averaging, the odd and even rows of the images are averaged, effectively halving 
the vertical resolution of the images and possibly preventing the depth artifact from 
manifesting, because the extraneous feature locations then reflect the actual dis-
parity of the underlying object, given that the image content is sufficiently aligned. 
Figure 3.2 illustrates the difference between interlacing with and without row-av-
eraging. Five participants completed the experiment. 

            

            

Figure 3.2 A non-interlaced (top) and interlaced (bottom) stereoscopic image without (left) and with 
(right) row-averaging. The two leftmost images in all four cases are for crossed fusion (i.e., viewable 
by crossing the eyes) and the two rightmost images for uncrossed fusion (i.e., looking through the 
page). 

The results were clear; interlacing the raw left and right images without row-av-
eraging them first causes distortions in perceived depth of oblique edges. The 
interlacing of the edge divided the edge into strips. The magnitude of perceived 
depth of the edge followed the distance between the end points of the strips in the 
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left and right images. The row-averaged and non-interlaced edges were perceived 
at the display plane, so row-averaging effectively eliminated the depth artifact. Pixel 
size had a significant effect on the perceived depth. Perceived depth for smallest 
pixel size that we tested, 16 arcsec, did not differ significantly between the inter-
laced and non-interlaced conditions, but the 32 arcsec and above pixel sizes did. 
Thus, although earlier findings have shown that a 32-arcsec pixel size is sufficient 
to remedy completely the perceived resolution disadvantage of spatial interlacing 
compared to temporal interlacing  in image quality (M. Park et al., 2014) and in let-
ter recognition  (Kim & Banks, 2012), our findings indicate that 32 arcsec pixel size 
is insufficient to eliminate depth artifacts in spatially interlacing stereoscopic dis-
plays. To ensure a depth distortion free viewing experience, we recommend a pixel 
size below 32 arcsec for spatial interlacing. 

As the interlaced edges consisted of several strips, the visual system of the partic-
ipants had two equally good solutions to the ambiguous correspondence problem: 
the above and below segment end points were equidistant but resulted in depth per-
ceptions in opposite directions. Three participants in our study perceived the edges 
mostly behind the display plane, whereas two participants perceived the edges pri-
marily in front of the display plane. We could not explain these individual 
differences by measured differences in vision, such as heterophoria or fixation dis-
parity. Discovering the source of the individual bias for positive or negative 
disparity is an interesting topic for future research. 

3.3 Global Asymmetries (P2) 

Asymmetries that affect the left and right image globally can arise in different 
stages of the imaging chain. In the capture stage, the different components used for 
capturing the left and right image may cause asymmetries, for example if the expo-
sure of the images differs. In the processing stage, the processes can often be 
matched well between the images, but in some cases, it is beneficial to introduce a 
global asymmetry deliberately. By asymmetrically compressing one eye view with a 
lower quality than the other, the same combined video bitrate yields a higher per-
ceived image quality than a symmetric compression scheme does (Aflaki, 
Hannuksela, Hakala, Häkkinen, & Gabbouj, 2011). Different display technologies 
can also create asymmetries. Anaglyph technologies are an extreme example of a 
display-induced asymmetry, but other technologies may induce asymmetries as 
well. In autostereoscopic displays, the luminance perceived by each eye is highly 
dependent on the viewing position (Järvenpää & Salmimaa, 2008), which increases 
the likelihood of luminance asymmetries. Likewise, temporally and spatially inter-
lacing displays suffer from luminance asymmetries (Boher, Leroux, Bignon, 
Collomb-Patton, & Clair, 2012).  

The visual system tolerates asymmetries in stereoscopic photographs between 
the luminance of left and right images remarkably well; research has found that peo-
ple rate as acceptable luminance differences up to 60% between the left and right 
images (Salmimaa et al., 2014).  Luminance asymmetry can manifest also in non-
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mediated viewing because of surface glossiness, which alters the perceived lumi-
nance of a surface depending on the viewing angle. 

   

Figure 3.3 Sample of the stimuli used in P2. The two leftmost images are for crossed fusion and 
the two rightmost images for uncrossed fusion. 

In P2, our goal was to determine “how different changes in specific color mixtures 
affect the overall viewing experience (including image quality), naturalness, and 
depth perception” when viewing photographs of stereoscopic natural scenes. We ex-
amined the effect of asymmetric RGB color component compression on viewing 
experience, naturalness, and perceived depth in stereoscopic photographs. The 
stimuli content depicted five natural scenes that each represented a photo cluster 
in the I3A camera phone photo space (I3A, 2007). Figure 3.3 shows a sample of the 
stimuli. The red, green, and blue color channel of the left eye images were manipu-
lated. We compressed each color channel in turn by linear multiplication in 0.1 
increments from 0.9 to 0.4. Twenty participants evaluated the viewing experience, 
naturalness, and perceived depth of the asynchronously distorted photographs on 
9-point scales from 1-poor to 9-excellent. The results showed that a multiplication 
of 0.8 in the green and blue channels did not yield significantly different mean opin-
ion scores compared with the unaltered photographs, but at 0.7 multiplication, the 
differences were significant. For the red channel, the differences were significant 
also for the 0.8 multiplier. Interestingly, the three measured attributes varied to-
gether with little differences between them; the results indicate that the quality of 
depth impression decreases as color asymmetry increases. The asymmetric color 
distortion affected the contents differently. Content with large exposed skin areas 
were more sensitive to the distortion than content compared with scenes that con-
tained only urban elements or greenery.  
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4 MEDIATED EMOTIONS AND SOCIAL GAZE 

4.1 Illusion of Non-Mediation and Emotions 

Compared to monoscopic technologies, stereoscopic technologies have inher-
ently the potential to reproduce with greater fidelity the percept that a two-eyed 
observer would experience without mediation. In presence literature, this fidelity 
is referred to as a formal characteristic of the medium that increases the perceptual 
illusion of non-mediation (Lombard & Ditton, 1997). Scholars often operationalize 
the increased fidelity as increased subjective evaluation of naturalness, and studies 
have shown that stereoscopic photographs can provide a more natural viewing ex-
perience compared to monoscopic photographs (Hakala, Nuutinen, & Oittinen, 
2011; Seuntiëns et al., 2005). Similarly, increased naturalness and life-likeness have 
been reported in the stereoscopic video domain (Freeman & Avons, 2000; Häkkinen 
et al., 2008). In videoconferencing, stereoscopic presentation was rated signifi-
cantly more like a real face-to-face meeting compared with monoscopic 
presentation (Mühlbach, Böcker, & Prussog, 1995). Research has also shown that 
stereoscopy increases experienced presence in gaming when the depth magnitude 
is natural (Takatalo, Kawai, Kaistinen, Nyman, & Häkkinen, 2011). Amplified pos-
tural responses of viewers provide further evidence for the increased illusion of 
non-mediation caused by stereoscopic presentation (Freeman, Avons, Meddis, 
Pearson, & IJsselsteijn, 2000). The posture of the participants was measured as 
they viewed footage filmed with a camera mounted on the hood of a rally car. The 
results showed that they tilted their body towards the curves more strongly during 
the stereoscopic presentation compared with the monoscopic presentation. 

The increased illusion of non-mediation could also amplify the emotional re-
sponse elicited by the content. Emotional responses are collections of chemical and 
neural patterns produced by the brain as a response to stimuli, and they cause the 
body of the observer to react accordingly (Damasio, 2001). Because emotions have 
evolved as a result of reactions to physical stimuli (Plutchik, 2001) (e.g. the fight-or-
flight response to a threat), a logical hypothesis is that the magnitude of the emo-
tional response to emotional stimuli increases hand in hand with the illusion of 
non-mediation. Surprisingly, the limited studies in film (Rooney, Benson, & 
Hennessy, 2012; Rooney & Hennessy, 2013) and virtual reality (Baños et al., 2008) 
contexts have failed to find differences in emotional responses between stereo-
scopic and monoscopic contents. 
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4.2 Mediated Emotional Facial Expressions (P3) 

Facial expressions are a form of non-verbal communication; an observer can infer 
the mental state and intentions of others based on facial expressions. The observer 
can then react accordingly; a smile can invite the observer to interaction whereas a 
scared expression can alert the observer to an approaching threat. In social interac-
tion, facial expressions have several functions ranging from inadvertent emotion 
contagion to functioning as deliberate communication signals (e.g., Frith, 2009). 
Facial expressions have evolved as adaptations (Schmidt & Cohn, 2001) in non-me-
diated environments and continue to provide substantial social benefits to the 
sender and the receiver. However, in the case of mediated facial expressions, such 
as in photographs and videos, the observer receives a pictorial representation of an-
other person’s facial expressions. In most cases, the medium is obvious, and the 
observer is fully aware that the depicted person is not present in the same space and 
is unable to interact physically with them. 

Event-related potential studies have shown that pictures of faces are processed 
differently than live faces in the human brain, and that live faces elicit stronger self-
reported emotional responses compared with pictures of faces (Pönkänen et al., 
2008; Pönkänen, Alhoniemi, Leppänen, & Hietanen, 2011). Likewise, dynamic 
presentation facilitates the perception (Ambadar, Schooler, & Conn, 2005) and 
recognition (Bould, Morris, & Wink, 2008; Kätsyri & Sams, 2008) of subtle facial 
expressions compared to static presentation. Furthermore, dynamic presentation 
of facial expressions elicits higher arousal (Sato & Yoshikawa, 2007) and activity in 
brain regions associated with emotional processing (Arsalidou, Morris, & Taylor, 
2011) than static presentation does. Similarly as motion, stereoscopy adds visual 
cues to the stimuli that facilitate the recognition of the facial expressions and more 
importantly, increase the illusion of non-mediation.  

In P3, our goal was to determine “the connection between stereoscopy and the emo-
tions elicited by emotional facial expressions.” Our hypothesis was that “stereoscopy 
amplifies the emotional response elicited by facial expressions.” Furthermore, we hy-
pothesized that “the benefit of stereoscopy peaks at the natural camera base,” that is, 
that the stereoscopic stimuli that provide the most natural depth percept maxim-
izes the modulation effect. To this end, we photographed four professional actors 
utilizing a beam splitter rig that allowed us to vary the interaxial distance from 15–
115 mm. Figure 4.2 presents sample stimuli. Forty participants assessed the valence 
and arousal elicited by the portraits in monoscopic and stereoscopic conditions. 
The stimuli included five IAD levels: 15, 40, 65, 90, and 115 mm. Figure 4.1 illustrates 
the effect of IAD on the depth perceived from stereopsis. The actors exhibited 
happy, neutral, and angry facial expressions. The participants assessed valence and 
arousal using 9-point self-assessment manikin (SAM) scales (Bradley & Lang, 1994; 
Lang, 1980). Positive and negative valence were assessed separately.  
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Figure 4.1 An illustration of the effects of the IAD values used in P3 on the perceived depth cue 
from binocular disparity. The roundness factor is the ratio of perceived depth from binocular dis-
parity to the actual depth of the object, and in this example, it is computed for an observer with a 
65 mm interpupillary distance at 80 cm convergence distance. 

   

   

   

Figure 4.2 Sample stimuli from P3 and P4. The two leftmost images on each row are for crossed 
and the two rightmost images for uncrossed fusion. An actor exhibiting a happy expression in 
15 mm, 65 mm, and 115 mm IADs, from top to bottom. 

Figure 4.3 illustrates the contrasts between stereoscopic and monoscopic condi-
tions for different facial expressions. For angry facial expressions, stereoscopic 
portraits elicited a higher negative valence compared with the mean negative va-
lence of the monoscopic portraits, but only at the 40, 65, and 90 mm IADs. 
Furthermore, the difference was greatest at the 65 mm IAD. Likewise, stereoscopic 
angry facial expressions elicited the highest increase in arousal ratings at 65 mm 
IAD compared with the mean of the monoscopic conditions. The differences were 
not as clear for the happy facial expressions. Together, the three smallest IAD ste-
reoscopic portraits received slightly higher positive valence ratings compared with 
the mean of the monoscopic conditions. Stereoscopy increased the arousal ratings 
of happy facial expressions at the extreme 15 and 115 mm IADs. 
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Figure 4.3 Contrasts between the stereoscopic and the mean of the monoscopic conditions for 
negative valence (top), positive valence (middle), and arousal (bottom). *p<.05. **p<.01. ***p<.001. 

The results show that stereoscopy has the potential to amplify emotions elicited by 
emotional facial expressions when the IAD is close to natural IPD. In P3, we pre-
sented two explanations for the amplification of the emotional response. First, 
similarly as motion, stereoscopy provides additional information for the recogni-
tion of the emotions from the facial expressions. The additional information could 
facilitate the matching of the percept to the internal representations of the facial 
expressions, which might, like the internal representations of faces (Jiang, Blanz, & 
O’Toole, 2009), include three-dimensional information. Second, stereoscopy in-
creases the illusion of non-mediation, which could increase the self-relevance of 
the stimuli (N’Diaye, Sander, & Vuilleumier, 2009). Regardless of the mechanism, 
we recommend the use of stereoscopic presentation in studying emotions elicited 
by facial expressions, because the higher fidelity provided by stereoscopy appears 
to affect the elicited emotions. Furthermore, the elicited emotions are highly sensi-
tive to the chosen IPD, so scholars must exercise caution during stimulus 
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acquisition. The findings in P4 extend this examination to gaze direction, which 
might also have affected the results obtained in P3. 

4.3 Mediated Social Gaze (P4) 

Like facial expressions, gaze is an important social cue that has attracted consid-
erable research attention. Scholars have studied extensively the effects of pictorial 
presentation on the perception of gaze direction and mutual gaze since the 1960s. 
Research has discovered  that observers overestimate a looker’s gaze direction 
when gaze is averted more than 4 degrees to either side and underestimate it at 
smaller angles (Masame, 1990), as hypothesized earlier (Argyle & Cook, 1976). 
When an observer perceives that the gaze of a looker is directed at their eyes, they 
perceive mutual gaze (i.e., eye contact or dyadic gaze). The range of gaze directions 
where an observer perceives mutual gaze has been named the cone of gaze and 
found to extend 8 degrees in diameter in pictorial and live conditions at 1 m viewing 
distance (Gamer & Hecht, 2007). The cone of gaze is modulated by emotional facial 
expressions of the looker. Angry and happy facial expressions widen the cone of 
gaze (Ewbank, Jennings, & Calder, 2009; Lobmaier, Tiddeman, & Perrett, 2008), 
that is, observers judge with higher likelihood the gaze from a face exhibiting a 
happy or angry expression directed towards themselves compared with neutral fa-
cial expressions. Subsequent research has shown that the effect is substantially 
stronger for happy facial expressions (Lobmaier & Perrett, 2011).  

Few studies have investigated the perception of gaze direction and mutual gaze in 
stereoscopic portraits. Accuracy of direction judgments for horizontally averted 
gaze did not differ between live, monoscopic, and stereoscopic conditions (Imai, 
Sekiguchi, Inami, Kawakami, & Tachi, 2006). Because head turn can bias the gaze 
direction judgments,  West (2015) examined whether the gaze judgment accuracy 
differs between monoscopic and stereoscopic conditions for portraits that depict a 
turned head.  The results indicated that there is no difference in the accuracy be-
tween monoscopic and stereoscopic conditions. Similarly, the results of a cone of 
gaze study showed that the width of the cone of gaze was the same in the mono-
scopic and stereoscopic conditions (Gamer & Hecht, 2007). These results provide 
support for the popular use of monoscopic pictorial stimuli in studies involving 
gaze and mutual gaze, because they indicate that the results obtained utilizing 
monoscopic stimuli are generalizable to the real world, where the observer per-
ceives with two eyes the gaze of a three-dimensional looker. 

Previous studies on gaze direction have overlooked a fundamental difference in 
direct gaze between a monoscopic and stereoscopic or live situations. In mono-
scopic direct gaze, both eyes of the observer receive a direct gaze, whereas in live 
and stereoscopic conditions, only one eye of the observer receives a direct gaze and 
the other eye receives a gaze averted by the IPD of the observer to the nasal side. For 
example, the stereoscopic direct gaze in West's (2015) experiment was, in fact, a 
gaze directed between the left and right stereoscopic cameras. Such a configuration 
results in stimuli that produce a similar percept to a live situation where a looker’s 
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gaze is directed at the bridge of the observer’s nose. Furthermore, studies have ne-
glected the possible interaction effect of stereoscopy and facial expressions on 
perceived gaze direction and mutual gaze. In P4, we studied stereoscopic semi-di-
rect gaze, that is, the condition wherein one eye of the observer receives a direct 
gaze and the other eye receives a diverted gaze. 

The initial inspiration for P4 stems from examining the stimuli acquired for P3. 
We observed that mutual gaze was lost in the stereoscopic photographs captured 
with large IADs. To verify our initial observation and to quantify it, we conducted 
the experiment reported in P4. Our goal was to find out how observers perceive gaze 
direction and mutual gaze when we vary IAD while retaining direct gaze in one cam-
era image. Our hypotheses were 1) “Perceived gaze direction in a semi-direct gaze 
condition equals the mean of the left and right eye stimuli gaze directions.” and 2) 
“Mutual gaze discrimination is based on perceived gaze direction and thus on the 
mean of the stimulus left and right eye gaze directions in the stereoscopic semi-direct 
gaze condition.” Furthermore, our goal was to quantify the relationship between the 
perceived monoscopic left and right stimulus gaze direction and the perceived ste-
reoscopic stimulus gaze direction and to verify if stereoscopy and facial expression 
interact in gaze direction judgment and mutual gaze discrimination. We utilized the 
same stimuli as in P3, which yielded the following independent variables: four ac-
tors, three viewing conditions (monoscopic left, monoscopic right, and 
stereoscopic), three facial expressions (neutral, angry, and happy), and five IADs 
(15, 40, 65, 90, and 115 mm). To simulate a live direct gaze condition, one camera was 
placed directly in front of the actor, who was instructed to direct their gaze to that 
camera. The other camera was shifted to the left by the IAD. The five IADs trans-
lated to one monoscopic direct gaze (right camera), five monoscopic averted gaze 
directions (left camera), and five stereoscopic semi-direct gaze directions (left and 
right cameras). For the analyses, the stimulus gaze direction, , was the veridical 
direction of the looker’s gaze for the monoscopic stimuli and the mean of the left 
and right eye stimuli gaze directions for the stereoscopic stimuli. Figure 4.4 illus-
trates the effects of varying IAD during stimulus acquisition on the resulting 
monoscopic and stereoscopic portrait gaze directions. 
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Figure 4.4 Examples of the effect of varying IAD on the oculocentric gaze directions in the mono-
scopic (top row) and stereoscopic semi-direct (bottom row) conditions for an observer with a 65 mm 
interpupillary distance. The oculocentric gaze direction α received by the left (LE) and right (RE) 
eye of the observer are presented side by side. The overall stimulus gaze direction α S is the mean 
of the directions received by the eyes of the observer (α LE + α RE)/2. In the monoscopic right condi-
tion, both eyes of the observer received the same direct gaze (α S = 0). In the monoscopic left 
condition, both eyes of the observer received the same averted gaze (α S = α LE = α RE). In the stere-
oscopic condition, the left eye of the observer received an averted gaze, and the right eye received 
a direct gaze (α S = (α LE + α RE)/2). Head turn was congruent with gaze direction in all stimuli. 

Forty observers participated in the experiment, in which they had two tasks. The 
first task was to judge the gaze direction utilizing a physical slider, and the second 
task was a 2-alternative forced choice task to evaluate if the observer was able to 
achieve mutual gaze with the looker. The results show that the reported gaze direc-
tion in the semi-direct stereoscopic gaze is close to the mean of the gaze directions 
received by the left and right eyes. The results verified our initial observation; the 
proportion of mutual gaze responses fell significantly as the IAD increased. The re-
sults also show a significant difference in the proportion of mutual gaze responses 
between a monoscopic direct gaze and a stereoscopic semi-direct gaze taken at a 
natural 65 mm IAD. Furthermore, we discovered an interaction effect between the 
presentation mode and facial expression in the mutual gaze discrimination task. 

Display

Display

Right (R+R, direct)

α
LE

α
RE

LE RE LE RE

65 mm IAD

α
RE

α
LE

115 mm IAD

α
RE

α
LE

Left (L+L, averted 65 mm)

α
LE

α
RE

Left (L+L, averted 115 mm)

α
LE

α
RE

Observer eye to stimulus axis

Oculocentric gaze direction

Receiving eye

Non-receiving eye

15 mm IAD

α
RE

α
LE

Monoscopic (R+R, L+L)

Stereoscopic (L+R)

Stimulus

Eyes of the
observer

Stimulus

Eyes of the
observer



30 
 

Happy facial expression cone of gaze was significantly wider in the stereoscopic 
semi-direct condition than the monoscopic one.  

 

Figure 4.5 Judged gaze direction for different facial expressions and gaze directions in monoscopic 
and stereoscopic conditions with 95% CI. Lines illustrate a model fit. 

 

Figure 4.6 Proportion of mutual gaze responses (points) and probability of mutual gaze model fit 
(lines). 

The findings in P4 highlight the importance of considering the implications of the 
binocularity of vision in studies involving gaze, particularly in relation to emotional 
facial expressions. These findings also provide an opportunity to revisit some ear-
lier studies conducted utilizing monoscopic pictorial stimuli, because the findings 
of such studies might not be valid in stereoscopic pictorial or live conditions. To 
provide a natural direct gaze, the presentation must be stereoscopic and the gaze 
directed at the left or right eye of the observer; a monoscopic direct gaze provides an 
unnaturally strong sensation of mutual gaze. Further studies are required to com-
pare the probability of perceiving mutual gaze in stereoscopic bridge-of-nose and 
semi-direct conditions.  

The findings in P4 reveal another factor that could contribute to the stronger 
emotional response in the stereoscopic condition in P3. Stereoscopy widened the 
cone of mutual gaze in the stereoscopic semi-direct condition for the happy facial 
expression in the present study, and mutual gaze has been shown to strengthen the 
emotions elicited by facial expressions (Adams & Kleck, 2005). The stronger mu-
tual gaze could have strengthened the emotions elicited by happy facial expressions 
in the stereoscopic condition. 
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5 TECHNOLOGY ACCEPTANCE OF STEREOSCOPY 

5.1 Technology Acceptance Models 

To predict whether users will accept and use a technology, scholars in the infor-
mation systems field have developed several technology acceptance models. The 
financial motivation to develop such models is high as organizations could use an 
accurate model to design successful technology products and to make informed in-
vestment decisions. Extensive efforts to develop technology acceptance models 
applicable in the dynamic information and communications technology domain 
has led to a state of “chaos and confusion” in the field (Benbasat & Barki, 2007). Re-
gardless of the chaos, and although several unknown factors outside of the current 
models appear to influence the actual use of a technology, the models are the best 
available tool for evaluating the acceptance of a technology. In P5, we used the con-
structs of the technology acceptance models as a framework for discussing the 
different factors that affect the acceptance of stereoscopic technologies. 

Most of the technology acceptance models rely on the Theory of Reasoned Action 
(TRA) (Fishbein & Ajzen, 1975) and the more comprehensive Theory of Planned 
Behavior (TPB) (Ajzen, 1991). The models attempt to predict the behavioral inten-
tion that leads to actual behavior (e.g. use of a technology). In TRA, the attitude 
towards the behavior of an individual and the subjective norm of an individual are 
the constructs that predict behavioral intention. The attitude of an individual con-
sists of their beliefs and evaluations of a behavior. The subjective norm, in turn, 
refers to the extent that an individual perceives that others think that they should 
behave in a certain way. The subjective norm is defined by normative beliefs and 
motivation to comply. The TRA model did not take into account the proficiency of 
an individual to perform a behavior, an omission that Ajzen (1991) corrected by in-
cluding perceived behavioral control as a predictive construct in the TPB model. 
Perceived behavioral control refers to the self-judgment of the competence of an in-
dividual to perform a behavior. Specifically to predict the acceptance of information 
systems, Davis (1986) developed the Technology Acceptance Model (TAM). The 
model recognized perceived usefulness and perceived ease of use as the main fac-
tors that influence the behavioral intention.  

Based on eight models, including TRA, TPB, and TAM, Venkatesh et al. (2003) de-
veloped the Unified Theory of Acceptance and Use of Technology, UTAUT. In their 
experiments, the authors identified performance expectancy, effort expectancy, so-
cial influence, and facilitating conditions as the main constructs that affect 
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behavioral intention. Performance expectancy encompasses the perceived useful-
ness and the outcome expectation from the use of a technology, that is, the perceived 
benefits. Effort expectancy is equivalent to the perceived ease of use in TAM. Social 
influence is a reformulation of subjective norm in TRA, and facilitating conditions 
is comparable to the perceived behavioral control in TPB. In addition to the main 
constructs, Venkatesh et al. included four internal variables in their model: age, ex-
perience, gender, and voluntariness of use. These four variables moderate the 
effects of the main constructs. By employing the model, the authors were able to ex-
plain 70 percent of the variance in use intention in their validation experiment.  

The UTAUT model was developed for organizational use to assess the acceptabil-
ity of information systems. As such, the model is inapplicable in the consumer 
context, where motivation is often more hedonic than utilitarian compared with the 
organizational context. The shift from utilitarian to hedonic motivations is re-
flected by the increase in importance of perceived ease of use and enjoyment as 
predictors of behavioral intention (van der Heijden, 2004). To account for the dif-
ferences between the consumer and organizational contexts, a second version, 
denoted UTAUT2, was developed (Venkatesh, Thong, & Xu, 2012). The new model 
included hedonic motivation, price value, and habit as new predictors of behavioral 
intention. Voluntariness was excluded from the model, as the majority of consumer 
behavior is voluntary. Hedonic motivation refers to the pleasure derived from using 
a technology, price value to the monetary cost of using a technology, and habit to the 
automaticity of performing a behavior. With these changes, the new model was able 
to explain 74 percent of variation in behavioral intention in a consumer mobile In-
ternet study. 

5.2 Stereoscopic Technology Acceptance (P5) 

Technology acceptance is an antecedent to the proliferation of any technology in-
tended for human use, such as stereoscopic cameras and displays. Stereoscopic 
technology use has remained marginal throughout its long history. This raises the 
question of why people have not embraced stereoscopic products. However, instead 
of examining the technology acceptance of stereoscopic technology in a more holis-
tic manner, research has focused on specific areas of interest, such as viewing 
experience and stereoscopic artifacts. These factors do, without a doubt, affect 
technology acceptance, but individually provide little understanding about the 
technology acceptance of stereoscopic technologies. One study on stereoscopic 
technology acceptance focused on 3DTV acceptance in a learning context (Shin & 
Baek, 2012). Their findings indicate that immersion is an important factor in the 
acceptance of stereoscopic television learning systems. 

Unlike monoscopic photography, stereoscopic photography is limited by re-
strictions that follow from the use of two lenses. Violating the restrictions results 
in photographs that are impossible to view as intended, and avoiding such viola-
tions requires skill. Thus, stereoscopy inherently complicates the process of 
photography. The added complexity could be an important factor in the acceptance 
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of stereoscopic photography, particularly because in the history of photography, the 
consumer camera has evolved mainly by improvements that have simplified the 
process of photography (Sarvas & Frohlich, 2011). The proliferation of color film ex-
emplifies this evolution-by-simplification: the color film became popular only after 
Kodak introduced a simple cartridge system that was easier to load than the earlier 
systems. 

In P5, we explored the issues that affect the technology acceptance of stereoscopic 
photography. Our research question in P5 was “What are the current issues with 3D 
photography that contribute to the acceptance of the novel technology?” We hypothe-
sized that the limitations stereoscopy places on photography distance has a major 
negative effect on acceptance. Our goal was to identify the benefits and challenges 
novice users encounter in stereoscopic photography, that is, the reactions they have 
to stereoscopic photography, which affect their future intentions to use the technol-
ogy. Five participants took photographs with stereoscopic cameras in a 4-week 
trial. During the trial, we gathered their reactions via weekly questionnaires. In ad-
dition, we categorized the photographs to 20 semantic categories based on the 
photographic subjects (Mojsilović, Gomes, & Rogowitz, 2004) and analyzed their 
stereoscopic disparity distributions. A thorough exit interview included photo elic-
itation (Harper, 2002) utilizing the participants’ own photographs. We employed 
the UTAUT2 model as a framework to organize our findings to understand better 
the acceptance of stereoscopic photography. To achieve more comprehensive in-
sight, we extended the UTAUT2 model by replacing hedonic motivation with 
intrinsic motivation (Vallerand & Ratelle, 2002), which is more precisely defined 
than hedonic motivation. 

The factors contributing to performance expectancy relate to how successful the 
participants were in achieving their goals. Three-dimensionality, naturalness, and 
realness were important factors for successful photographs. Depth geometry of the 
scene had a significant impact on the success. On one hand, photographs of scenes 
with solely distant objects were often considered failures because they looked flat; 
the participants expected all stereoscopic photographs to appear three-dimen-
sional. On the other hand, photographs of near objects were also considered 
failures, because the resulting photographs had too much stereoscopic disparity to 
be successfully fused and thus appeared diplopic or difficult to look at. In addition 
to excessive disparities, the cardboard effect, a stereoscopic artifact, also degraded 
the quality of the photographs. 

We identified several issues related to effort expectancy (i.e. ease of use) in stere-
oscopic photography. Although operating the camera was easy, the participants 
struggled with capturing good stereoscopic photographs because they were una-
ware of the restrictions of stereoscopic photography. Viewing some photographs 
was also challenging; the matter was further complicated, as the participants did 
not know whether the problem was in the photograph, the display, or their viewing 
position. Some participants would have liked to share the photographs with their 
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friends, but did not manage to, because of the lack of support for stereoscopic pho-
tographs in social media platforms and the lack of required hardware in the 
receiving end. 

Intrinsic motivation specific to stereoscopic photography was evident in the re-
sults. The participants enjoyed experimenting with different three-dimensional 
photographic subjects; they wanted to know what different objects look like in the 
photographs and attempted to find the subjects that look impressive in stereoscopic 
photographs. Furthermore, the extra information in stereoscopic photographs 
compared with monoscopic photographs was interesting for the participants. Like-
wise, the immersiveness of the successful photographs stimulated the participants 
positively. 

 

Figure 5.1 The number of photographs with excessive (above one degree) stereoscopic disparity 
taken by the participants. The weekly total number of photographs per participant varied only little. 

Experience proved to be a significant factor in the study. The analysis of the ste-
reoscopic disparities revealed that by the fourth trial week, the number of 
photographs with excessive disparity had fallen by 70 percent from the first week, 
as Figure 5.1 illustrates, whereas there was only little variation in the weekly total 
number of photographs. The participants learned the limits of stereoscopic photog-
raphy by experimenting; we discovered only few facilitating conditions that would 
have helped the participants in learning. The integrated stereoscopic display con-
tributed to the learning as it enabled the participants to see immediately whether 
the photograph was successful or not in some cases. However, sometimes the pho-
tograph appeared different on the integrated compared to the external display, 
which confused the participants. The depths in stereoscopic images appear differ-
ent depending on the screen size and viewing distance, which was difficult for the 
participants to understand by themselves without facilitating conditions. 

The categorization of the photographs revealed that scenes with man-made 
structures were over-represented in the stereoscopic photographs taken during the 
trial; the participants found the complex three-dimensional structures interesting 
subjects for stereoscopic photography. On the contrary,  photographs of people were 
under-represented, only 21 percent, compared with the results of a mobile photog-
raphy study where 51 percent of photographs were of people (Kindberg, Spasojevic, 
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Fleck, & Sellen, 2005). Some participants felt that people looked strange in stereo-
scopic photographs and avoided taking photographs of people.  

The findings in P5 provide support for our hypothesis that the complexity intro-
duced by stereoscopy to photography is a major obstacle for its acceptance. 
Developing the facilitating conditions, such as including an in-camera assistance 
tool to recognize when the photographer violates the stereoscopic restrictions, 
could shorten the learning period significantly. The wide fixed IAD of the camera 
caused several problems. For indoors scenes, the optimal IAD is between two and 
six centimeters (Kytö, Hakala, Oittinen, & Häkkinen, 2012), whereas the IAD of the 
camera used by our participants was 7.5 cm. A variable IAD camera would provide 
the novice users with the freedom that they have learned to expect from their expe-
rience in monoscopic photography. An adjustable IAD appears to be a requirement 
for the acceptance of stereoscopic photography, and it is achievable by employing 
multiple lenses or a moveable lens. As our results show, even learning the limits of 
a fixed IAD proved demanding for novice users, so the learning curve for an adjust-
able IAD is likely very steep. Thus, much like automatic exposure control, the 
camera should select the IAD automatically based on the scene depth structure. In-
tegrating support for stereoscopy in the existing social media platforms, such as 
Facebook, Instagram, and Snapchat, is essential for the acceptance of stereoscopic 
photography, because they have become the main venue for sharing photographs 
(Sarvas & Frohlich, 2011).  
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6 DISCUSSION 

6.1 Synthesis 

The goal of this dissertation is to advance the understanding of perceptual issues 
that contribute to the technology acceptance of stereoscopic technologies and the 
implications of utilizing stereoscopic technologies. In the previous chapters, I ex-
amined the findings of the individual studies. In the following, I discuss the findings 
jointly. 

Visual mediation technologies aim to evoke the same visual percept as non-medi-
ated viewing of a scene does. Compared with monoscopy, stereoscopy has the 
potential to increase the perceptual fidelity between mediated and non-mediated 
settings. However, the distortions in the mediation of the plenoptic function, that 
is, the stereoscopic artifacts, decrease the fidelity of a mediated percept compared 
with a non-mediated one. In P1, we discovered a stereoscopic artifact specific to 
spatially interlacing displays. Higher frequency sampling of the direction dimen-
sion of the plenoptic function effectively eliminated the artifact. In P2, we 
examined the effect of color asymmetries on viewing experience, naturalness, and 
depth. Color component compression with a 0.9 multiplier had no significant effect 
on the measured variables, and as expected, stimuli with exposed human skin were 
more sensitive to distortions. More interestingly, the perceived magnitude of depth 
reduced as the asymmetry increased. Both distortions thus affected depth or the 
quality of depth, which together with monoscopic image quality define the 3D visual 
experience (Lambooij, IJsselsteijn, Bouwhuis, & Heynderickx, 2011; Seuntiëns, 
2006). Furthermore, in P5, the participants reported several artifacts that affected 
negatively their experience. 

Stereoscopic camera IAD has a central role in the fidelity of mediated depth. The 
results reported in P3, P4, and P5 highlight the sensitivity of the visual system to 
stereoscopic disparities. In P3, the IADs that provided the most natural depth per-
cepts elicited the strongest emotions, particularly for the angry facial expressions. 
In P4, we showed that although one eye of the observer receives a direct gaze, the 
IAD used to capture the photograph affects the perception of mutual gaze, because 
the perceived gaze direction follows closely the mean of the gaze directions received 
by the left and right eyes of the observer. In P5, the wide fixed IAD posed challenges 
for the participants. Novice users do not readily understand the limitations, and, 
furthermore, the users dislike that the technology restricts their behavior. The re-
sults indicate that an adjustable IAD, which has been recommended earlier 
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(Montgomery et al., 2002), is a prerequisite to create emotion-evoking viewing ex-
periences and for the acceptance of stereoscopic photography. 

Stereoscopy increases the illusion of non-mediation similarly as increased reso-
lution of images, increased field of view, color, and motion (Lombard & Ditton, 
1997). All of these visual display characteristics are examples of an increased fidel-
ity in the sampling of the plenoptic function. Because the observer has learned to 
recognize objects in non-mediated situations, it is probable that the internal repre-
sentations of objects also reflect the sensory perceptions of real world objects. 
Thus, the increased perceptual fidelity afforded by mediating a larger portion of the 
plenoptic function also increases the fidelity between the percept and the internal 
representation. In P5, the participants verbalized the increased illusion of non-me-
diation as naturalness and realness of the stereoscopic photographs. In P3, 
stereoscopically presented facial expressions elicited stronger emotions than the 
mean of the left and right monoscopically presented facial stimuli. Increased illu-
sion of non-mediation offers a potential explanation for the amplification of 
emotional responses. In P4, we examined the fundamental difference in the medi-
ated direct gaze between monoscopic and stereoscopic presentations. The results 
show that stereoscopic portraits mediate direct gaze with higher fidelity compared 
with monoscopic ones. The findings highlight that stereoscopy provides more than 
just monoscopy and depth; it produces a more comprehensive increase in percep-
tual fidelity. 

The studies also raised some new questions. In addition to the issues affecting 
technology acceptance, in P5, we provided the first small-scale findings about how 
stereoscopy affects photographic behavior. The findings indicated that the subjects 
of photography change with stereoscopy. Man-made structures with distinctive 
three-dimensional structures were over-represented whereas people were under-
represented in the photographs compared to earlier findings in monoscopic photog-
raphy. Future large-scale longitudinal studies are required to determine what 
changes stereoscopy brings to photographic behavior. Furthermore, a study utiliz-
ing an adjustable IAD stereoscopic camera could uncover issues that were masked 
in P5 due to the fixed IAD. For example, the strange appearance of people in the pho-
tographs could have been due to the wrong IAD, as we found in P3 and P4 that 
emotions and gaze perception are sensitive to deviations in IAD. Future studies are 
needed also to examine how dynamic content affects the emotions elicited by stere-
oscopically presented emotional facial expressions and mutual gaze. 

The state of imaging technology can be measured as a vector in a space spanned 
by the sampling fidelity of the plenoptic function dimensions in relation to the lim-
its of human visual system. Figure 6.1 illustrates a simplified version of this idea. 
Whereas monoscopic technologies are reaching a plateau in terms of angular reso-
lution, they have more development potential in increasing FOV to cover the visual 
field, as the current trend towards head-mounted displays implies. Stereoscopic 
technologies have the potential to reach a higher level of fidelity than monoscopic 
technologies. Particularly the spatially interlacing stereoscopic displays can still 
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benefit immensely from improvements in angular resolution. The next step in im-
aging technology, stereoscopic light field imaging, enables accommodation and 
retinal blur by increasing the sampling rate in the position dimension (Huang, 
Luebke, & Wetzstein, 2015; Lanman & Luebke, 2013; Ng, Levoy, & Brédif, 2005). The 
current solutions increase the sampling rate of the position dimension at the ex-
pense of angular sampling rate. Future developments in pixel pitch of cameras and 
displays benefit monoscopic devices only little. Thus, the future developments are 
likely driven by stereoscopic and light field technologies that are able to utilize the 
higher pixel pitch in mediating the positional sampling of the plenoptic function 
with higher fidelity. Furthermore, because mediating position samples of the light 
field to multiple viewers at a sufficient frequency to enable accommodation is opti-
cally challenging, the developments will focus on personal head-mounted displays. 

Direction
Samples

Position
Samples

Stereoscopic
Light Field

Stereoscopy

Monoscopy

Limits of 
Vision

Accommodation 
and Defocus

Convergence,
Stereopsis, and

Half-Occlusion

Future Development Potential
State-of-the-Art Fidelity

 

Figure 6.1 A simplified imaging technology fidelity space. Sampling of the position and direction 
dimensions of the plenoptic function in monoscopic, stereoscopic, and stereoscopic light field im-
aging chains with broadly estimated state-of-the-art fidelities. Direction sampling increases the 
spatial resolution and the field-of-view of the image. Position sampling from two points enables 
visual cues such as convergence, stereopsis, and half-occlusion, whereas dense sampling enables 
accommodation and retinal defocus. An increase in position sampling is usually accompanied by 
a reduction in direction sampling, with the exception of temporal multiplexing. The limits of vision in 
the figure represent the practical limits; there is little reason to develop the fidelity to the levels 
required for hyperacuities. 

6.2 Research Evaluation 

In publications P1–P5, we operationalized the investigated constructs to measur-
able variables. Thus, the validity of the constructs and measured variables is 
important for the interpretation of the results. In P1, we measured the perceived 
depth by utilizing a depth probe method. Depth probes have been used successfully 
to measure perceived depth, first as a physical probe (Gregory, 1968) and later as a 
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computer graphics version (e.g., Bülthoff & Mallot, 1988). The adjustable variable 
was the binocular disparity of the probe, so the probe measured the depth perceived 
from the binocular disparity depth cue. In P2, we measured viewing experience, 
naturalness, and depth magnitude utilizing a 9-point scale. The constructs have 
been utilized in earlier studies, and they form the basis of the 3D Visual Experience 
model (Seuntiëns, 2006). In P3, we measured the emotions elicited by facial expres-
sions with the pictorial self-assessment manikin (SAM) scales for arousal and 
valence (Bradley & Lang, 1994; Lang, 1980).  The method has been validated against 
a verbal scale (Bradley & Lang, 1994) as well as psychophysiological measures 
(Lang, Greenwald, Bradley, & Hamm, 1993), and it has been found to correlate well 
with subjectively experienced emotions. Moreover, we separated the bipolar va-
lence scale to positive and negative scales due to possible ambivalence of emotions 
(Cacioppo, Gardner, & Berntson, 1997, 1999), but the facial expressions did not elicit 
ambivalent emotions in our study. In P4, we utilized a slider setup similar to the one 
used in earlier studies (Anstis et al., 1969; Masame, 1990) to measure the perceived 
gaze direction. The slider rail was located between the stimulus and the observer, so 
there was a risk that the observers placed the slider knob to the position perpendic-
ular to where they perceived the gaze of the looker to intersect with the frontal plane 
of their eye level instead of the slider rail level. To avoid this, we instructed the ob-
servers to judge the position where the axis of the looker’s gaze intersects with the 
slider rail. Future studies are required to validate the method and uncover possible 
biases. In P5, one construct was the fusibility of the stereoscopic images. The 
threshold for fusibility was one degree of disparity, which is a conservative limit; 
one recommendation for comfortable viewing is 70 arcmin (Wöpking, 1995). 

The sample of subjects and stimuli and the experiment context define the external 
and ecological validity of the study, that is, the generalizability of the results. In P1, 
spatial interlacing was simulated utilizing a mirror stereoscope. By utilizing the 
fixed apertures and fusion locks, we were able to simulate a natural viewing envi-
ronment which serves as a strong reference without inherent vertical disparity. In 
P2, we used the color component multipliers as independent variables, which al-
lowed us to map the responses with values used in practice. However, this approach 
introduces also luminance differences to the stimuli. An alternative approach 
would have been to calculate the perceptual color difference values for the images, 
perhaps weighed by image feature saliency. This would have allowed us to examine 
the effects of perceived color differences. Furthermore, future studies should in-
clude a more diverse set of stimuli. In P5, the sample of subjects was relatively small 
and homogeneous: five female participants. However, the trial lasted four weeks 
with intermediate data collection points. Furthermore, research has shown that in 
a qualitative field study, six individual interviews would have covered 70 percent of 
themes found in sixty interviews (Guest, Bunce, & Johson, 2006). A larger and more 
diverse sample would possibly have uncovered more themes, but considering the 
exploratory nature of the study and the number of issues uncovered, we were satis-
fied with the subject sample. The issues we discovered related to the general design 
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principles of the camera, so we were comfortable in generalizing the findings to 
cameras that utilize the same design principles. The field study afforded high eco-
logical validity as the participants could take photographs where and when they 
wanted. Although the studies were conducted in the still image domain, most of the 
results are transferrable to the video domain, although some of the effects might be 
masked by motion in dynamic content, such as the depth artifact discovered in P1. 
Whereas studies P1 and P5 pertain to devices that adhere to specific design princi-
ples, the results of P2–P4 are mostly independent of the capture and display device. 
Stimulus FOV and duration could modulate the tolerance for color differences in 
P2. An increase in the overall illusion of non-mediation provided by other media 
characteristics could potentially strengthen the emotion-related findings in P3 and 
P4. 

In P1–5, we disseminated scientific findings obtained in five subjective experi-
ments. Experimenting with humans places strict ethical requirements on the 
design and practical implementation of the experiments. All five studies adhered to 
the tenets of the World Medical Association Declaration of Helsinki and the ethical 
principles established by the Finnish Advisory Board Research Integrity 
(http://www.tenk.fi/en/). I received funding for this dissertation work from Nokia 
Corporation, Foundation for Aalto University Science and Technology, Tekes, Aalto 
University Department of Computer Science, and Media Industry Research Foun-
dation of Finland. The author affiliations in P1–P5 included Aalto University, 
University of Helsinki, and Nokia Corporation. At the time of writing, the product 
range of Nokia Corporation includes a stereoscopic camera, the OZO Professional 
Virtual Reality Camera PC-01 (Nokia Corporation, Espoo, Finland). 
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7 CONCLUSION 

This dissertation contributes to the understanding of perceptual factors related 
to stereoscopic imaging and the implications of utilizing stereoscopy in consumer 
and research domains. By sampling the plenoptic function at two spatial locations, 
stereoscopy enables the visual mediation of a scene with higher fidelity compared 
with monoscopic technologies, which increases the illusion of non-mediation. The 
increased illusion of non-mediation contributes positively to the acceptance of ste-
reoscopic technologies. The implications of the increased illusion of non-
mediation also affect research that utilizes facial expressions in social psychology, 
visual perception, and emotion science, where researchers may improve the gener-
alizability of study findings by employing stereoscopic stimuli. 

Stereoscopic artifacts and the use of improper camera IAD place obstacles to the 
acceptance of stereoscopy. The requirements for the acceptance of stereoscopy in-
clude an adjustable IAD camera, a convenient process to share stereoscopic content 
via social media platforms, and a high-resolution artifact-free display. Further-
more, our findings showed that emotions elicited by facial expressions and 
perception of gaze are sensitive to variation in IAD. Thus, content creators in the 
entertainment industry as well as scholars who utilize facial stimuli must exercise 
care and precision in image acquisition and processing. 

The perceived benefits provided by the current stereoscopic cameras and tem-
poral, spatial, and wavelength multiplexing stereoscopic displays may not be 
sufficient for consumers to overlook the shortcomings of the devices. However, the 
ongoing proliferation of stereoscopic head-mounted displays could bring about the 
long-awaited paradigm shift in display technology. In the future where personal 
head-mounted displays create a flawless visual illusion of non-mediation, stereos-
copy will inevitably dominate the imaging chain.   
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