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Abstract

Light field 3D displays reproduce the light field of real or synthetic scenes, as observed
by multiple viewers, without the necessity of wearing 3D glasses. Reproducing light
fields is a technically challenging task in terms of optical setup, content creation, dis-
tributed rendering, among others; however, the impressive visual quality of hologram-
like scenes, in full color, with real-time frame rates, and over a very wide field of view
justifies the complexity involved. Seeing objects popping far out from the screen plane
without glasses impresses even those viewers who have experienced other 3D dis-
plays before.

Content for these displays can either be synthetic or real. The creation of synthetic
(rendered) content is relatively well understood and used in practice. Depending on the
technique used, rendering has its own complexities, quite similar to the complexity of
rendering techniques for 2D displays. While rendering can be used in many use-cases,
the holy grail of all 3D display technologies is to become the future 3DTVs, ending up
in each living room and showing realistic 3D content without glasses. Capturing, trans-
mitting, and rendering live scenes as light fields is extremely challenging, and it is nec-
essary if we are about to experience light field 3D television showing real people and
natural scenes, or realistic 3D video conferencing with real eye-contact.

In order to provide the required realism, light field displays aim to provide a wide field of
view (up to 180°), while reproducing up to ~80 MPixels nowadays. Building gigapixel
light field displays is realistic in the next few years. Likewise, capturing live light fields
involves using many synchronized cameras that cover the same display wide field of
view and provide the same high pixel count. Therefore, light field capture and content
creation has to be well optimized with respect to the targeted display technologies. Two
major challenges in this process are addressed in this dissertation.

The first challenge is how to characterize the display in terms of its capabilities to cre-
ate light fields, that is how to profile the display in question. In clearer terms this boils
down to finding the equivalent spatial resolution, which is similar to the screen resolu-
tion of 2D displays, and angular resolution, which describes the smallest angle, the
color of which the display can control individually. Light field is formalized as 4D ap-
proximation of the plenoptic function in terms of geometrical optics through spatially-
localized and angularly-directed light rays in the so-called ray space. Plenoptic Sam-



pling Theory provides the required conditions to sample and reconstruct light fields.
Subsequently, light field displays can be characterized in the Fourier domain by the
effective display bandwidth they support. In the thesis, a methodology for display-
specific light field analysis is proposed. It regards the display as a signal processing
channel and analyses it as such in spectral domain. As a result, one is able to derive
the display throughput (i.e. the display bandwidth) and, subsequently, the optimal cam-
era configuration to efficiently capture and filter light fields before displaying them.

While the geometrical topology of optical light sources in projection-based light field
displays can be used to theoretically derive display bandwidth, and its spatial and an-
gular resolution, in many cases this topology is not available to the user. Furthermore,
there are many implementation details which cause the display to deviate from its theo-
retical model. In such cases, profiling light field displays in terms of spatial and angular
resolution has to be done by measurements. Measurement methods that involve the
display showing specific test patterns, which are then captured by a single static or
moving camera, are proposed in the thesis. Determining the effective spatial and angu-
lar resolution of a light field display is then based on an automated analysis of the cap-
tured images, as they are reproduced by the display, in the frequency domain. The
analysis reveals the empirical limits of the display in terms of pass-band both in the
spatial and angular dimension. Furthermore, the spatial resolution measurements are
validated by subjective tests confirming that the results are in line with the smallest
features human observers can perceive on the same display. The resolution values
obtained can be used to design the optimal capture setup for the display in question.

The second challenge is related with the massive number of views and pixels captured
that have to be transmitted to the display. It clearly requires effective and efficient com-
pression techniques to fit in the bandwidth available, as an uncompressed representa-
tion of such a super-multiview video could easily consume ~20 gigabits per second
with today’' s displays. Due to the high

and rendered, distributed systems are necessary for both capturing and rendering the
light field. During the first attempts to implement real-time light field capturing, trans-
mission and rendering using a brute force approach, limitations became apparent. Still,
due to the best possible image quality achievable with dense multi-camera light field
capturing and light ray interpolation, this approach was chosen as the basis of further
work, despite the massive amount of bandwidth needed. Decompression of all camera
images in all rendering nodes, however, is prohibitively time consuming and is not
scalable. After analyzing the light field interpolation process and the data-access pat-
terns typical in a distributed light field rendering system, an approach to reduce the
amount of data required in the rendering nodes has been proposed. This approach, on
the other hand, requires rectangular parts (typically vertical bars in case of a Horizontal

number



Parallax Only light field display) of the captured images to be available in the rendering
nodes, which might be exploited to reduce the time spent with decompression of video
streams. However, partial decoding is not readily supported by common image / video
codecs. In the thesis, approaches aimed at achieving partial decoding are proposed for
H.264, HEVC, JPEG and JPEG2000 and the results are compared.

The results of the thesis on display profiling facilitate the design of optimal camera set-
ups for capturing scenes to be reproduced on 3D light field displays. The developed
super-multiview content encoding also facilitates light field rendering in real-time. This
makes live light field transmission and real-time teleconferencing possible in a scalable
way, using any number of cameras, and at the spatial and angular resolution the dis-
play actually needs for achieving a compelling visual experience.
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1 Introduction

Displays are the primary means for human-machine, and increasingly remote interpersonal
communication. While other channels that address human senses such as audio, tactile, or olfacto-
ry are also available [1], visual information is the richest in terms of information content, and also
the one that requires the widest bandwidth when stored or transmitted. This makes displays and
associated visual technologies highly relevant for businesses as well as in everyday life.

Most displays used today show a 2D projection of real or virtual scenes. As human observers are
exposed to different kinds of 2D representations of the real 3D world at an early age, the
association and transfer of 3D to 2D and vice versa are learnt at early ages [2]. However this
association is not natural, which is especially apparent when understanding complex spatial
scenarios [3], interacting with the content [4], or when using displays as a means to facilitate
interpersonal communication [5]. The transformation involved while capturing 3D scenes with a
camera discards one dimension by projecting all 3D points to their 2D representation on the screen.

3D displays aim to represent visual scenes in their natural three dimensions; scenes appear as
popping out from a screen, behind a screen, or both [6]. This is possible if the display can address
at least the stereopsis [7], i.e. the ability of the human visual system to fuse two different-
perspective images, causing retinal disparity, aka binocular visual cue. There are several display
techniques for showing 3D imagery, with different levels of implemenation complexity and
information content, aimed at reproducing the binocular visual cue. The most well-known types of
3D displays (see [I] for an overview) include stereoscopic displays [8] and multiview
autostereoscopic displays [9]. However, these displays fail to reproduce other visual cues such as
focus and continuous parallax. Therefore, more advanced 3D displays, such as volumetric displays
[10], light field displays [6] and holographic displays [11][12][13] have been attempted. Among
these [14], light field displays are perhaps the most interesting ones as they aim to reproduce the
light as it naturally is, i.e. in terms of dense bunches of rays with different locations and directions.
As such, they provide impressive image quality over a large field of view and depth of field without
3D glasses [7], and are also available commercially [15].



1.1 Objectives of Research

The topics discussed in this thesis target enabling light field displays to show real-live 3D content,
captured with cameras, reproducing the diversity of real scenes, including realistic, live people;
surfaces with real specular reflections, anisotropic effects, transparency, atmospheric effects,
subsurface scattering, and other phenomena that occur in the real world, but not so much in
synthetic, rendered scenes. The long term goal of this research is to enable light field displays to
be used as the future 3DTVs, and to enable high-end use cases like real 3D videoconferencing
[16][17]. These use cases can only be served if live content can be captured, transmitted, and
rendered.

Advancing light field displays goes through the formalization of the light field as a multi-dimensional
function which describes the light formation, propagation and perception. For the displays under
guestion, light is modeled in terms of geometrical optics. That is, each light ray is parameterized by
its location and direction. A thorough model is needed to understand how light field displays gen-
erate fields of light. Such a model should facilitate the design and optimization of such displays and
formalize the content creation for them. It would be instrumental, if such a model is developed in
signal processing terms, that is, regarding the display as a signal processing channel, which gets
light generators as an input and generates continuous light field at the output.

Capturing real light fields generally requires multi-camera rigs [18] that capture the scene from the
necessary number of viewpoints, covering the necessary viewing angle, with the resolution, field of
view, and frame rate sufficient for the targeted display. In formal terms, such camera rigs are re-
garded as samplers of the continuous light field function, which then has to be processed digitally
for proper driving of the target display. However, in case of many 3D displays, projection-based
light-field displays included, the number of necessary viewpoints, the angle between adjacent
views, and even the equivalent resolution are not known. This is because the screen does not
have an explicit pixel structure [19]. Instead, it is formed by a set of light generators originating
from many projectors in a complex optical setup, which includes a special screen which recom-
bines these light generators in continuously superimposed light beams, eventually forming the de-
sired continuous-parallax light field [6]. Multi-camera setups for capturing content for 3D displays
are generally designed based on rule of thumb, or physical constraints of the cameras used [18][20]
[21]. To design a capture setup optimal for a given 3D display, the display first needs to be pro-
filed in terms of spatial and angular resolution and field of view, or more generally, in terms of
the bandwidth of the light field function it generates. Profiling projection-based light field displays
is therefore one objective of the research, followed by the design of optimal camera setups for a
known display.

Transmitting the captured light fields is challenging due to the sheer amount of information present
in such a light field video stream. As an example, the multi-view test sequences [22] provided by



Nagoya University for experimentation in MPEG consist of 80 video streams, each with 1280x960
pixel resolution, 30 frames per second, YUV4:2:0 color format, which account to 98 Mpixel for each
frame, or 5.89 Gigabytes of uncompressed image information per second. In comparison, a 4K
Ultra HD image in 2D, which is generally considered as state of the art at the time of writing,
consists of 8 Mpixels. While specialized hardware encoders are available to support video streams
of widely used formats, these generally target maximum 4K resolution, and 2D video streams.
While MPEG developed standards for multi-view video coding (H.264/MVC [23], 3D-HEVC [24],
MV-HEVC [24]), these generally consider one centralized encoder and decoder, and a single
bitstream containing the full video stream. A single centralized encoder or decoder for such high

resolution / many views is clearl y -timaapplieatonssare o p e

targeted. Therefore the objective is to find a suitable solution to encode / decode multiview video

streams of many views (referred to as super-multiview) on today’'s hardwar e,

the light field rendering process with live data.

1.2 Research Questions

This thesis addresses the following research questions:

* How can a light field display be modeled as a signhal processing channel assuming underly-
ing geometrical optics and multi-dimensional light field parameterization?

* How can light field displays be profiled in terms of display bandwidth, or equivalently, in
terms of spatial and angular resolution?

* How can an optimal capture setup be designed for a light field display with known parame-
ters?

 How can real-time encoding and decoding of captured light fields be supported on hard-
ware available today?

* How can the coding method feed the light field rendering process with data in real time?

The question of display profiling is addressed by considering the camera-display pair as a signal
processing channel, and analyzing the light field sampling by cameras and reproduction by the
display in the frequency domain.

The optimal camera setup for capturing light fields for display purposes builds on the parameters
either known at display design time, or acquired during the display profiling process. The question
of optimizing the camera setup is addressed from the perspective of ray space analysis, as well as
from analyzing the light field rendering process.

Runtime efficient encoding and decoding for high pixel count light fields consisting of many views is
approached by analyzing the peculiarities of the underlying light field function, its capturing and
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reconstruction, and how the contemporary codecs designed for encoding 3D content perform in the
targeted use case. Starting from the analysis of bottlenecks of an initial light field rendering and
capturing system, followed by a rendering system based on depth estimation and image+depth
based rendering, leads to the use of a light field interpolation system without estimated depth maps.
Then encoding methods designed to encode 3D video content are analyzed for suitability. Based
on this analysis, recommendations about how to use these codecs for the case under considera-
tion, and modifications to the codecs are proposed and implemented.

Feeding the light field rendering process with data in real time is supported by the decoder, and
thus very strongly connected to the previous question. The data flow in a typical light field render-
ing algorithm is analyzed, which allows exploiting the locality of data access. Based on this obser-
vation, two different architectures are proposed for runtime efficient light field decoding systems,
both of which are feasible on hardware available today.

1.3 Structure of the Dissertation

This dissertation consists of two parts. The first part introduces the problems, presents the state of
the art, and summarizes the approaches to solving these problems. The second part consists of
publications in their original form, which describe the solutions to the described problems in full
detail and present the obtained scientific results.

Section 2 introduces light fields, 3D displays, highlighting some implementations, as well as a his-
torical retrospection on 3D displays. Light field displays, the choice of display technology for the
presented work are introduced in detail, followed by a discussion about the limitations of 3D dis-
plays. 3D video representations and codecs are introduced, and the connection between display
guantification and content creation is established.

Section 3 describes methods for light field display profiling. It first presents state of the art in dis-

play quantification, models |light field dianplay’
analytical evaluation of camera-display relation, followed by the novel objective and subjective
measurement methods for spatial and angular resolution measurement.

Section 4 describes the aspects of 3D video compression and light-field processing for light field
displays, followed by the challenges and proposed solutions for the compression / decompression
methods for light field video storage and transmission.

Section 5 concludes the dissertation by explaining the contribution of the papers in the second part
of the dissertation and identifies topics for further research.



2 Preliminaries

2.1 Basics of Light Field

2.1.1 The Plenoptic Function

The intensity of light rays in 3D space can be described by the plenoptic function [25]. It is a 7D

function in the general form L =P(Xx,vy,z, 6 , @), where (X, % z) is a ray location in 3D space, (6 ,

@) describe its direction, t i s Figurenig Whilathiglconkin-i s t h
uous function provides a full description of an arbitrary, time varying light field in 3D space, it is

difficult to maintain in its seven dimensions. Therefore, it is usually simplified to a smaller number

of dimensions and discretized for practicality.
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Figure 1. Parameters of the plenoptic function
2.1.2 Two-Plane Parameterization

One common simplification is the 4D parameterization which describes a static, grayscale light
field between two parallel planes. This can be described by a two-plane parameterization (x, vy, s, t),
where (X, y) describe the coordinates of a hit point on one plane, and (s ,t) describe the hit point on
a parallel plane (see Figure 2, left). The other common description with just one plane is (x, y, 0 , Q) .,



where (X, y) describe the coordinates of a hit point on the plane, while (6, ¢) descr i
of the light ray (see Figure 2, right).
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Figure 2. Left: two-plane parameterization. Right: hit point + angle parameterization

When working with displays which provide horizontal parallax only (HPO) one can omit one pa-
rameter from the 4D parameterization, so that the vertical direction of light rays is not taken into
account. On the other hand, the displays emit colored RGB images, which can be described by
three single-channel light fields. Also, as the display screen is updated with video frame rates (for
example, 30 frames per second), discretized time is needed to describe an animated, colored HPO
light field.

The position of two parallel planes can be chosen depending on the application. Two such posi-
tions, where the distances between parameterizing planes is taken as a unit, are given in Figure 3.
According to the figure, the propagation of light rays through space can be mathematically ex-
pressed as [26][19]

202D = (D= 13 LD (1)
A0 = = T DR )

with L, and L. referring to LFs on plane position 1 and plane position 2, respectively, and d being
the distance between the plane positions along the z axis. As can be seen from Eq. (2), when con-
sidering propagation of light rays in plane and direction representation, the relation between pa-
rameters on both planes is not strictly linear. However, for small angles, this nonlinearity can be
ignored.
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Figure 3. Light ray (r) propagation through space (representation on two planes)
2.1.3 Light Field Capture

To support capturing, processing, and the subsequent reconstruction of light fields using digital
computers, the LF function needs to be sampled in all dimensions. However, sampling individual
light rays in 3D space is impractical. In practice, spatial and directional sampling happens when
capturing the light field with cameras of finite number and resolution. Considering a camera ar-
rangement of equidistant cameras laid out on a row, with parallel camera axes, the following can
be observed. For simplicity, a pinhole camera model [27] is used. The captured light rays cross the
camera plane at a low number of positions — equal to the number of cameras used. No samples
are taken between the cameras. As for the angles, each camera takes samples on a grid of hori-
zontal and vertical samples determined by the optics in front of the image sensor. The number of
samples captured by each camera is determined by the number of pixels captured by the sensor
(for simplicity, the approximation of wavelength by RGB color representation [28], as well as the
effects of Bayer coding [29] for capturing color images are disregarded). The arrangement of equi-
distant cameras can be regarded as a practical implementation of the two-plane LF parameteriza-
tion, where camera sensors are placed on one of the planes and are focused on the other, thus
forming camera and image planes. Figure 4 illustrates the camera arrangement for the case of
HPO.

The number of times each light ray is sampled depends on the frame rate of the cameras. To en-
sure that samples represent the state of the light field at the same time, or in other words, are tak-
en at the same time is ensured in two ways. To ensure samples captured by one camera are taken
at the same time, a camera with a global shutter [30] (as opposed to a rolling shutter) should be
used. To ensure that cameras constituting the camera array capture the same time, cameras with
a trigger input and a synchronized trigger signal [30] should be used. Due to mechanical impreci-
sion, a multi-camera array mounted on a rig does not represent precisely equidistant and parallel
cameras. Moreover, camera lenses, even of the same type, do not have the exact same geometry,
or may suffer from other manufacturing tolerances (i.e. off-center, tilted).



Ax

Figure 4. Equidistant cameras along plane (line) x focused on plane (line s). Sampling is introduced by
the distance between cameras (baseline) and camera pixel resolution.

Individual cameras are typically described by intrinsic camera parameters [31][32], which consist of
principal point, focal length, and parameters of a suitable lens model. Commonly used lens models
are the OpenCV lens model [33] for narrow angle cameras and the OCAM lens model for wide
angle cameras [34]. The position and orientation of cameras with respect to each other (or a des-
ignated reference camera) is described by the extrinsic camera parameters, which is typically de-
scribed by a translation vector and rotation matrix for each camera. Intrinsic and extrinsic camera
parameters of real cameras are typically determined by camera calibration algorithms [31][32][34]
that estimate these parameters based on capturing patterns of known geometry.

Cameras also have differences in terms of capturing colors faithfully; small differences in terms of
intensity / color may exist between the images showing the exact same scene by two different
cameras. The color reproduction of cameras can also be calibrated [35], and the calibration infor-
mation used to compensate for the differences before or during the rendering process.

Some better known camera arrays for light field capturing include the Stanford camera array [18],
the Nagoya camera array [20], and the successive Light Stage rigs [36][37].

Light fields may also be constructed based on images captured by an array of cameras arranged
on a different shape than a line or 2D array. Cameras may also be arranged on an arc around the
scene, or - in case of small, static scenes - can be captured using a turntable and a single camera
[39].

2.1.4 Epipolar Images

Epipolar geometry [40] describes the relationship between two images showing the same scene,
as captured from two different viewpoints. An epipolar line of one camera consists of a set of points
directly in | ine wdentdn—dsh eonsequenceral these poimts are pajected



to a single pixel in the image captured by this camera. The other camera on the other hand cap-
tures this line as a line in 2D image space.

Epipolar Plane Images (EPIs) of a scene captured by a horizontal multiview camera can be con-
structed by stacking 2D images representing the same scene at the same time to form a 3D vol-
ume (see Figure 5), and re-slicing the volume so that one axis represents the horizontal (X) coor-
dinate of the image, while the other axis represents the horizontal position of the camera (see Fig-
ure 6).

Z=90
(No. views)

Y=768
(Height)

(Width)

Figure 5. Image stack representing the same scene from multiple viewpoints (EPI volume)

Z=768/

Y=90 $
(No. views)

X=1280
(Width)

Figure 6. Epipolar images after reslicing the epipolar volume along the number of views.

The slanted lines typically visible on EPI represent the same object point, as it moves sideways on
the image when captured from different viewpoints. The angle of the slanted line thus corresponds
to the distance of the point from the camera.
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EPIs are instrumental for analyzing and processing light fields as they represent the information
carried by directional rays in the structured forms of slanted (sheared) lines and wider stripes, rep-
resenting objects at different depths. EPIs also have a direct interpretation in terms of the LF two-
plane parameterization, as they can be regarded as rearranging the light rays on the x-s coordinate
system.

2.1.5 Use Cases of Light Fields

While this thesis considers light fields as an input to 3D displays, light fields have been used for
many different purposes, including refocusing, relighting, or synthetic aperture imaging.

Refocusing involves changing the focal plane of the captured image, after the image was captured
[41]. In terms of LF representation this would mean changing the position of the focus plane which
is equivalent to shearing the EPI changing the slopes of the corresponding epipolar lines.

Relighting means rendering images showing a real object as it was lit by a set of arbitrary light
sources, based on image samples that capture the object illuminated by known and controlled light
probes [37]. Relighting would involve geometrical and CG models along the LF primitives.

Synthetic aperture imaging / focusing means generating an image that shows a part of the scene
that is partially occluded from all captured views [38].

Camera arrays are also used for artistic reasons to implement time slice / bullet time effects, where
a scene is shown from adjacent viewpoints wh

2.2 3D Perception in the Human Visual System

The human visual system (HVS) uses several mechanisms to understand the spatial relations of
real world objects, resulting in the perception of depth. The most important visual depth cues
[42][43] used by the HVS are binocular disparity, motion parallax, vergence and accommodation,
and pictorial cues [44][45]. The brain area called anterior intraparietal cortex (AIP), integrates all
visual cues into a consistent perception of depth.

Binocular disparity is the difference of the position of object points when projected onto the left and
right retinas. The amount of horizontal difference depends on the distance of the object, which is
then reconstructed by the HVS by matching the feature points and estimating their distance.
Please note that depth estimation algorithms based on stereoscopic cameras attempt to perform
the same matching of features and estimation of their distance based on their disparity [46]. This
visual cue is considered the most important one, thus stereoscopic display systems aim to repro-
duce this visual cue by showing two different images captured from two different positions.
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Motion parallax is the effect when objects closer to the viewer appear to move faster than objects
further away, when the viewer is moving. This is a monocular cue, that is, it can be observed with
just one eye, as it can be observed with many animals not having stereo vision due to the position-
ing of their eyes [47]. Motion parallax is typically observed due to larger movements of the body
and the head, though it has been reported that humans also use unconscious micro head move-
ments to repeatedly check the consistency of the mental 3D model [48]. The computer vision tech-
nique called Structure From Motion [49] (SFM) attempts to mimic this mechanism of the HVS.

Vergence and accommodation are two corresponding oculomotor functions related to depth per-
ception. Vergence is the simultaneous rotation of both eyes in opposite directions, so that the ob-
ject of interest is projected to the center of the retina in both eyes. When looking at close objects,
the eyes rotate towards each other (called convergence); when looking at an object further away,
the eyes rotate away from each other (called divergence). Accommodation is the focusing of the
eye’s |l ens to the object of i nt erRetmdl hluristhe ptinfary t
effect t hat contr ol s [14h ¥ergengeeahdsaccantmodatimiypically uookn
together to provide sharp and high-resolution images, as well as depth information to the HVS.
However, when using artificial means to reproduce depth perception (such as 3D glasses), the
synchronization between vergence and accommodation is usually broken due to the screen not
being in the depth where the represented object appears to be [50].

Pictorial cues [51], such as occlusion, perspective, relative size, depth from defocus, pattern scal-
ing, shadows, and atmospheric effects are monocular depth cues that are often connected to
learned experiences. The advantage of pictorial cues is that most of them work for any distance,
thus the HVS typically relies on them when the primary depth cues do not work sufficiently due to
the large distance.

As both binocular disparity and motion parallax occur mostly in horizontal direction - due to the
eye’ s hor i zo mtaadthe grimarity lhaizomtahmovement of people — most 3D displays

do not even attempt to reproduce vertical par al

notice missing vertical parallax unless the content provokes them to move vertically.

2.3 3D Displays

The common purpose of 3D displays is to visualize real world or virtual spatial objects or scenes as
they would appear in reality. All 3D displays aim to reproduce the plenoptic function as precisely as
possible. The quality of approximation heavily depends on the 3D display technology used [52]. As
humans observe the real world via two eyes, the only way to achieve such an illusion is to show
different perspectives to the two eyes, as well as to reproduce other visual cues that make up the
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full 3D illusion such as focus cues (being abletofocus on obj ect s
parallax (being able to see the scene as it changes from different perspectives).

flying’ i n

Showing different images to the two eyes can either be achieved by showing two different images
directly to the eyes, or by creating a surface that has different appearance when observed from
different directions (such as parallax barrier based, lenticular lens based, light field or holographic
displays), or by presenting an object that really has a volume, and is able to show pixels (or voxels)
at different depths (so called volumetric displays).

A detailed overview of different 3D display technologies can be found in [1].

2.3.1 First Historical Attempts for Creating 3D Displays

As there have been several early attempts to crea
nologies, we present some of the early ones to show when and how they started, and how they
contributed to the 3D displays we know today.

The first attempt to create stereoscopic 3D displays date back to 1838 when Wheatstone created a
stereoscope [53] utilizing a pair of mirrors and two drawings depicting the same object from the left
eye’s and right eye’' s perspective. This simple ay
into seeing 3D objects by presenting two matching images of the same object. The Brewster
Stereoscope from 1849 (although not invented by Brewster himself) was a more compact unit that
allowed the creation of compact hand-held devices, and was demonstrated to a wide audience
during the Great Exhibition in 1851. The device was improved by Duboscq, and some 250,000
stereoscopes were manufactured in a short time. Between 1860 and 1930 stereoscopic
photographs were used extensively. The stereoscope also appeared as the method for showing
3D movies. In Friese-Gr eene’ s r@ds@petwasaused to fuse the images played back
from two films in the late 1890s. A more practical approach for 3D movies was to use anaglyph,
which was first demonstrated in 1915 by Porter [54]. The first publicly shown anaglyph movie was
presented in 1922 by Fairall [55]. The anaglyph method has been widely used since then, mostly in
low-cost use cases. Also in 1922 Hammond demonstrated the Teleview system [56] (see Figure 7),
which used alternating left-right frames projected from a pair of projectors, and an individual shutter
device for each viewer which was mounted on an adjustable gooseneck on each seat.
Stereoscopic displays are still in use today in Virtual and Augmented Reality glasses, 3D cinemas
and 3DTVs.
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MOVING PICTURE
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Figure 7. An illustration from a 1922 article about Teleview

Parallax barrier was the first feasible enabling technology to implement autosteroscopic imagery.
The left and right (or multiple) images are interleaved in a striped image, positioned behind a very
dense set of equidistant vertical barriers. The first known implementation (on paintings, see Figure
8) dates back to 1692 by G. A. Bois-Clair. The first known photograph-based parallax barrier
method appeared in 1903, when Frederick E. lves demonstrated the Parallax Stereogram [57].

Figure 8. Gaspar Antoine de Bois-Clair: Double Portrait of King Frederik IV and Queen Louise of Meck-
lenburg-Guistow of Denmark

Lenticular lens-based displays originate from early attempts to achieve 3D imaging using integral
lenses. The first well known implementation is from 1908 by Lippmann [58], who used small
spherical lenses (fly-eye lens array) to capture and reproduce imagery including both horizontal
and vertical parallax. The integral lens method was later simplified to a lenticular lens array in the

1920 s that can be used to r epxonty.urhiemeihodavgsaised wi t h
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mainly for advertising purposes from the 1960 s.
and manufacturing lenticular lens-based 3D pictures developed rapidly, and is still used today. This

is all, however, for static, printed 3D content only. Lenticular lenses can also be used in
combination with flat 2D screens to generate animated 3D imagery, which was first published in

1996 by van Berkel [59]. These displays are still in development and use today.

The origins of holography come from the work of Gabor from 1947, who worked on the
improvement of the resolution of electron microscopes [60]. While the resolution improvement of
electron microscopes was also achieved using different methods, the idea of holography triggered
follow-up research by others. Gabor was awarded the Nobel Prize in physics later in 1971. Initially
the depth of holograms was limited by the properties of the mercury vapour lamp technology used,
which was later superseded by lasers in the 1960s. Leith and Upatnieks presented the first laser-
based transmission holograms in 1964 [61]. The mass production of holograms was made possible
by Dr. Stephen A. Benton, who invented holography with white light transmission (rainbow
hologram), which enabled holograms to be seen in white light. While the development of static
holograms is an interesting topic in itself, researchers like Benton and Lloyd pushed holographic
techniques further, seeing moving 3D imagery (holographic TV / cinema, or interactive holograms)
as the end goal. To that end, Benton, Hilaire and Lucente implemented successive generations of
dynamic holographic systems based on electronic / computational holography, which calculate and
generate the hologram patterns by computational means [62]. Electro-holographic displays are still
an active area of research [63][64].

2.3.2 Stereoscopic, Volumetric and Autostereoscopic Displays

Stereoscopic displays [65] represent the most well-known technique for making 3D displays. In this
technique, two images with horizontal disparities between corresponding object points are shown
to the two eyes. Images with disparities, when projected on the eyes, generate retinal disparities,
which evoke the stereopsis visual cues and trick the brain that objects are at different depths. The
separation of two images shown at the same time to the right and left eye correspondingly can be
achieved in a multitude of ways. The most widespread one is based on polarized light, and
separation by polarization filters, placed in the glasses [8]. When used in cinemas, typically two
projectors are used, equipped with different polarizers [8]. When this technique is used in televi-
sions, polarization is performed on the screen surface, applying different polarization on alternating
rows of pixels [66]. A different approach involves showing images for the left and right eyes
alternating rapidly, and covering the eye which is not supposed to see the image being presented,
using active glasses [66]. Two displays, a beamsplitter, and stereo glasses can also be used to
implement desktop 3D displays [67][68].

In the case of a single user, it is possible to use two displays in front of the eyes, mounted on some
kind of headwear, so that the di s p[69 Sushdisplaysaaret og et
known as Head Mounted Displays (HMD). HMDs either occlude the vision of the viewer completely
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[70], or superimpose a virtual image on top of the real image [71][72]. HMDs track head
movements, which enables virtual- or augmented reality applications [73]. Recently mobile phone
displays are used with extra lenses as HMDs [74].

Volumetric displays [10][75] reproduce 3D imagery by making up a volume inside which voxels
emit light. This can be achieved by having multiple light emitting layers. A typical implementation
involves a rotating screen onto which a rotating projector projects images corresponding to the
angle [10]. Instead of using moving layers, one can use multiple layers [76]. Another typical
implementation includes a matrix of light emitting devices which rapidly rotate or oscillate in a given
space [77]. A solution that does not involve time multiplexing is made up of several physical layers,
each layer being a display panel with light emitting pixels [78].

Displays that have a flat screen, yet able to produce an image with 3D appearance without the
user wearing any kind of apparatus in front of their eyes are referred to as autostereoscopic
displays [79]. These displays can create a 3D image by means of direction selective light emission,
which means that each pixel can have a different appearance based on the direction they are
observed from. Autostereoscopic displays mainly reproduce stereopsis by generating a number of
perspective views. In these displays continuous parallax is rather limited due to the limited number
of views. Parallax barriers [80] are one example of autostereoscopic displays. These can be
implemented by a fixed set of slits, as well as by means of a dual layer LCD, the upper layer of
which forms the barrier when activated [81]. The latter solution allows the barrier to be active or
inactive, enabling the same display to be used as 2D display. Parallax barriers are typically used to
create two views, dominantly in mobile devices. Lenticular lenses used in conjunction with a flat
display enable the creation of 3D pixels, by each lenslet covering multiple pixels of the underlying
display [9]. Such a lenslet allows the viewer to see the color of different underlying pixels, based on
the viewing direction. Lenticular lens based displays typically support more than two views to
enable motion parallax. This is the technique used in most desktop autostereoscopic displays.

2.3.3 Light Field Displays

Light field displays show a very dense set of different directional light rays. Projection-based light
field displays [6][82][83] generate these light rays by means of multi-projection. A dense horizontal
array of projection modules project light towards a common screen, to the same area (see Figure
9), but from different directions, typically from behind (so called back-projected displays). The pro-
jector plane and the screen plane can be well described by the two-plane parameterization of light
fields, though only one angle is reproduced, as projection-based light field displays typically repro-
duce the horizontal parallax only (HPO). As such, these displays reproduce (x, y) positions on the
screen plane, one angle in the horizontal direction (B), time (t), and color (A) with an RGB
approximation.
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The screen enables the projected light rays to pass through without changing their direction, apply-
ing only minor horizontal diffusion. This diffusion can be considered as a discrete-to-continuous
transformation of the light rays emitted by a finite number of light sources, transforming them into a
continuous and homogeneous image. Using this setup, each point on the screen can emit different
intensity or color to the different directions. Viewers on the other side of the screen can observe a
subset of the emitted light rays by each eye, making up a stereoscopic view. Viewers moving
sideways will see motion parallax, as they will see different light rays emitted from the same screen
positions. The light rays emitted from the screen can be described by the hit point + angle parame-
trization. The light field display can be considered as a digital to analog converter that converts the
sampled representation of the light field into an approximation of a continuous light field that was
originally captured.

An alternative configuration is front-projected, in which case the projection modules are on the
same side as the viewers, and the holographic screen is replaced with a reflective holographic
screen.

Light ray generators

Holographic
screen

Observer 2
Observer 1

Figure 9. Light field display architecture

The main advantage of light field displays is scalability in terms of pixel count, screen size, field of
view and angular resolution, thanks to the distributed nature of the projection modules that serve
as the source of light rays. Due to this arrangement it is possible to create 3D displays with 100+
MPixels (million light rays), close to 180 degrees Field Of View, or sub-degree angular resolution,
which are all difficult to achieve by means of flat panel based autostereoscopic displays. The num-
ber of projection modules is typically 24 to 80, have VGA to HD resolution, and updated with up to
60 frames per second. Those light rays emitted by projection modules on the sides of the setup,
which could otherwise not reach the screen can be reused by means of side mirrors, which turn
them back towards the screen. This technique also increases the Field of View of the display.
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Along with binocularity, light field displays can potentially recreate the motion parallax cue and the
focus cue, as a sufficiently dense set of rays can be rendered.

It is important to note that light field displays do not track viewers to update the image according to
their position, as the whole light field is projected all the time. As a consequence, no latency is in-
volved when viewers observe different parts of the image, but this also means that the whole light
field has to be rendered every frame.

The complexity of light field displays and especially the number of light rays controlled simultane-
ously necessitate a distributed control and rendering system. This is typically implemented by us-
ing a number of GPU-equipped computers. In such a setup, each GPU output is responsible for a
projection module, rendering one slice (as opposed to one view) of the complete light field. The
computers (rendering nodes) are connected using a high-speed network. The display is typically
controlled from a user computer that feeds the display with rendering commands. The software
running on the rendering cluster allows running arbitrary rendering algorithms and synchronized
update of the light field.

As the projection modules and the screen may not be precisely positioned according to the optimal
placement, slight misalignments may occur. These are compensated by means of display calibra-
tion [84], which determines the precise mapping between the pixels of the projection modules and
the light rays emitted from the screen. A separate color / intensity calibration step measures the
slight differences between projection modules. Geometry and color calibration data are used dur-
ing the rendering process to ensure the precise reproduction of the desired light field. Further de-
tails on projection-based light field displays are described in [6].

Light field displays reproduce all depth cues to some extent. Binocular disparity is reproduced for
objects in the depth range. Motion parallax is reproduced in the horizontal direction, within the FOV
of the display, with a given angular resolution. The vergence-accommodation conflict observed in
stereoscopic displays is much reduced with light-field displays [85]. Pictorial cues depend on the
way content is captured or rendered, and generally can be well reproduced.

2.3.4 Other 3D Display Technologies that may Benefit from the Presented Results

Today many companies and research labs work towards solving the challenge of creating the
perfect 3D experience. While these efforts follow different approaches for implementing the display,
the challenges associated with showing live 3D imagery on these displays are inherently the same.

Most display technologies (except stereoscopic ones) can benefit from the work related to spatial
and angular resolution measurement presented in this dissertation for both content creation and to
facilitate objective comparison of the capabilities of different displays. Those with high pixel count
can benefit from distributed rendering, and utilize the results related to 3D video encoding and
decoding to support the transmission and visualization of live 3D imagery.
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Voxiebox / Voxon VX1 [86] is a volumetric display that shows 500 million points per second into an
enclosed 3D volume using high-speed projection technology and a reciprocating screen. A
volumetric display can be modelled in ray space as multiple (time multiplexed) emitting planes,

which emit light to all directions. As such, considering the plenoptic function P(x, y, z, 8 , ©), thet

parameters (X, y) are positions on the reciprocating screen, z is the position of the screen at a
given time instant t (considering the high frequency of the moving screen), light is emitted to all
directions (8 , ), t¢considering the progression of time when showing animated scenes) represents
time,and A i s constant withasinglecolar.rTheg Vexon \IXh thus creates a four-

parameter approxi mat i on xpyfz t}. fransmissiom and processing bflive c t i o n

3D data is definitely an issue for suchi[88::i s‘plhae s,

biggest constraint is really the huge volume of volumetric data (full 360 degrees) in a full game of

soccer . I f someone capt ur i nnghthattdata and created austrearh thdt ¢
could be displayed inreal-t i me , t hen | have no doubt we coul d

Also, there is no known work that addresses the measurement of effective resolution of a
volumetric display — all we know is the total pixel count, like in the case of most 3D displays.
Therefore both issues addressed in this work are also relevant for state-of-the art volumetric
displays.

Ostendo Technologies proposed the Quantum Photonic Imager (QPI) [88], which, thanks to its
high brightness, power efficiency and compact size, can be used to create light field images. To
create larger format displays, many QPIs need to be tiled together, as demonstrated by the
company using a 4x2 array. This indicates that processing high number of pixels in a distributed
way will be necessary, once the technology matures, and will be used for showing live imagery.
Also, being a light field display, there is no methodology to quantify spatial or angular resolution.

The near-eye light field display [89] from Nvidia and Stanford provides light field displaying

capabilities using microlenses over two OLED
effectively works as an integral imaging / light field display, both the resolution measurement and

video content compressi on t ec h rpragicakapplicatipns Wil ne-

cessitate manufacturing larger microdisplays with smaller pixel pitches, enabling wide fields of view

and high resolutions, r e sogueecptodustientgrade,neai-eyedliight faeld

displays, the pixel count involved is expected to increase dramatically.

Compressive light field displays [90] generalize the idea behind parallax barrier, but instead of one
fixed barrier, they use multiple LCD layers and a directional backlight to emit light. The image is
then formulated by optimizing the image layers using nonnegative tensor factorization in a way that
the resulting light field is as close to the desired light field as possible. These displays effectively do
compression of the content in optics, and thus the range of images that can be displayed is limited.
Measuring the effective spatial and angular resolution of these displays is especially interesting, as
it does not only depend on the physical properties of the display elements, but also the
factorization algorithm used (approximate or exact, and the quality of the approximation). On the
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content compression side, one may think that the optical compression inherent to compressive
displays is efficient enough in order not to need any further compression. However, the
compression that happens inside these displays is highly display dependant. In a future content
distribution system a display independent compression solution needs to be used, with subsequent
conversion to display specific representations. Super-multiview video is a good candidate for
fulfilling all these requirements.

Both near-eye and compressive light field displays reproduce (X, y) positions from the plenoptic
function, as well as two directions (horizontal and vertical: 8 , ), time (t), and color (A) with an RGB
approximation.

2.3.5 Choice of Display Technology

The display technology of choice for the following discussion is projection-based light field type.
Light field displays provide one of the highest quality 3D imagery without glasses. Due to the in-
herent scalability of the technology due to projection, displays of arbitrary size can be implemented,
which has already been proven in displays with screen diagonalsr angi ng from 10" t o
image resolution, field of view, angular resolution, frame rate are also scalable depending on the
capabilities and the number of imaging components used. Projection-based light field displays are
the clearest form for light field displays. Though they can reproduce the plenoptic function up to
five parameters (X, y, 6, t, A), thus ignoring vertical parallax, all the other parameters can be
reproduced with almost arbitrary granularity. Missing vertical parallax is typically not recognized by
viewers, due to the horizontal displacement of human eyes, as well as the typical motion of viewers
is horizontal, thus horizontal motion parallax is more important for subjective quality [91].

With these properties in mind, projection-based light field displays are expected to be one of the
most important technologies in the field of high-end 3D visualization, and as such, research target-
ing the enhancement of these displays is beneficial on the long run. On the other hand, contrary to
very well understood technologies like stereoscopic 3D based on glasses, there are several chal-
lenges to be solved, partly due to the unusual image formation, partly due to the number of pixels /
light-rays making up the 3D image, which necessitates a distributed rendering system in most cas-
es. The work presented targets solving some of these challenges.

2.4 Limitations of 3D Displays

The amount of visual information available in the real world is unlimited, made up of light rays
propagating from continuous locations to an infinite number of directions, changing during all time
instants, and of different wavelengths on a continuous scale. This infinite set of light rays is best
described by the plenoptic function, as introduced in Section 2.1.
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All displays target some approximation of the plenoptic function up to a given number of dimen-
sions, extent and discretization. In general, the more precise the approximation is, the displays is
deemed to provide a more faithful representation of reality.

2D displays generally reproduce light rays for a range of discretized positions in space (modeled
by a regular 2D matrix of pixels), with a subset of wavelengths visible to the human eye (modeled
by several color channels and discretized intensities on each channel) with discretized time (repre-
sented by the refresh rate of the display), and with no reproduction of directional light (see Figure

10).
A

Same color =

e

Figure 10. A 2D display reproduces pixels along (x,y), with color (A) along time (t)

Autostereoscopic 3D displays reproduce binocular parallax by mimicking the different appearance
of the same scene when observed from different directions, that is, by means of direction selective
light emission, up to a certain viewing angle and a certain discretization of directions (characterized

by angular resolution), see Figure 11.
AVAVAR!

y Ayl A
Figure 11. A multiview autostereoscopic display reproduces pixels along (x,y), with view dependent
color (A) along time (t)

Assuming that we have a display device capable of emitting a given number of pixels / light rays
with a given frequency, those light rays can be exploited in a multitude of ways (setting aside color
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reproduction for the moment). The simplest trade-off is between horizontal (X) and vertical (Y) res-
olution (number of pixels) along a flat display surface having X*Y pixels in total. A more complex
trade-off is when N pixels can be grouped together to form a 3D pixel (that is, a pixel that has dif-
ferent appearance when observed from different directions), in which case the number of 3D pixels
we may reproduce will be the number of 2D pixels / N. These N directional (sub)pixels can then be
used for reproducing horizontal directions, vertical directions or both. Assuming that our display
reproduces only horizontal directions, we may choose to represent N directions over a wide Field
Of View resulting in low angular resolution between views, or over a narrow Field Of View resulting
in higher angular resolution but narrower viewing angle (see Figure 12).

FoV

Figure 12. Left: wide field of view with coarse angular resolution. Right: narrow field of view with fine
angular resolution, using the same number of views

I't’s also possible to have both: r e pidedrield @f/iew
is another possible trade-off, which on one hand results in high angular resolution and wide field of
view, but on the other hand the field of view will contain repeating visual information, resulting in
invalid zones in the viewing zone. In case we have pixels that can be controlled with very high
speed, the display may resort to time multiplexing, in which case one pixel is reused several times
to create (seemingly) different pixels, without compromising image quality in a major way. Going
further, one may trade off color depth or the number of color channels for refresh rate, in case the
total bandwidth of some component of the system is a concern.

As the above examples show, the properties of the visible image cannot be described by a single
metric, and it is also quite difficult to find a group of metrics that can be equally well used for all the
different kinds of 3D displays. The metrics proposed in this thesis enable comparing 3D displays
using different technologies in terms of image reproduction capabilities.

The total number of controlled pixels with a refresh rate that is appropriate for the human eye may
be considered to be in line with the expected image quality, but the way these pixels are distributed
over the 3D image can have a major effect on the perceived quality and usability of the display.

On top of the theoretical limitations due to the number of pixels, there are other, practical factors
that affect image quality. The contrast ratio, crosstalk between adjacent pixels, temporal crosstalk,
brightness, color gamut, color uniformity all affect perceived image quality in some way. The met-
rics currently used for the quantification of 2D and 3D displays [92] attempt to capture and quantify
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these properties, and relate them to the subjective quality of the imagery as it appears on the
screen.

2.5 3D Video Representations

Some 3D scene representations, which are generally considered to be suitable for rendering mul-
tiview or light field images are introduced in the following subsections. This list is not exhaustive, as
it targets the specific use case of representing real scenes, and targeting projection-based light
field displays.

2.5.1 Light Field Display-Specific Representation

The representation that is closest to the display hardware requires one image to be projected by
each projection module. This representation is highly display-specific, as one needs to take into
account display geometry (including projection modules, screen, and mirrors) to generate it. When
side mirrors are used to extend the display field of view, a projector image contains multiple sub-
images. It is possible to compress the images / videos corresponding to projector images directly,
which makes real-time playback of pre-processed light field videos possible.

A direct method to generate projector images directly is ray tracing, when a computer renders ex-
actly those light rays that are needed for the display [93]. This results in the highest possible quality,
with no ray interpolation taking place anywhere in the image generation process (provided that
display calibration data is taken into account in the rendering process). The downsides of this
method are: it is only applicable for synthetic scenes, as the necessary light rays cannot be cap-
tured by practical cameras available today; the generated images are highly display dependant; no
accelerated rasterization-based rendering techniques can be used for the synthetic content.

2.5.2 Image-Based Representations

In order to transmit and store content in a format that is generic to light field displays (as well as
other 3D displays), and to allow practical capture of both real and synthetic content, the represen-
tation typically used is a multi-view representation that shows the scene from many different view-
points. The viewing points may be arranged on a line, with cameras looking parallel, arranged on a
line with camera targets pointing to the center of the scene, or the cameras may form an arc
around the scene (see Figure 13). The number of cameras is typically matched with the number of
projection modules (plus virtual projection modules), and range between 32 and 128 in practical
cases.
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Figure 13. Left: Linear, parallel camera setup. Middle: Linear, converging camera setup. Right: circular /
arc camera setup

Image sets with the above configurations can either be rendered (any rendering tool is capable of
rendering such image sets with the right automation), or captured using an array of cameras. Once
the images are rendered / captured, using the correspondence between the capture cameras and
the parameters of the LF display, the matching between captured and reproduced light rays is cal-
culated, and light rays emitted by the display are interpolated from the captured light rays [39].
Compensation with calibration data on both the capture and display side (both geometry and color)
are necessary to reach high-quality reproduction of scenes. While the number of views to be stored
/ transmitted is high, resulting in significant bandwidth requirements, this dense light field represen-
tation is still the preferred one, due to its display independence, and the high visual fidelity that it
enables.

2.5.3 Image Plus Depth-Based Representations

Representations that store a 3D scene using image + depth representation are popular in the re-
search community, in the hope that having depth information helps synthesize new views quickly,
removing the burden of transmitting many views. While image+depth based representations com-
bined with high-quality view synthesis can provide good results [94][95][96] (see also Figure 14),
pure image-based representations have a wider range of applicability, and do not suffer from some
of the typical artifacts and limitations of image+depth based representations.

According to plenoptic sampling theory [98][99] there is a trade-off between the number of images
and depth map precision when targeting a constant reconstruction quality. That is, the same quality
can be achieved with a large number of images and pure ray interpolation, or a small number of
images and precise depth maps. This suggests that even a depth map with a few bits precision
can greatly enhance the reconstruction quality (see Figure 15), as it guides ray interpolation: depth
information suggests where the light rays shall cross each other, instead of assuming a single
depth plane [100].
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Figure 14. Left: four images with estimated depth maps. Right: four-camera rig from project MUSCADE
[97]. © Springer, reproduced with permission.
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Figure 15. In joint image and geometry space, there is a tradeoff between image samples and depth
layers for a given rendering quality

There are other approaches to synthetic view genece
pixel shifting or warping [101], back and forward projections [102], layered processing [103], or

other similar means to generate novel views by directly manipulating the pixels of the source views

based on depth information of the pixels, as opposed to considering the input images as a set of

known light rays.

The naive approach assumes thatthedept h map i s a perfect represen:
at the given pixel locations, which is typically not the case. In reality, depth maps suffer from sev-
eral issues, regardless of the means they have been captured / generated. Please note that we
use depth and disparity interchangeably (also later, where applicable), but this does not limit the
discussion due to the possibility to convert between the two. Estimated depth / disparity maps
based on stereo matching [104], depth maps measured with Time Of Flight (TOF) sensors [105],
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structured light [106], or the combination of these [107] all exhibit some form of artifacts, which
have a negative effect on all algorithms that rely on them as perfect input data. The only excep-
tions are synthetic depth maps generated by a rendering tool during the rendering process of the
images.

This is the reason why all advanced view synthesis algorithms start with simple view synthesis, but
then have to use heavy pre- and post-processing of the input data as well as the resulting views, in
an attempt to mitigate the most apparent artifacts that are caused by the errors contained in the
depth maps [108][109][110].

Some of the typical depth map errors include: depth incongruity on diffuse surfaces; unreliable
boundaries; temporal instability; limited depth resolution. Depth incongruity means that pixels that
are on the same depth do not have the same depth value. This typically manifests itself as depth
gradients on an object that has the same depth over its surface. It also happens between images,
that is, the same object is assigned a substantially different depth value in two adjacent views.
Unreliable boundaries result in flickering edges at depth discontinuities, even with objects that are
standing still. Averaged depth values between the foreground and the background depth layer can
also be observed in some cases, which is obviously not correct for any of them. Temporal instabil-
ity means that the same still object is changing its depth value in subsequent frames, sometimes
even dramatically.

If we consider the original (that is, as it was originally defined and used in computer graphics)
meaning of depth maps: Depth map is an image or image channel that contains information relat-
ing to the distance of the surfaces of scene objects from a viewpoint. Analyzing typical depth map
artifacts from this point of view, it is clear that typical depth map artifacts represent situations im-
possible in physical reality. Typical depth incongruities would mean walls and floors have huge
bumps in them, or are slanted to one or more directions. Unreliable boundaries would mean that
objects do not have well defined edges, skin of people as well as objects would be toothed. Depth
values that are averaged between a foreground person and background wall would mean that
some parts of the body would be floating somewhere behind the person, or people would melt into
the walls. Temporal instability would mean that walls and objects are constantly moving forward
and backward, as well as changing their shape with no reason. People would move forward meters
and then back in fractions of seconds. Input data that represents such impossible situations clearly
causes problems during view synthesis.

Even though the quality of depth maps as well as the visual quality of synthesized views based on
depth maps is getting better and better every year, the visual quality of most depth-map based
view synthesis algorithms so far is clearly insufficient for everyday use for non-professional viewers.
Some researchers argue that depth-map estimation is an ill-posed problem and should be avoided
altogether [111].
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Proponents of disparity-based pixel shifting and related methods claim that erroneous disparity
values can only occur if the algorithm that generated the disparity values found a correspondence
with another pixel of the same color on the same object, and therefore will only be used during the
rendering process for rendering that same object and same color, not causing any issues in the
output. The assumption here is that depth / disparity values are used only for view interpolation,
and not for view extrapolation. Wide-FOV light field displays on the other hand typically require
heavy view extrapolation when fed with typical narrow-baseline image+depth content [94], and in
such cases, the assumption breaks, resulting in disturbing view synthesis artifacts.

View extrapolation over the leftmost or rightmost camera poses another challenge, as unknown
parts of the scene will be revealed behind occluding objects. While this may occur with image in-
terpolation in a small scale, image extrapolation makes this appear on massive scale. Image
inpainting targets filling the unknown image areas with plausible content. Inpainting algorithms
[112][113][114] however achieve varying levels of success in filling the missing regions, and also
very complex computationally.

Image+depth based approaches also have difficulties representing scenes where depth values are
ambiguous or otherwise not well defined. Consider semi-transparent surfaces or mirroring surfaces,
non-transparent gases, fire or fog in a scene. While using multiple depth layers may solve some of
these challenges, they are clearly not generic enough to represent all kinds of natural scenes that
occur in the real world.

2.5.4 Geometry-Based Representations

Due to massive advances in computer graphics in recent years, scene representations that contain
geometry, texture, and other material information, light sources, animation, and other supporting
information are perfectly suited for computer-generated scenes [115].

There are efforts towards using the same or similar representations for live scenes [116][117], ar-
guing that images rendered by t oday’'s computer graphics algorit
guishable from real images. While this might be true, it is often overlooked that the issue of captur-
ing and converting real scenes to geometry-based representations is lagging far behind in terms of
visual realism [118][119]. Those synthetic scenes that are indistinguishable from real images are
created by computer graphics artists, using massive amount of manual labor and parameter tuning.

2.6 Image and Video Codecs

Image codecs are used to store or transmit images in a compact digital form, in order to reduce the
storage space / bandwidth necessary. Many image codecs have been used in the history of com-
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puters, both lossless (which reproduce the original image exactly) and lossy (which reproduce an
approximate image, typically targeting perceptual similarity).

2.6.1 JPEG and JPEG2000

In this work, JPEG and JPEG2000 image codecs are used, which have been both developed by
JPEG, the Joint Photographic Experts Group (ISO/IEC JTC 1/SC 29/WG 1). JPEG [120] is based
on block-based encoding, approximating the contents of each block (MCU, Minimum Coded Unit)
using perceptually similar content that can be represented in a compact digital form.

The image is first converted to YUV color space, to separate luminance from chrominance data.
The chrominance channels are subsampled (typically by 2), as the human visual system is less
sensitive to differences in color than intensity [121]. The color channels are then divided into 8x8
pixel MCUs. MCUs are first transformed to frequency domain using Discrete Cosine Transform
(DCT), followed by quantization of the resulting coefficients using a quantization table recommend-
ed by the JPEG standard. The quantization table is different for the luminance and chrominance
channels. The DC coefficients of each successive MCU are encoded separately using differential
encoding. AC coefficients are ordered using a zigzag scan pattern to maximize the number of suc-
cessive zero coefficients. Both DC and AC data is then encoded using Huffman encoding.

While JPEG is a still image codec, it is also used for encoding motion pictures (Motion-JPEG or
MJPEG), in which case individual frames are encoded as JPEG images.

JPEG2000 [122] uses wavelet transform to compress images more efficiently then JPEG. After
converting the image to YUV color space, the chrominance channels are usually subsampled. De-
pending on the codec’s configuration, t he whol e
transform. The wavelet transform is chosen from Cohen—-Daubechies—Feauveau (CDF) 9/7 wave-

let (in case of lossy coding) or CDF 5/3 wavelet in case of lossless (reversible) coding. The wavelet
coefficients are quantized according to the quality / bitrate trade-off defined for the codec. The co-
efficients represent sub-bands, which are further subdivided into rectangular regions in the wavelet

domain. The Embedded Block Coding with Optimal Truncation (EBCOT) scheme then orders coef-

ficient bit planes into three passes, ordered by significance. The bits resulting from this encoding

pass are subsequently encoded by an arithmetic encoder.

JPEG2000 is also used for encoding moving images, with frame-by-frame encoding. Both JPEG
and JPEG2000 support lossy and lossless encoding.

2.6.2 H.264 and HEVC

Due to the large amount of information contained in moving images (typically consisting of 25 to 30
images per second), there are several methods and standards for performing video compression,
which are used in practically all areas where moving pictures are stored or transmitted in a digital
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format. The most well-known video compression standards originate from MPEG, the Moving Pic-
ture Experts Group, which is an ISO/IEC working group tasked with the coding of moving pictures
and audio (ISO/IEC JTC 1/SC 29/WG 11). The successive video compression standards by MPEG
are all based on encoding blocks using approximate, but perceptually lossless techniques, and
block-based motion compensation. The successive standards improved the tools to enable more
and more compact representation of videos, at the price of more complexity during encoding and
decoding.

H.264 [123] first groups subsequent video frames into Groups Of Pictures (GOPs). Depending on
the GOP structure, some frames are encoded with no reference to other frames in the GOP (so
called I-frames), while other frames will be encoded based on reference frames and motion com-
pensation (so called P-frames when referencing one frame, or B-frames when referencing two
frames). In all cases, images are transformed to YUV color space, where luma channels are sub-
sampled. Images are subdivided into Macroblocks of 16x16 pixels. Macroblocks in I-frames are
estimated by several pre-defined prediction modes. Macroblocks in B and P frames are estimated
based on similarity with image areas in the reference image(s). This mechanism basically exploits
the fact that objects moving across the image have a similar appearance, thus image areas can be
reused in subsequent frames. The residuals, which represent the difference between the image to
be encoded and the approximation provided by all the prediction / motion compensation schemes
are transformed with DCT and quantized. The resulting coefficients are then ordered in a zigzag
pattern and encoded by using the Context-adaptive variable-length coding (CAVLC) entropy en-
coder.

HEVC [124], while follows a similar method as H.264, extended the coding tools in H.264 in sever-
al aspects. Coding Tree Units are variable sized blocks (4x4 to 64x64 pixels) used to subdivide the
image. The entropy encoder is context-adaptive binary arithmetic coding (CABAC), while prediction
schemes were also extended. Motion vectors can also be predicted in HEVC.

MPEG also created extensions on top of the standardized codecs to enable sophisticated use cas-
es of the basic codecs. To encode stereoscopic and multi-view 3D video, MPEG developed
H.264/MVC, and later MV-HEVC and 3D-HEVC. How these match the use case of light field video
encoding is discussed in [IX].
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3 Quantification of Light Field Displays

The most apparent property of a display is screen size, typically characterized by horizontal and
vertical screen size, or by screen diagonal and aspect ratio. The second most significant property
of raster displays is their resolution, the number of pixels making up the whole image on screen.
Metrics related to the spatial distribution of pixels like luminance step response, or resolution from
contrast modulation (which is the closest to our proposed method) also apply for 3D displays.
These are applied on the screen plane on 2D displays, and also applicable for 3D displays on the
screen plane, resulting in the effective 2D resolution of the display. This, however, is not equal with
the total number of pixels making up the 3D image; one typically cannot see all the pixels at the
same time on the screen plane, being spread across the field of view of the display. While most 3D
display manufacturers report the total number of pixels, there is no easy way to check where all
these pixels are emitted by the display. It would make perfect sense to measure spatial resolution
at different depth layers, too, which requires different tools than a light meter. Those measure-
ments that assume rectangular pixels however cannot be applied to all 3D displays, which may not
have a regular pixel structure. The spatial resolution measurement method presented later gener-
alizes spatial resolution measurement in a way that can be applied to any 3D display that is not
head-mounted (including those with an irregular pixel structure), and can measure resolution at
different depth layers, too.

Intensity and color related 2D display metrics such as black level, maximum brightness, contrast
ratio, linearity of gray scale, color fidelity, color gamut, brightness uniformity, color uniformity and
contrast uniformity also apply for all 3D displays. These can be measured on the screen plane us-
ing light and color meters, provided the display has a screen surface and shows 2D content.

One can also measure viewing angle related metrics on a 2D display. These, however, measure
the changes in the perceived image when observed from different viewing angles in terms of how
the brightness, contrast and colors change. These metrics attempt to measure whether a viewer
who observes the screen from a different angle will be able to conveniently see the content like a
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viewer observing the screen from the center of the viewing zone. Examples include viewing angle
luminance change ratio, viewing-angle color variation and viewing-angle color inversion. The as-
sumption behind is that the same image is supposed to be shown to all directions, while in the
case of autostereoscopic 3D displays, the opposite is true when showing 3D content. An au-
tostereoscopic display must show different content to different viewing angles in order to reproduce
a 3D image. This means that viewing angle-related measurements, as defined for 2D screens can
only be used when the 3D display shows a 2D image, and will quantify how well the 3D screen
operates as a 2D screen in terms of viewing angle. What is more interesting in case of a 3D screen
however, is how well it can reproduce 3D content. This primarily depends on its angular resolution,
which also determines the depth range of the display. Angular resolution means how small is the
angle that the display can control independently from the light emitted to adjacent angles. The an-
gular resolution measurement method proposed measures angular resolution over the field of view
of the display. In cases where the angular resolution is non-uniform, the method can be extended
to determine the angular resolution over different areas of the field-of view. Angular resolution can
also be defined and measured for horizontal and vertical directions, as these might be different. All
the 2D display measurements referenced above are described in the International Display Meas-
urement Standard [92].

313D display’s Passband Estmamati on i n

Spatial and angular resolutions describe what a display is capable to reproduce in terms of the
frequency of the content without excessive distortions. From a signal processing point of view, they
describe the bandwidth or passband of a light-field generator device in the Fourier domain. The
passband of a projection-based light-field display with a known internal structure can be estimated
based on the geometrical parameters of the projection and screen setup [IV]. The approach is
briefly described next.

As illustrated in Figure 16, a typical projection-based light field display consists of N, projection
engines uniformly distributed on the ray generators (RG) plane (p - plane) over distance d, thereby
making the distance between engines x,=d,/(Np—1). Each projection engine generates Ny rays
over its field of view FOV,. We assume that the rays hit a certain plane (screen plane, s - plane)
parallel to the RG plane at equidistant points. Without loss of generality, we can assume that this
results in an angular resolution at the RG plane as ,=FOV,/Nx.

The ‘trajectory’ of each ra)g)aitlseRGIplanqanelItsydirectienfined

determined by angle (). The position of the ray at distance z from the display is given as

0) 0) 0)
[ 1=0° ' t()a(n il
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Figure 16. Ray propagation in a light field display — different sampling patterns are illustrated for differ-
ent positions of the screen plane.

Each of the rays propagates to the screen plane (several positions for the screen are illustrated in
Figure 16 with thick black lines). Depending on the distance between the RG and screen plane,
each ray will contribute to a different part of the screen, and consequently, to different part of re-
constructed light field.

For the need of frequency analysis, each ray is considered as a sample, positioned inthe 2D ( , )
ray-space plane for fixed z (in the case of full parallax, this turns into a 4D plane). This is visualized
for several distances in Figure 17. One can observe that the sampling pattern changes with dis-
tance and that for every distance, the sampling pattern is regular although not rectangular. The fact
that the sampling patterns are regular, enables us to utilize multi-dimensional sampling theory
[126][127].
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Figure 17. Light field display — ray space spatial sampling patterns at different distances from the RG
plane

Samples of any regular 2D pattern can be described through the notion of a sampling lattice

ANC)={11+ 22l 1.2 }

T
with = [ ()« )] for = 1,2 referred to as basis vectors and T being the transpose operator.

The vectors building the lattice can be expressed in matrix form as
i

(1, 2=101 2]=[() ()]-
1

Furthermore, for a regular grid described with a lattice A , one can also define a unit cell P that is a
set in 2 such that the union of all cells centered on each lattice point covers the whole sampling
space without overlapping or leaving empty space. The shape of the unit cell depends on the sam-
pling pattern — see Figure 17 for examples of unit cells.

Having the sampling matrix describing a sampling pattern, the corresponding frequency domain
representation can be evaluated as [19][126]

A (=AM ).

The passband of the display corresponds to any unit cell of the given lattice A . Each possible unit
cell describes a set of bandlimited functions that can be represented by the sampling pattern and
can be reconstructed from a given discrete representation assuming that the reconstruction filter
has the shape of the selected unit cell.
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The most compact (isotropic) unit cell for a given sampling pattern is a Voronoi cell. The Voronoi
cell, denoted by P*, is a setin 2 such that all elements of the set are closer, based on Euclidean
distance, to the one lattice point that is inside the cell than to any other lattice point. The im-
portance of this unit cell is twofold. First, it represents frequency support that treats equally both
directions (spatial and angular direction in ray space representation) — this is beneficial from the
HVS viewpoint. Second, the screen in the display that performs the D/C conversion has for practi-
calreasons a -pgd oW type characteristics (typicall
[6]) that has to be matched to available ray distribution or vice versa. As such, the Voronoi cell is
the most convenient unit cell to match the screen reconstruction filter. The display bandwidth, in
terms of spatial and angular resolution, is directly given by the support of the Voronoi cell.

To illustrate the discussion in this section, following the notations as given in Figure 16, we can
estimate the bandwidth of a hypothetical display with ( , , )= (3 0m0.0 3 6,55 ™0On).
Here, is the distance between adjacent ray sources on the ray generator plane, is the angu-
lar resolution at the ray generator plane, and is the distance between the ray generator and
screen plane. The parameters of the display have been selected so that they correspond to a real-
istic setup, e.g. , the selected angular resolution =7 0/1 9 2tiat would correspond to a ray
source having 1920 px in horizontal direction over a 70 degree FoV. The sampling pattern in spa-
tial-angular domain on the ray generator plane of such setup is given in Figure 18, left. After per-
forming the analysis outlined earlier in this section, the resulting spatial-angular sampling at the
screen plane is shown in Figure 18, right. The corresponding support in the frequency domain,
marked as blue square in Figure 19, represents the estimated display bandwidth.
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Figure 18. Left: sampling pattern in spatial-angular domain at the ray generator. Right: sampling pattern
in spatial-angular domain at the screen plane
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Figure 19. Estimated display bandwidth in the frequency domain at the screen plane

The same approach for estimating the display bandwidth can also be used to determine the opti-
mal parameters of the display for a desired performance. Furthermore, one can also establish an
optimal relation between cameras (light field sampling) and display (light field reconstruction), that
is, create optimal camera setup for a given display. Both of those topics are discussed in more
detail in [IV].

When preparing content for the display, an arbitrary continuous function has to be pre-filtered with
a filter aimed at removing all frequency content outside of the selected unit cell (display passband)
in order to prevent aliasing errors during sampling. This can be achieved either by using (if possi-
ble) a proper continuous-domain filter before sampling the function or first oversampling the con-
tinuous function and then performing filtering and downsampling in the discrete domain.

The discrete ray positions and directions, as determined by the geometrical setup are converted to
a continuous light-field using a diffuser. Diffusers may have different passband shape. A wider dif-
fuser results in smoother transition between two discrete optical modules, but worse spatial selec-
tivity. For the user the projection setup and the characteristics of the diffuser are typically not
known. Therefore it might be beneficial that the capabilities of the display in terms of passband are
measured in order to compare them, and to create content for the displays. This can be done by
the methods discussed in the following sections.

3.2 Objective Measurements

Light field displays attempt to recreate a reference light field representing a scene using a finite
number of discrete light sources, each having a finite spatial resolution. All these light rays, which
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can be controlled independently spread to the space in front of the display, typically in an uneven
distribution across the field of view.

In order to quantify the capabilities of an unknown light field display, we need to measure its band-
width under different circumstances. On one hand, we can measure the equivalent spatial resolu-
tion of the display at the screen plane — this is similar to the spatial resolution as it is known in case
of 2D displays. On the other hand, we can characterize the angular resolution, which describes the
smallest angle the color of which the display can control individually — this is something 2D dis-
plays do not have, as they emit the same color to all directions from a single pixel.

The display metrics commonly used to characterize 2D displays also apply (as 3D displays can
typically be used to show 2D content, though in some cases with low fidelity).

3.2.1 Previous 3D Display Measurement Methods

Most previous work on 3D displays was focusing on the measurement or characterization of two-
view or multi-view autostereoscopic displays. Ref. [131] provides an approach to model multi-view
screens in the frequency domain and measure angular visibility using test patterns of increasing
frequency. However this work assumes a typical multiview display using a subpixel interleaving
topology, which light field displays do not have.

The approach presented in [128] is also targeted for multi-view screens. This method is based on
proprietary measurement equipment with Fourier optics, which is costly, and due to the small size
of the measurement head, the applicability for large-scale (non-desktop) light field displays is lim-
ited. Moreover, it cannot be used for front-projected light field displays as the head would block the
light path.

The Information Display Measurement Standard contains measurement methods both for spatial
resolution and angular resolution (chapters 17.5.4 and 17.5.1 in [92]). The method described as
angular resolution measurement relies on counting local maxima, but also assumes that the dis-
play can show two-view test patterns specifically targeting adjacent views, which is not directly
applicable for light field displays. Also, it assumes that the number of local maxima can be reliably
counted, which is not the case when exceeding the resolution limits of a display. The light field au-
tostereoscopic image resolution measurement is using sinusoidal test patterns, and reports the
resolution loss associated with showing objects at different depth. It assumes however that the
pixel size of the display is known in advance, it does not provide a method for measuring the pixel
size, and is not applicable for a light field display with no discrete pixel structure.

Ref. [129] describes another proprietary measurement instrument, however the 3D display meas-
urement assumes that the display is view-based, which does not apply for typical light field dis-
plays. Ref. [130] refers to the equipment in [128] for performing measurements on autostereoscop-
ic 3D screens.
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3.2.2 Proposed Method

3.221 Spatial Resolution Measurement

The method proposed by the author and presented in [V] can be used to measure the spatial and

angular resolution of light field displays in an automated way, using a commodity camera and a

computer running the image processing algorithms. The method has been successfully applied on

several projecton-b ased 3D |l ight field displays, screen siz
field of view.

The spatial resolution measurement method inspects the display in frequency domain, identifying
the | imits of the display showing sinusoidal t es:
capturing and analyzing the resulting image for distortions.

Screen
T
T+1
_ T+2
J AN 7
Control | )
— Camera
Computer

Figure 20. Spatial resolution measurement overview. Left: A sinusoidal test pattern is rendered on the
display under test, while a camera attached to the control computer takes a photo. Right: Subsequent
measurement iterations show sinusoidals with increasing frequency.

The patterns are generated with special rendering software that allows the operator to determine
the color of each light ray based on where it hits the screen plane, regardless of the direction of the
light ray. It is assumed that the display under test has a programming interface that allows render-
ing simple patterns based on the position on the screen and the direction of the generated light ray.
Based on the hit position, grayscale sinusoidals are shown on the full screen (see Figure 20), start-
ing from low frequency, in small increments, to very high frequency that well exceeds the resolution
of the imaging components by a factor of two. Two sets of test patterns are captured, one with hor-
izontal and one with vertical orientation.

The resulting images are captured with a high-resolution monochrome camera that is positioned to
be in line with center of the screen, from a distance that it can capture the whole screen, using
manual shooting settings to ensure that the intensity range of the captured pattern is properly rep-
resented on the captured images. The resolution of the capture camera is chosen to oversample
the theoretical maximum resolution of the display at least two times. The shutter speed is chosen
so that the shutter is slower than the time multiplexing frequency of the projection components (as
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projectors commonly employ time multiplexing for reproducing color channels). The focus of the
camera is on the screen plane.

A single row of samples from the measeanterfameacht t er n
photo (see Figure 21, left). This row undergoes a fast Fourier transform, resulting in the frequency

spectrum showing the amplitude of different frequency components in the image (see Figure 21,

right). The frequency spectrum very well shows both the excitation pattern and the distortions in-

troduced by the display.
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Figure 21. Left: A photo of the screen showing a sinusoidal test pattern. The center row of the photo is
used for frequency analysis. Right: Frequency spectrum of a single measurement showing the sinusoi-
dal, with FFT bins on the horizontal axis.

The dominant frequency in each captured image is that of the sinusoidal excitation signal (provided
we are within the resolution of the display). As the frequency of the sinusoidal increases, the peak
shifts to higher frequencies (see Figure 22). At the same time, the amplitude of the excitation signal
decreases as the frequency increases, while some distortions and aliasing also become apparent.

The algorithm measures the amplitude of the sinusoidal excitation signal, and the amplitude of the
strongest noise peak. Once the amplitude of noise reaches 20% of the amplitude of the excitation
signal, the display is considered to reach its resolution limit in the given direction (see Figure 23).
20% noise threshold is considered as disruptive distortion, the selection of this threshold is based
on [131].

The number of peaks of the sinusoidal shown on the screen at this point times two is considered
the effective resolution limit of the screen in the given direction (one positive and one negative
peak of the sinusoidal representing two pixels). The same measurement is then repeated in the
orthogonal direction to obtain the resolution in that direction.

Inspecting the spectrums may reveal some major sources of distortion. The aliasing that occurs
after exceeding the resolution limit shows as the mirror image of the excitation signal. The straight
lines above the diagonal are the harmonics of the excitation signal, and are caused by the nonline-
ar intensity profile of the display under test, causing the sinusoidals to appear slightly rectangular.
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Figure 22. Frequency spectrums of successive measurements stacked in a matrix. Measurement itera-
tion count increases downwards, while the observed frequency increases rightwards. Left: Spectrums
of horizontal resolution measurements from a sample display. Major sources of distortion are visible as
harmonics, aliasing and constant low-frequency distortion. Right: Spectrums of vertical resolution
measurements from the same display.
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Figure 23. Level of distortion in subsequent measurement iterations. 20% noise threshold is marked
with red dashed line.

Constant low frequency components are caused by the slightly non-uniform brightness profile - this
is in line with the frequency of the projection modules. These observations made on the spectrum
may be useful for improving the performance of light field displays on the long run.

3.2.2.2 Angular Resolution Measurement

The angular resolution measurement method uses a similar approach, but in the angular direction.
In order to measure angular resolution, the display has to emit different intensities to different di-
rections, which are then measured from various viewing angles. Using a special rendering algo-
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rithm that allows defining the color of each light ray based on its position and direction crossing the

screen plane, a small patch is generated on the screen that appears white from some viewing di-
rections, and black from other directions (see Figure 24).

m

Figure 24. Angular resolution measurement overview. Left: Test setup with moving camera. The rec-
tangle looks black from some locations and white from other locations. Right: Test patterns of increas-
ing angular frequency.

In the initial iterations, changing from white to black and back to white happens slowly as the view-
er moves sideways, while in subsequent iterations the frequency is increased. The pattern is cap-
tured with a camera moving sideways on a motorized rig from the left extreme to the right extreme
of the Field of View. From the captured videos, the center of the patch is selected, on which one
can see the intensity of the patch changing following a periodic pattern (see Figure 25, left).
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Figure 25. Left: Sample intensity profiles for two different angular frequencies recorded on the same
display. Right: Intensity profiles of forced black-white transitions on a light field display.

Running the resulting function through frequency analysis, and stacking measurements made with
different excitation signals, the dominant frequency is visibly increasing, representing our excitation
frequency in the directional domain (see Figure 26, left), but, similar to the spatial resolution meas-

urement, different sources of distortion are emerging, while the amplitude of the main signal is de-
creasing.
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Figure 26. Left: 1D frequency spectrums of angular resolution test patters stacked in a 2D array.
Right: Frequency of the peak in subsequent measurement iterations.

The limit of angular resolution is determined as the maximum frequency until the primary peak
keeps increasing (see Figure 26 , right) — after this limit, the peak frequency is dominated by noise,
as the display is no longer capable of further increasing the number of different rays emitted to
different directions from the same screen position. The maximum number of transitions the display
was capable of showing is counted, resulting in the number of directions. The total angle of the
field of view is divided by the number of directions, resulting in the angular resolution.

The maximum number of directions can also be determined using geometrical considerations if the
internals of the display are known. As a light field display can emit light rays from discrete light
sources (projection modules), light cannot originate from between two such units. Assuming a dis-
play with no internal mirrors to extend the FoV, the maximum number of directions emitted from a
single patch of the screen can be determined based on the distribution and emission angle of the
projection modules used in the display. To demonstrate this, the display can be forced such that
even projection modules emit white, odd engines emit black images. On the captured intensity pro-
file (see Figure 25, right), the peaks can be counted, which matches the result of the angular reso-
lution measurement, as it was verified on multiple light field displays.

3.3 Subjective Measurements

The spatial resolution of a 3D display as perceived by users can also be estimated using patters
that can determine what viewers can and cannot see. While eye test charts are meant to determine
the limits of the visual acuity of a person, turning the thinking around they can also be used as a
tool to determine whether the display medium can reproduce these patterns in a way humans can
distinguish one pattern from another (assuming the human eye could easily tell them apart with
sufficiently detailed visualization in place).
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The "tumbling E’ pattern has been c¢ hwndepeopleper- t hi s
forming the test, and because of its rectangular shape that can be represented on 5x5 pixels. That

is, the symbol size is 5 times the feature size. Our assumption is that one visual feature corre-

sponds to one pixel of the effective resolution at the limit of visibility.

While in common visual acuity tests 50% recognition threshold is used as the rule-of-thumb limit of

visibility, the actual threshold of recognizing visual features might be different. Studies of the hu-

man visual system show our capability to recognize symbols whose features are not entirely visible,
based on the symbol’s [ uminance distri but[i32.n, ev
Therefore we determined the limit by testing the correspondence between the objective and sub-

jective methods on multiple displays, including one that had asymmetric pixel aspect ratio (2:1).

—

Feature size

Symbol size

Figure 27. Subjectives pat i al resolution test overview. Left: On
of the total symbol size. Right: A chart of 9 randomized E symbols arranged in a 3x3 matrix.

The experiment is performed as follows: the viewer is presented with sets of tumbling E symbols
arranged in a 3x3 matrix (see Figure 27), with random orientation out of four possible orientations
(up, down, left, right). The size of all 9 symbols on the screen at a given point in time is the same.
The subject is asked to record the orientation of all symbols visible on the screen. After finishing
with a set of symbols, a new set of symboils is presented with a different symbol size. Each size
appears twice during the experiment, and they appear in random order. The time needed to recog-
nize each set by the subject is also recorded by the operator. It is expected that recognition accu-
racy of the symbols is around 100% when the symbols appear undistorted (that is, feature size is
bigger than or equal to the smallest visual feature the display can show), and drops significantly
once the feature size is smaller — that is when the resolution limit of the display is exceeded.

To make surethatt he drop in recognition accuracy i s caus
visual acuity, a paper-based reference symbol set is presented before the experiment, which is
positioned at the same distance as the display screen. The orientation of the reference set is also

recorded to filter those participants who do not have sufficient visual acuity for the experiment.

During our experiments we used 50+ participants of different ages, sex and nationality. Our exper-
iments shown that the recognition rate that corresponds to the pixel size determined by the objec-
tive method is approximately 92% to 93%. Confidence intervals of the results, as well as the time
to completion grow significantly after reaching this limit (see Figure 28). This means we can use
the recognition accuracy to estimate the limit of the visibility of visual features to see at which sym-
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bol size the subjects have difficulties to recognize the symbols, but the recoded completion times
also give a strong indication.
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Figure 28. Left: Recognition accuracy of tumbling E symbols on paper and display, for horizontal and
vertical features, plotted against feature size, with 95% confidence intervals. Right: Average recognition
time for a group of symbols with given feature size.

3.4 Discussion

The methods described above, or the earlier versions of them have been used to characterize the
capabilities of several light field displays as presented in [lI][II1[V]. Initially spatial resolution meas-
urement was performed on multiple slanted / diagonal angles [ll], which was later found to be re-
dundant — measuring the horizontal and vertical spatial resolutions provides sufficient information
about the capabilities of the display, diagonal measurements did not provide significant additional
information. The first angular resolution measurement method relied on the observation that the
contrast of the angular resolution pattern is diminishing at higher frequency test patterns, and de-
fined the limit as 20% of the contrast ratio of the display when showing 2D patterns. This paper
also attempted to characterize perceived depth resolution using a subjective test. The next paper
[111] introduced the subjective spatial resolution test using the tumbling E patterns. This paper also
made an attempt to characterize the perceived spatial resolution from different viewing angles, as
well as with and without motion parallax, and concluded that head parallax slightly improves the
perceived spatial resolution. The concluding journal paper [V] introduced the angular resolution
measurement based on frequency analysis of the captured intensity, as well as introduced the pa-
per-based reference pattern in subjective spatial resolution tests. This time the subjective tests
were performed on a much larger number of subjects, and the time required to record patterns was
also recorded. This enabled the identification of the relation between recognition performance and
the time spent with recognizing the patterns.

These methods could also be applied for other 3D display technologies (even volumetric ones
without a well-defined screen). Also, angular resolution measurement can be performed to profile
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horizontal and vertical angular resolution separately when profiling displays that have both horizon-
tal and vertical parallax.

Further details about the measurement methods, subjective tests, and sample measurements from
light field displays are described in [V].
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4 3D Video Representations and Display-Specific Light Field
Processing

4.1 Choice of Representation

From the formats described in Section 2, the format of choice for the work described is the pure
image-based representation from many dense viewpoints. This is the only practical and feasible
approach at the time of writing to capture and represent the diversity of real-world scenes with high
visual quality. The cost of high visual fidelity is massive information content — transmitting 20 to 180
video streams simultaneously without compression is only possible using very high speed inter-
connect technologies. To enable future use cases like light field 3DTV or 3D video conferencing
using light fields (telepresence), efficient coding techniques are required to reduce the bandwidth
between the capture and display side.

4.2 3D Video Compression Methods and Their Use for LF Compression

To enable dense light field content to be transmitted efficiently, compression of such imagery was
one of the objectives for the FTV group in MPEG [133]. These activities were also supported by
test data by Nagoya University [22], Holografika [134] and others. It has been shown using subjec-
tive experiments [125] that dense light field data of approx. 720p resolution can be compressed
with good quality using MV-HEVC, with a bitrate requirement that is similar to what is required for
4K/8K 2D video streams, which is realistic to achieve in the near future. These experiments how-
ever used offline encoding / decoding and view synthesis due to the amount of image data re-
quired, and the runtime performance of the reference software implementation used.

The first real-time implementation of light field streaming and rendering was presented in 2010 [VI],
which was possible by using a high-performance GPU implementation, and by limiting the number
and resolution of the images captured by the cameras. The system described in that paper con-
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sisted of 27 USB webcams, which captured VGA resolution images. JPEG encoding was per-
formed by the cameras in hardware, and the JPEG image stream was transmitted to all rendering
nodes via Gigabit Ethernet to the display. Light field rendering required the camera system to be
precisely calibrated: the calibration data contained the intrinsic and extrinsic camera parameters of
each camera, as well as the color differences between the captured images. Camera calibration
data was used during the light field rendering process to select the correct light rays during light
field interpolation. The light field renderer decoded all 27 images on all rendering nodes, and used
light ray interpolation to render the light field. As identified during that work, centralized encoding,
decoding and processing of the images becomes prohibitive when using many high resolution
cameras in real-time. However, the distributed rendering system typically available in light field
displays allows for a distributed rendering approach that requires only partial data to be available in
each rendering node. An encoding method that can exploit this distributed processing capability
and allows partial decoding was clearly desirable [IX]. The solution is to decouple decoding from
rendering and exploiting the typical data access patterns during light field rendering.

A system based on image+depth representation was presented at SIGGRAPH [VII]. This was an
attempt to evaluate the image quality of rendering light fields based on image+depth, which did not
require decoding many views as the pure image-based approach. That system used 4 cameras,
two in the center forming a stereo pair, and two satellite cameras to capture the scene with rela-
tively wide field of view. The system used depth estimation between the four cameras to produce
consistent depth maps in real time. The light field rendering system used the four images and
depth maps to render a light field. The resulting image quality was good, but suffered from typical
artifacts caused by depth estimation. The conclusion was to continue with pure image-based rep-
resentation, if the objective is to render visually compelling real scenes on light field displays.

Centralized encoding and decoding of the high number of views typically used for light field dis-
plays using H.264/MVC, MV-HEVC or BD-HEVC i s not feasible usin
encoders and decoders are expected to eventually be available, the resolution of displays is also
expected to rapidly increase. As such, both on the short and long term, a distributed approach is
desirable and practical. This is especially reasonable considering that in a distributed rendering
system, the full image data is not needed, as each rendering process requires different portions of
the image data depending on the portion of the light field it is responsible for.

During the light field conversion process, we transform a display-independent light field (that is,
many views) to a display-specific light field (that is, the images the projection modules need to pro-
ject to reproduce the scene). This process involves assembling the images needed by the projec-
tion modules from the pixels originating from many camera images (see Figure 29).

od
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Figure 29. A set of perspective views depicting the same scene are considered as a display independ-

ent light field representation, as it can be used to visualize the light field on any suitable 3D display. The

i mages required by a specific display’s projection
field.

Checking the data flow of the light field conversion process, and focusing on the data used by a
single rendering node, one can see that the pixels are read from a compact image area from each
source image, and pixels outside that area are left unused (see Figure 30). This can be exploited
using two different architectures, as described in the next sections.
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Figure 30. Left: Adjacent rendering nodes consume adjacent, slightly overlapping parts of a source view.
Red, green and blue overlays represent the areas of the image used by three rendering nodes that
drive adjacent projection modules. Right: Rendering nodes that drive projection modules positioned

further away from each other use a disjoint set of pixels from the same source view.

As an additional benefit, analyzing the light field rendering process revealed that the simple linear
camera setups commonly used for rendering super-multiview images for light field rendering is not
optimal in terms of how the pixels are used. Therefore an attempt to optimize the camera setup to
maximize the number of pixels used during the light field interpolation process has been developed,
as described in [VIII].

4.2.1 Two-Layer Architecture for Light Field Decoding and Rendering

In this setup, decoding the individually compressed views is distributed to an arbitrary number of
processing nodes in the first layer to allow real-time decoding. Once the decoded pixels are availa-
ble in memory, a high-speed network is used to transmit only those image areas to the nodes in
the second layer that are necessary in each node. In this architecture (see Figure 31) an ordinary
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2D video codec can be used for the views, but it requires an interconnect between the two layers
that has sufficient bandwidth to transmit uncompressed image data.

What image areas are needed for a specific renderer depends on the relation between the capture
and the display setup, as well as the Region Of Interest used during light-field rendering. This
means that the image areas may change during the sequence, if, for example, we zoom inside the
light field, or if there is a change on the capture setup (for example, cameras start to converge).

Considering the typical vertical bar-shape of the image regions in source images, and the typical
row-c ol umn organization of i mages in the
would require the transmission of many non-continuous memory areas. To enable efficient network
transfers, the images can be rotated 90 degrees, and the vertical bars extended to the edges of the
image, thus forming a continuous memory region that can be transferred by an efficient intercon-
nect in one batch (e.g. InfiniBand RDMA [135]).
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Figure 31. The two-layer decoder-renderer architecture. The first layer decodes video streams in paral-
lel, while the second layer requests portions of uncompressed video data on demand.

4.2.2 One-Layer Architecture for Light Field Decoding and Rendering

In this setup, decoding and rendering happens in the same nodes, and decoding time is saved by
decoding only those image areas that are actually needed for the specific renderer (see Figure 32).

Support for decoding only parts of the image (referred to as partial decoding), is not common in
image and video codecs, as typical use cases do not require accessing only portions of the image,
fast. There are some features in the codecs though, that can be used for this purpose.

The H.264 video codec defines slices as regions of the image that can be independently parsed
from the bitstream. How the image is partitioned into slices can be defined arbitrarily. While this
serves parallel decoding of slice data very well, motion estimation and motion compensation do not
respect slice boundaries in any of the available encoders.
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Figure 32. The one layer decoder-renderer architecture. Decoders and renderers are running on the
same nodes. Decoders decode those parts of the video that the renderer on the same node will need
for rendering. No data exchange except frame synchronization takes place between the nodes.

The result is that the image portions left undecoded may bring in undefined pixels into the image
area to be decoded during the motion compensation process (see Figure 33).

Figure 33. When motion vectors point out from the undecoded region (middle slice), they propagate
bogus colors from the undecoded region into the slices which we intend to decode

Therefore the H.264 reference encoder implementation has been updated during this research
work to respect slice boundaries, i.e. not to perform motion estimation across the boundaries of the
slice being encoded. These slices are called self-contained slices, as they can be decoded without
decoding other slices in the stream. The effect of restricting motion vectors to go across slice
boundaries is very well visible on the motion vectors (see Figure 34).
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Figure 34. Difference of motion vectors in normal encoding and with self-contained slices. Notice that in
the normal case (left) motion vectors cross slice / tile boundaries. In the self-contained case (right) no
motion vectors cross the slice / tile boundaries.

Using this restriction on the motion vectors, it is possible to decode only those slices that contain
the image areas needed for a specific renderer. Sublinear speedup was observed with the ffmpeg
H.264 decoder when decoding partial images [136].

HEVC introduced tiles, which can be used to partition an image into multiple rectangular partitions.
In this sense, tiles are similar to slices, however tiles are independent in terms of entropy coding.
Similar to H.264 though, inter-frame prediction has to be restricted to remain inside tile boundaries,
to enable partial decoding [137].

Though JPEG is a still image codec, it is still a good candidate for video compression due to its
simplicity, and availability of high-speed encoders and decoders, despite its relatively low video
compression performance (compared to H.264 and HEVC at least). JPEG has an optional feature
called Restart intervals, which are portions of the bitstream that can be independently decoded.
Restart intervals contain an arbitrary number of 8x8 pixel MCUs (Minimum Coding Unit), and are
delimited by Restart Markers. Restart intervals are typically unused, but our use case can take
advantage of them to skip decoding image portions that are not needed. While light field regions
used by a single renderer typically have the shape of a vertical bar, and MCUs are aligned horizon-
tally, we can still use them if the image is encoded with 90 degree rotation. During this research
work, libjpeg-turbo, which is the fastest available CPU-based JPEG decoder has been updated
with the capability of skipping Restart intervals. The resulting speedup gained by skipping unnec-
essary regions is significant.

JPEG2000 is another still image compression standard, and is also used for encoding video
frames in digital cinemas. Partial decoding is available in JPEG2000. During this research work,
the Comprimato GPU-accelerated JPEG2000 codec [138] has been used, which exposes this
functionality. JPEG2000 also showed significant, but sublinear speedup while decoding parts of the
image (see Figure 35).
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4.2.3 Discussion

When comparing all four codecs, unsurprisingly JPEG is the most performant in terms of runtime,
but consumes the most bandwidth, too. Introducing restart intervals has almost no effect on the
bitrate. JPEG also shows the best relative speedup when decoding only parts of the image.
JPEG2000 and HEVC also show reasonable speedup when using partial decoding, and do so with

significantly better bitrate (see Figure 36).
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A very simple alternative solution that works for any image / video codec is to subdivide the images
into vertical regions, and encode them separately. This approach has been used for encoding pan-
oramic video with good results [139]. However this approach results in a fixed subdivision, requires
even more bandwidth than the solutions described above, and requires the synchronized stream-
ing of a lot of video streams in parallel.

A centralized encoding / decoding solution like H.264/MVC is not suitable for the massive number
of views required for proper light field reconstruction, partially because the amount of information
cannot be handled by a single processing unit, partially because high pixel-count light field displays
can only be served by a distributed rendering system, as discussed in detail in [IX]. The solutions
proposed can enable real-time light field transmission using hardware components and codecs
available today. The codec can be chosen according to the ratio between processing power and
bandwidth in the system. Further details of the performance of the customized codecs can be
found in [X].



55

5 Conclusions

The topics discussed in this thesis originate from the desire to enable light field dis-
plays to show live 3D content, captured with cameras, reproducing the diversity of real
scenes, including realistic, live people; surfaces with real specular reflections, aniso-
tropic effects, transparency, atmospheric effects, subsurface scattering and other phe-
nomena that occur in the real world. The long term goal of this research was to contrib-
ute to the success of light field displays to eventually become the future 3DTVs, and to
enable high-end use cases like real 3D videoconferencing.

To reach this long term goal, many difficult challenges are to be solved in an end-to-
end system. This thesis contributed to two of these challenges: display profiling and
light field coding.

5.1 Key Findings and Contributions

The first main contribution of this thesis is providing methods to profile the performance
of light field displays, using metrics that are generic enough to be used on all sorts of
3D displays, regardless of the underlying technology. The primary motivation to quanti-
fy the reproduction capabilities of light field displays was to be able to design optimal
capture setups for rendering or live capturing, making sure that the content captured
fully exploits the capabilities of the display. The resulting techniques, however, can be
used to quantify 3D displays, which enables a fair comparison of different 3D displays
using metrics that express what viewers can actually perceive. Display profiling can
also be used for end-of-line checking and to verify the precision of display calibration.
The methods presented can measure the spatial and angular resolution of light field
displays by showing, capturing and analyzing test patterns in the frequency domain.
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The spatial resolution measurement method is also supported by a subjective test de-
signed to identify the limits of visibility on the screen.

The second main contribution of this thesis is enabling the coding of the captured light
field content in a way that it can be processed and rendered in real-time on hardware
available today. Using a pure image-based format was chosen to maximize the visual
fidelity of the resulting light field. Decoding and processing multi-megapixel light fields
was possible by analyzing how light field rendering algorithms work on a distributed
rendering system, and exploiting the characteristics of the data flow by avoiding decod-
ing and processing data that is unnecessary for generating the given slice of the light
field. After identifying this possibility, an encoding format was necessary that supports
such an unusual use case. Due to the runtime constraints and the concept of central-
ized encoding / decoding in 3D-HEVC and MV-HEVC, these codecs cannot be used on
today’' s har dtimause cases (thougheaaite efficient when given enough
runtime). To facilitate real-time use cases on state-of-the-art hardware, H.264, HEVC,
JPEG and JPEG2000 were analyzed in detail, and the codec implementations modified
where necessary to enable partial decoding. Experiments were performed to bench-
mark the behavior of all codecs in terms of bandwidth, runtime, and reduction of
runtime when decoding partial data. Based on these findings, live transmission and
rendering of high resolution light fields became possible. The results, as well as several
additional findings leading to these results have been contributed to the MPEG com-
munity, to facilitate the design of future codecs.

In summary, the key findings and contributions of this thesis are as follows:

» The bandwidth of a light field display can be analytically estimated in the fre-
quency domain, considering the display as a bandlimited light field reconstruc-
tion device.

* Given a light field display described with its bandwidth, one can create the light
field with the same bandwidth based on camera images. In this way, the optimal
relation between cameras (light field sampling) and display (light field recon-
struction) is uniquely established.

» First measurement methods for light field displays using a single camera: spa-
tial and angular resolution measurement.

* Methods for quantifying the perceived spatial resolution validated by subjective
experiments.

¢ Methods for optimizing the camera setup for capturing light fields optimal for a
light field display.

* Analysis of the dataflow of light field rendering on a distributed rendering sys-
tem, recognition of the locality of data access.
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« Analysis of 3D video codecs for suitability in real-time use cases.

« Analysis of commonly used image and video codecs to support real-time use
cases involving light field data.

« Proposal for usage and modifications, implementation of modifications in co-
decs to support real-time use cases involving light field data.

52 Aut hor’' s Contributions to the

The book chap€t€e&peri BB®pravided anpoverview of 3D display tech-
nologies, their advantages and disadvantages, and the associated image formats. It
included all major 3D display types known at the time of publication: stereoscopic, head
mounted, autostereoscopic based on parallax barriers and lenticulars, volumetric dis-
plays and light field displays. It supported the understanding and comparison of differ-
ent 3D display technologies available, as well as the image data required for visualizing
content on them. P. Kovacs overviewed and summarized the information about differ-
ent displays and representations, and completed the scientific writing.

The conference parpmentsof 3DWight-F it 1 dMe B I apoduzed s ’

the spatial resolution measurement based on displaying sinusoidal patterns, and used
frequency analysis to determine the limits of the display. It also described a method for
angular resolution measurement using a spot that changes its apparent color based on
the viewing direction, and used relative dynamic range to identify the limit of angular
resolution. This approach was replaced with frequency analysis in later works. It also
described a small subjective experiment attempting to measure depth resolution. P.
Kovacs designed the measurement method, implemented the rendering and analysis
software, performed the measurement of several displays, organized the subjective
tests, analyzed the results, and completed the scientific writing of the paper except
parts of Section 3.1 and 4.1.

‘

Publ

The conference paper Measur ement of Perceived

Di s p | id]yirdroducdgd the subjective experiment for perceived spatial resolution

based on the *tumbling E’ patter n. omdifferal s o

ent viewing angles, and the relation between perceived resolution and head parallax. P.
Kovacs implemented the rendering and measurement software, organized the subjec-
tive tests, analyzed the results, and completed the scientific writing of the paper.

The journal article ' Op t-camarazcartfiguration baded oni g ht fi

di splay properti es IV]imrodscedeac rmuttidginhensidnal nsampling

che
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model for describing light field displays, and proposed a methodology for determining
the optimal distribution of light field generators and capture cameras. P. Kovacs con-
tributed to the spatial and frequency domain analysis of light field displays from the
point of view of geometrical optics and principles of operations of such displays. In ad-
dition, he contributed to the optimization of the camera-display configuration.

The journal article "Quantifying spatial and a
[V] summarized those approaches for spatial and angular resolution measurement of

light field displays that were found to be the most robust and had the most consistent

results. It developed a method based on frequency analysis and signal / noise thresh-

old to determine the limits of a light field display in terms of reconstructing visible image

el ements (spati al resolution), and a subjectiyv
bling E” eye test charts to evaluate the small
screen. It also proposed a method based on frequency analysis to measure the angular

resolution of a display using special patterns and a moving camera. P. Kovacs per-

formed all the implementation and measurements related to the spatial and angular

resolution measurement, organized the subjective test sessions, and completed the

scientific writing of the paper (except Section Il. C).

The confer enctei mpea pEDP I'iRgehtl fVi] debcdbedthefirstsysii ssi on’
tem capable of capturing, transmitting and visualizing a real scene using a multi-
camera system and a light field display in real time. It used 27 USB cameras, a 24-
channel HoloVizio display, and highly optimized rendering software to show ~15
frames per second, with approximately 1 second of latency. P. Kovacs designed the
architecture of the system, implemented the software to perform synchronized multi-
camera capture and transmission, managed the implementation of the other software
components, and constructed the capture system. P. Kovacs wrote Sections 3, 4, and
5 of the paper. The importance of this paper is twofold: it not just described the first
real-time light field capture and rendering system, but the work raised many interesting
challenges that arise when scaling up such a system in terms of number of cameras,
resolution, or if used over channels with narrower bandwidth — like in case of a
telepresence / 3D videoconferencing system. These research problems were further
discussed and addressed during the research work at TUT as described in the publica-
tions listed below.

At SI GGRAPH, the exhibition paper at Emerging
ing multi-camera rigs, real-time depth estimation and depth-based content creation for
multi-view and light field auto-s t er e o0 s ¢ o p i W] dehiorsstpated thespossiljility
of rendering light field content based on a 4-camera rig (a stereo pair, and two satellite
cameras with a wider baseline), using real-time depth estimation and light field synthe-
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sis [140]. This experiment in the direction of depth based rendering also very well
demonstrated that though depth-based light field rendering from a relatively narrow
camera setup is possible, the dense light field capturing approach and rendering with-
out depth estimation presented in the previous paper produces more plausible results,
hence research continued in that direction. P. Kovacs designed the architecture of the
rendering system and the interface with the external capture system, supported the
design of the capture setup, contributed to the development of the light field rendering
algorithm and completed the scientific writing of the paper.

The conference paper ' Analysis and Opt.i
sion from Multi-Camer a Set ups t o 3 D Vil]ingpkcted the light figld
conversion process in detail, concluding that many captured pixels are typically left
unused, and proposed an optimization method for camera setups that result in better
pixel utilization. P. Kovacs performed the analysis of pixel usage of different displays
and camera setups, implemented the optimization technique for camera setups, and
completed the scientific writing of the paper.

mi zati o
Di spl ay:

The conference paper ' Overview of the appltmeéghti | ity of

field ap pX]discuased the issués offusing H.264/MVC for encoding, decoding
and processing the video streams captured by a multi-camera system and rendered on
a light field display. It identified why this encoding method is unfeasible to use on to-
day’'s hardwar e, and that the typical pi
dering process could be exploited, if the encoding method provided the necessary tools
for it. P. Kovacs performed the analysis of the distributed light field rendering algorithm
to characterize the typical data access patterns on multiple displays, performed the
analysis of H.264/MVC, enumerated and analyzed the available implementations, and
completed the scientific writing of the paper.

x el acec

The journal article ' Ar c Hrliitmec tLurgehst aFn d&]l @o dSet crse &

then attempted to answer the questions raised in the previous paper, and building on
the possible opportunities identified, it introduced two possible processing architectures,
and analyzed how JPEG, JPEG2000, H.264 and HEVC can support partial decoding,
the primary requirement identified to support efficient, distributed light field decoding
and processing. The paper presented results about the impact in terms of bitrate and
runtime, and proposed features for next generation video codecs to better support real-
time light field rendering. P. Kovacs designed the two architectures, proposed using
slicing to enable partial decoding and proposed the modifications to the H.264 and
HEVC codecs, implemented the proposed changes to the JPEG codec, performed the
measurement and comparison of all four codecs, benchmarked the bandwidths and
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processing load typical in a distributed light field rendering system, and completed the
scientific writing of the paper.

It is important to mention some MPEG input documents, as a major part of the work on
light field video compression techniques directly concerned the work of the MPEG FTV
group [141], where P. Kovacs was an active contributor during his PhD.

The MPEG input document ' Requi r e mgld2] mtroo f

duced light field displays to the MPEG community, and described application scenarios
where video encoding / decoding is necessary. It referred to draft reports produced by
the MPEG FTV group that identify the use cases and requirements to be addressed by
the FTV group and amended those by the requirements coming from light field displays
and the identified use cases.

The MPEG inputd o c ume nt "Proposal for additio
support l i ght f i el[3] explained disglay-sppcifie and display-
independent light field processing, and furthermore it introduced the notion of non-
linear camera arrays to the MPEG community, which was not considered by the FTV
group in previous work.

As the MPEG community was lacking suitable test material to perform light field encod-
ing experiments (except the Nagoya sequences [134]), the author made an effort to
enable such experiments by providing test material to the MPEG FTV group in the in-
put document ’
quences were based on the Big Buck Bunny short CGl movie, which is available for
free including all source material. It contained three short (3 to 5 seconds) clips from
the movie, all rendered from 91 cameras, using both linear and arc camera setups, in
both 24-bit YUV and HDR color format, as well as depth maps with 8-bit and floating
point format, to enable many different kinds of experiments. This test material con-
tained many novel elements compared to previously available MPEG test material,
namely: first test material with nonlinear camera setup, first light field sequence with
ground truth depth data, first light field sequence with High Dynamic Range, and first
light field sequence that is available both with linear and arc camera setup. P. Kovacs
designed and implemented the rendering infrastructure and cluster to enable rendering
of the sequences, requested permission from the Blender Foundation to use the mate-
rial, oversaw the rendering process, provided the material online, and prepared the
MPEG input document.

nal
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5.3 Future Research Directions

While the results presented provide answers to some of the interesting research ques-
tions regarding the efficient use of light field displays, there is a large amount of work
ahead before such displays will gain widespread use and become the display of choice
in every household. Putting display technology, cost and manufacturing challenges
aside, the two research angles presented here alone point to further research direc-
tions.

On the resolution measurement front, measuring the effective spatial resolution at
depth planes different from the screen plane (both inside and outside) would tell a lot
about the performance of any 3D display in terms of depth reproduction, and how the
depth range can be exploited efficiently during content creation. In case of displays that
may not have a uniform distribution of light rays on the screen, it makes sense to quan-
tify the resolution for different areas on the screen / different directions in the field of
view. In fact, such a method could be used during light field display calibration to pin-
point any areas where calibration could be improved, and to provide overall quantifica-
tion of different calibration methods (which at the end have an impact on the effective
resolution). While the methods presented here are automatic, reduction of the meas-
urement time using reduced number of test patterns is certainly possible. Another ma-
jor item of further research may include the use of the presented methods to quantify
3D displays based on other technologies, for example compressive light field displays
or volumetric displays.

On the light field video compression and streaming front, the work presented is just the
beginning. While we have presented some solutions to implement efficient random
access to encoded light field content, this currently requires modification of the involved
codecs. Incorporating the necessary changes in the encoding / decoding process of
future video codecs means years of work for the standardization groups involved, while
the efficient real-time implementation (software or dedicated hardware) of the novel
video compression standards takes another several years before it can be used for real
use-cases and embedded in 3D display products.

Investigating how Scalable Video Coding (SVC) can support light field displays with
different Fields of View is another interesting topic, especially when combined with par-
tial decoding.
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Abstract

The large variety of different 3D displaying techniques available today can be
confusing, especially since the term “3D” is highly overloaded. This chapter in-
troduces 3D display technologies and proposes a categorization that can help to
easily grasp the essence of specific 3D displays that one may face, regardless of
the often confusing and ambiguous descriptions provided by manufacturers. Dif-
ferent methods for creating the illusion of spatial vision, along with the advantages
and disadvantages will be analyzed. Specific examples of stereoscopic, autos-
tereoscopic, volumetric and light-field displays emerging or already available in
the market are referenced. Common uncompressed 3D image formats preferred by
each display technology are also discussed.



1. Introduction

The chapter will go through the main technologies used for implementing 3D
displays using the four top level categories of the “3D display family tree” created
by the 3D@Home Consortium, Steering Team 4 [1]. It will take a different ap-
proach from that of the family tree detailing the main categories based on selected
driving technologies that the authors think the most important. Other categoriza-
tions of 3D displays might exist, hopefully this one helps to understand the main
trends and easily grasp the technology underlying different 3D displays.

The chapter strictly focuses on technologies that generate spatial vision, so it
does not cover for example displays that project a floating 2D image using a fres-
nel lens, or displays that project 2D images on the sides on a cube.

2. Stereoscopic displays

Stereoscopic displays [2][3] simulate 3D vision by showing different images to
the eyes. The two images are either shown on a traditional 2D display, projected
onto a special surface, or projected separately to the eyes. Stereoscopic displays by
definition all require some kind of eyewear to perceive 3D (otherwise they are
called autostereoscopic, as seen later). Separation of the two images, correspond-
ing to the left and right eye happens either time-sequentially, or by means of dif-
ferentiating wavelength or polarization.

2.1. Time sequential separation

In the time sequential case, left and right images are displayed on LCD or PDP
or projected one after the other, and then separated by shutter glasses that block
incoming light to one eye at a time, alternating the blocked eye with the same fre-
quency as the display changes the images. Such shutter glasses are usually imple-
mented with LCDs, which become transparent and opaque synchronized with the
display. Several companies provide shutter glasses based 3D solutions including
LG [4], Panasonic [5], Toshiba [4], eDimensional [6] and NVIDIA[9], projectors
with high refresh rate for stereoscopic operation [7][8], and NVIDIA also provides
a stereo driver to use the glasses with PC games [9]. A stylish NVIDIA shutter
glass can be seen in Fig. 1, with the IR sensor used for synchronization in the
frame of the glasses.



Fig. 1 NVIDIA 3D Vision Glasses. Image courtesy of NVIDIA Corporation

2.2. Wavelength based separation

Wavelength based separation is achieved by tinting the left and right images
using different colours, overlaying the two and displaying the resulting 2D image.
Separation is done by glasses with corresponding colour filters in front of the eyes,
as done in the well known red-blue or red-green glasses. This method of creating
stereoscopic vision is often referred to as the anaglyph method. The main advan-
tage of anaglyph is that all signals and displaying requirements match 2D display-
ing requirements, thus existing storage, transmission and display systems can
readily be used to show 3D imagery, only coloured glasses are needed (which is
inexpensive, and often packaged together with an anaglyph “3D” DVD). This is
possible because the left and right images are overlapped and separated by means
of colour differences. A sample anaglyph image is shown in Fig. 2 where the two
differently tinted overlapped images are clearly visible. This causes the main dis-
advantage of this technology, that is, colours are not preserved correctly, and
ghosting artefacts are also present. Because of its simplicity, anaglyph stereo-
scopic videos are also appearing on YouTube, and also hundreds of games support
anaglyph mode using NVIDIA 3D Vision™ Discover.



Fig 2 Anaglyph image. Image courtesy of Kim Scarborough.

A similar method better preserving colours apply narrow-band colour filters,
separating the left and right images with wavelength triplets biased in a few 10 nm
range, less visible to human perception [10].

2.3. Polarization based separation

Polarization based separation exploits the possibility of polarizing light and fil-
tering them with polar filters. The two images are projected through different po-
larization filters onto a surface that reflects light toward viewers, keeping the po-
larization of the incoming light (mostly) unmodified. Viewers wearing glasses
with the respective filters in front of the eyes can then perceive a stereoscopic
view. A popular example of this technology can be experienced in most 3D cine-
mas. [11][12]



Light can be polarized either linearly or circularly. In the first case, the left and
right images pass through two perpendicular linear polarizers and then projected
onto a surface. The reflected images then pass through the respective polarizing
filters that are embedded into glasses, separating the left and right images. The
downside of linear polarization is that the image degrades when a user tilts her
head, as separation does not work as intended with this orientation. Circular po-
larization overcomes this problem being invariant to head tilt. In this case one im-
age is polarized with clockwise, the other with counter-clockwise direction.

The advantage of the polarization based stereoscopic technique is that it keeps
image colours intact (unlike anaglyph), with glasses that are relatively cheap,
however the overall brightness is challenged and some cross-talk is always pre-
sent.

One way of generating a pair of polarized images is by using two projectors,
one projecting the left eye image with a polarizing filter in front of it, the other
projecting the right eye image with orthogonal polarization [13][14]. There is also
a single-projector technique, in which a rotating polarizator wheel or an LCD po-
larization modulator is used in the projector to change the direction of polarization
of every second frame [15]. One needs a special projection screen to reflect polar-
ized images, as surfaces used for 2D projection do not maintain the polarization of
the reflected light. Previously silver screens have been used, now specialized ma-
terials are available for this purpose [16]. Polarized stereo images can also be cre-
ated using two LCD monitors with perpendicular polarization arranged with a pas-
sive beamsplitter (half-mirror) at a bisecting angle between the displays. The
resulting stereo image pair can be seen directly with polarizing glasses [17,18], as
shown in. Fig. 3.

Upper LCD Monitor
With Right Eye Image

To Right Eye
G- ght ey

,Y
“To Left Eye

Lower LCD Monitor Half-Mirror
With Left Eye Image Beamsplitter

Fig. 3 Polarization based stereoscopy using two flat screens. Image courtesy of Planar Systems,
Inc.



Another approach to create polarized images is using a patterned micro-
polarizer sheet (also called x-pol or micro-pol), which is placed on the surface of a
2D LCD panel. The sheet is aligned with the rows on the LCD panel so that pixels
in the even row will be polarized clockwise, pixels in the odd row will polarized in
reverse, as shown in Fig. 4. Providing corresponding line interleaved stereoscopic
images for the display will result in a 3D effect when using circularly polarized
glasses (although with resolution reduced by half). Some manufacturers providing
such displays are LG [4] and Zalman [19], but 3D laptops using this technology
also appeared from Acer [20].

2.4. Discussion of stereoscopic systems

Stereoscopic techniques are definitely the simplest and cheapest, thus the most
widespread methods to generate 3D vision. On the other hand, they come with
several drawbacks. A stereo image with glasses provides correct 3D images only
from a single point of view. Observing the same image from other locations re-
sults in distorted views, which is most visible while moving in front of the screen,
when the image "follows” the viewer. Although this limitation can be overcome
by tracking the position / orientation / gaze of the user and updating images in re-
sponse to movements [21], some latency will inherently be introduced [22], sig-
nificantly compromising immersiveness and limiting the correct view to a single
(tracked) user. This and other missing 3D cues result in effects like discomfort,
sea sickness, nausea and headache which make them inconvenient for long-term
use according to some users [23].

One possible explanation comes from neuroscientists’ research in the field of
human perception of 3D. They found that showing each eye its relevant image is
not enough for the brain to understand the 3D space [24]. For getting the 3D pic-
ture of the environment, humans rely on two main visual cues: the slightly differ-
ent image seen by each eye and the way the shape of an object changes as it
moves. A brain area, the anterior intraparietal cortex (AIP), integrates this infor-
mation [25]. With a stereoscopic display the image becomes 3D, but as soon the
brain thinks that it does see a 3D image, it starts working like in a normal 3D
world, employing micro head movements to repeatedly and unconsciously check
the 3D model built in our brain. When an image on a stereo display is checked and
the real 3D world mismatches the 3D image, the trick is revealed. Presumably the
AIP cortex never got used to experience such 3D cue mismatch during its evolu-
tion and this produces glitches which result in unwanted effects.



Fig. 4 Principle of micro-polarization. Image courtesy of Zalman Tech Co., Ltd.

2.5. Stereoscopic 3D uncompressed image formats

Stereoscopic displays need two images as input (left eye and right eye image),
which seems to be simple, yet various formats exist. The most straightforward so-
lution is having two different images making up a 3D frame (see Fig. 5.), but this
requires double bandwidth compared to the 2D case.

_left yiew

-

Fig. 5 Left-right image pair. Image courtesy of NXP Semiconductors.



Another common approach uses an image and a corresponding depth image
often called 2D + Depth (see Fig. 6.), which may consume less bandwidth depend-
ing on the bit depth of the depth map, but needs metadata to map depth informa-
tion to the 3D context, and still consumes more than a 2D image.

Fig. 6 Image plus depth map. Image courtesy of NXP Semiconductors.

The 2D + Delta format stores the left (or right) video stream intact, and adds
the stereo disparity or delta image that is used to reconstruct the other view. The
advantage is that compressed Delta information can be embedded into an MPEG
stream in a way that does not affect 2D players, but provides stereoscopic infor-
mation to compatible 3D decoders [26].

To make the transition from 2D to 3D easier, broadcasters and manufacturers
preferred stereoscopic image formats that can be fit into a 2D frame compatible
format, in order to defer the upgrade of the transmission infrastructure. Some ex-
amples of such formats include frame doubling, side-by-side, interleaved and
checkerboard, which can be seen in Fig. 7.

The frame doubling approach uses a single 2D stream to transmit alternating
left and right images, halving the effective frame rate. This is the most suitable
format for shutter-glass based systems and 3D projectors using rotating polarizers.

Side-by-side places the left and right images next to each other. This either re-
quires doubled horizontal resolution, or halves the horizontal resolution of left and
right images, fitting them in the original 2D image size. A very similar image con-
figuration is over/under.

Interleaving places rows of the left view into even lines, and rows of the right
view into odd lines (or the same reversed). As with side-by-side, two possibilities
are doubling image size and keeping the resolution of the images or halving the
resolution of the component images to fit them into a 2D frame with the same size.
Interleaving can also work in a vertical configuration. This representation is the
best choice for a 3D display based on micro-polarizers.

The checkerboard format mixes pixels of the left and right images so that they
alternate in one row, and alternate the reverse way in the next row. This makes



better interpolation of the missing pixels possible when reconstructing the left and
right images. This representation is used by Texas Instruments DLPs.

Left

Fig. 7 Stereoscopic image formats (from left to right, top to bottom): Frame doubling, Side-by-
side, Interleaved and Checkerboard. Image courtesy of NXP Semiconductors.

The High-Definition Multimedia Interface (HDMI) supports stereoscopic 3D
transmission starting from version 1.4 of the HDMI specification. It defines com-
mon 3D formats and resolutions for supporting 3D up to 1080p resolution and
supports many 3D formats including frame doubling, side-by-side, interleaving
and 2D+depth. There are two mandatory 3D formats defined, which must be sup-
ported by all 3D display devices: 1080p@24Hz and 720p@50/60Hz [27].

2.6. Multi-user stereo and CAVE systems

A common extension of stereoscopic projection systems is using them in
CAVEs [28] that use three to six walls (possibly including the floor and ceiling) as
stereoscopic 3D projection screens. The users entering the CAVE wear glasses for
stereoscopic viewing, one of them (commonly referred to as “leader” or “driver”)
wearing extra equipment for tracking. Since the stereo pairs are generated for a
single point of view that of the driver, using stereoscopic 3D for multiple users is
problematic, as only the driver will perceive a correct 3D image, all others will see
a distorted scene. Whenever the driver moves, the images are updated, thus all
other users will see the scene moving (according to the movement of the driver),
even is they stay at the same place not doing any movements, resulting in disturb-
ing effects. Stereoscopic CAVEs are widely used for providing immersive 3D ex-
perience, but unfortunately carry all the drawbacks of stereoscopic systems.
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2.7. Head Mounted Displays

A head mounted display [29] is a display device worn on the head or as part of
a helmet that has a small display optic in front of both eyes in case of a binocular
HMD (monocular HMDs also exist but unable to produce 3D images). A typical
HMD has two small displays with lenses embedded in a helmet or eye-glasses.
The display units are miniaturized and may include CRT, LCDs, LCOS, or OLED.
Some HMDs also allow partial see-through thus super-imposing the virtual scene
on the real world. Most HMDs also have head tracking functionality integrated.
From the 3D vision point of view, they are equivalent to glasses based systems.
HMD manufacturers include Cybermind [30], 1-O [31], Rockwell Collins [32],
Trivisio [33], Lumus [34].

3. Autostereoscopic displays

Autostereoscopic displays provide 3D perception without the need for wearing
special glasses or other head-gear, as separation of left / right image is imple-
mented using optical or lens raster techniques directly above the screen surface. In
case of two views, one of the two visible images consists of even columns of pix-
els; the second image is made up of odd columns (other layouts also exist). The
two displayed images are visible in multiple zones in space. If the viewer stands at
the ideal distance and in the correct position he or she will perceive a stereoscopic
image (sweet spot). Such passive autostereoscopic displays require the viewer to
be carefully positioned at a specific viewing angle, and with her head in a position
within a certain range. The downside is that there is a chance of the viewer being
in the wrong position (invalid zone) and seeing an incorrect image. This means
that the viewer is forced to a fixed position, reducing the ability to navigate freely
and be immersed.

To overcome the problem of invalid zones head and/or eye tracking systems
can be used to refresh the images whenever the viewer is about to enter such a
zone and experience an incorrect 3D image [35]. Even though there could be la-
tency effects, such a system provides the viewer with parallax information and it
is, therefore, a good solution for single user applications. Multi-user extensions of
this technique are also developed [36].

Some autostereoscopic displays show stereoscopic 3D (consisting of two im-
ages), others go beyond that and display multiview 3D (consisting of more than
two views). Multiview displays [37] project different images to multiple zones in
space. In each zone only one image (view) of the scene is visible. The viewer’s
two eyes are located in different zones, seeing different images thus 3D perception
is enabled. When the user moves, entering different zones will result in different
views, thus a somewhat limited horizontal motion parallax effect is achieved. As
the number of views ranges from 4 to 9 in current multiview displays, the transi-
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tion to adjacent zones is discrete, causing ,,jumps” as the viewer moves. Multiview
displays allow multiple simultaneous viewers, restricting them, however, to be
within a limited viewing angle. The image sequences are periodically repeated in
most multi-view displays, thus enabling more diamond shaped viewing positions
at the expense of invalid zones in between.

Autostereoscopic displays typically use parallax barrier, lenticular sheet or
wavelength selective filter which divide the pixels of the underlying, typically
LCD display into two or more sets corresponding to the multiple directions.

3.1. Parallax barrier

Parallax barrier [38] is an array of slits spaced at a defined distance from a high
resolution display panel. The parallax effect is created by this lattice of very thin
vertical lines, causing each eye to view only light passing through alternate image
columns, allowing the well-positioned viewer to perceive stereoscopic 3D, as
shown In Fig. 8. Parallax barrier-based displays typically show stereoscopic 3D
made up of two images, but with the proper choice of distance and width of the
slit multi-view effect can be provided. Parallax barrier systems are less efficient in
terms of light output, thus the image gets darker than in 2D, especially in case of
multiple views.

Parallax barrier displays are making their way to mobile devices, as they can be
easily implemented in small size. One example is a 3.07” size WVGA 3D LCD
from Masterimage with an integrated, configurable parallax barrier layer on top of
the LCD (2D, portrait or landscape 3D). Such displays make the manufacturing of
3D-enabled handheld devices like the Hitachi Wooo H001 possible [39].

Parallax barrier display manufacturers include Spatial View [40], Tridelity [41]
and NewsSight [42].
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Fig. 8 Principle of parallax barrier based stereoscopic vision

3.2. Lenticular lens

Lenticular lens [37] based displays, which are the most common for imple-
menting multiview 3D, use a sheet of cylindrical lens array placed on top of a high
resolution LCD in such a way that the LCD image plane is located at the focal
plane of the lenses. The effect of this arrangement is that different LCD pixels lo-
cated at different positions underneath the lenticular fill the lenses when viewed
from different directions. Provided these pixels are loaded with suitable 3D image
information, 3D effect is obtained in which left and right eyes see different but
matching information, as shown in Fig. 9. Both parallax barrier and lenticular lens
based 3D displays require the user to be located at a specific position and distance
to correctly perceive the stereoscopic image, as incorrect positioning results in in-
correct images reaching the eye. A major disadvantage of lenticular lens based
systems is their inability to use the displays in 2D with full resolution.

Lenticular 3D display manufacturers include Alioscopy [43], Philips (now re-
tired from 3D display business) [44], NEC [4] and Tridelity [41].
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Since both parallax barrier and lenticular lens based displays require a flat
panel display underneath, the size of such 3D displays is always limited by the
maximum size of such panels manufactured. As of November 2009, the maximum
size is slightly more than 100 inches diagonal. Since tiling such displays is not
seamless, these technologies are not scalable to arbitrary large sizes.

IN

[~

< >33

S ZaN

Fig. 9 Principle of lenticular lens based stereoscopic vision

3.3. Wavelength selective filters

Another possible implementation is using wavelength selective filters for the
multi-view separation. The wavelength-selective filter array is placed on a flat
LCD panel oriented diagonally so that each of the three colour channels corre-
spond to a different direction, creating the divided viewing space necessary for
3D vision. A combination of several perspective views (also combining colour
channels) is displayed. The filter array itself is positioned in front of the display
and transmits the light of the pixels from the combined image into different direc-
tions, depending on their wavelengths. As seen from the viewer position different
spectral components are blocked, filtered or transmitted, separating the viewing
space into several zones where different images can be seen. [45]
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3.4. Multiview 3D uncompressed image formats

Common image formats used by multi-view displays include multiple images
on multiple links, 2D+Depth (described earlier), 2D+Depth with two layers, and
the extension of frame-doubling, side-by-side and interleaving to the multi-view
case.

Using multiple links, the same number of display interfaces are provided as
many views the display have (possibly combined with side-by-side). When used
for multi-view, the 2D + Depth approach is often criticized for missing parts of the
scene behind occluded objects. This effect is somewhat reduced by using two lay-
ers, that is 2D + Depth + Occluded 2D + Occluded depth, what Philips calls De-
clipse format. An example 3D image in Declipse format can be seen in Fig. 10.

Frame doubling, side-by-side and interleaving (either horizontal or vertical), as
described at stereoscopic displays can be naturally extended for using with multi-
ple views. However, if the resolution of the image is to be kept, even more signifi-
cant reduction in the resolution of the component images is required. We have to
note that in case of multi-view displays, the resolution of the individual views is
divided anyway as it cannot have more pixels than the underlying LCD panel.

Fig. 10 2D image + depth + occluded image + occluded depth. Image courtesy of Philips
Electronics N.V.

As a general rule for multi-view systems, the resolution seen in a direction is
equal to the native resolution of the underlying display panel divided by the num-
ber of views.
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4. Volumetric displays

Volumetric displays use a media positioned or moved in space on which they
project/reflect light beams so they are scattered/reflected from that point of space.
The media used is generally a semi-transparent or diffuse surface. Among
volumetric displays there are exotic solutions like the laser induced plasma explo-
sions [46]. In general they less conform to displaying conventions and in most
cases follow the “looking into” instead of “looking out” philosophy.

One possible solution is a moving screen on which different perspectives of the
3D object are projected. A well known solution [47] is a lightweight screen sheet
that is rotated at very high speed in a protecting globe and the light beams from a
DLP microdisplay are projected onto it. Such a display is shown in Fig. 11a. Em-
ploying proper synchronization it is possible to see 3D objects in the globe [48].
Such systems can be considered time-multiplexing solutions, where number of the
displayable layers or voxels is determined by the speed of the projection compo-
nent. A similar solution is the usage of rotated LED arrays as the emissive coun-
terpart of the reflective moving media, as done in the display shown in Fig. 11b.
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Fig. 11 Perspecta volumetric display from Actuality. Image courtesy of Actuality Systems, Inc.

Another technique in volumetric display technology is using two or more LCD
layers as a projection screen, creating the vision of depth. Deep Video Imaging
and PureDepth [49] produced a display consisting two LCDs. The depth resolution
equals 2, enabling special foreground-background style content only, which is
hard to qualify as 3D. The DepthCube display [50] from LightSpace Technolo-
gies shown in Fig. 12 has 20 layers inside. The layers are LCD sheets that are
transparent / opaque (diffuse) when switched on/off, and are acting as a projection
screen positioned in 20 positions. Switching the 20 layers is synchronized to the
projection engine, inside which an adapting optics is keeping the focus.
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Fig. 12 DepthCube volumetric display. Image courtesy of LightSpace Technologies Inc. [provi-
sional permission to be finalized]

Disadvantages of volumetric displays are scalability and the ability to display
occlusion, since the light energy addressed to points in space cannot be absorbed
by foreground pixels. The problem of occlusion has been recently solved by using
an anisotropic diffuser covering a rapidly spinning mirror [51]. As of advantages,
both vertical and horizontal parallax is provided by principle.

The natural data format for volumetric displays is layered images (in the lay-
ered case) or image sequence showing the scene from all around (in the rotating
case).

5. Light field displays

5.1. Integral imaging

Integral imaging [52] 3D displays use a lens array and a planar display panel.
Each elemental lens constituting the lens array forms each corresponding elemen-
tal image based on its position, and these elemental images displayed on the dis-
play panel are integrated forming a 3D image. Integral imaging can be though of
as a 2D extension of lenticular lens based multiview techniques, providing both
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horizontal and vertical parallax. Real-time generation of integral images from live
images has been demonstrated [53].

Its disadvantages are narrow viewing angle and reduced resolution. The view-
ing angle within which observers can see the complete image is limited due to the
restriction of the area where each elemental image can be displayed. Each elemen-
tal lens has its corresponding area on the display panel. To prevent image flipping
the elemental image that exceeds the corresponding area is discarded optically in
direct pick up method or electrically in computer-generated integral imaging
method. Therefore the number of the elemental images is limited and observers
outside the viewing zone cannot see the integrated image.

5.2. Holographic displays

Pure holographic systems [54] have the ability to store and reproduce the prop-
erties of light waves. Techniques for creating such holographic displays include
the use of acusto-optic material and optically addressed spatial light modulators
[55]. Pure hologram technology utilises 3D information to calculate a holographic
pattern [56], generating true 3D images by computer control of laser beams and a
system of mirrors. Compared to stereoscopic and multi-view technologies the
main advantage of a hologram is the good quality of the generated 3D image.
Practical application of this technology today is hampered by the huge amount of
information contained in the hologram which limits its use to mostly static 3D
models, in limited size and narrow viewing angle.

5.3. HoloVizio type light-field displays

Such displays follow hologram geometry rules, however direction selective
light emission is obtained by directly generating the light beams instead of inter-
ference. In this way the huge amount of redundant information present in a holo-
gram (phase, speckle) is removed and only those light beams are kept which are
needed to build up the 3D view. Each point of the holographic screen emits light
beams of different colour and intensity to the various directions in a controlled
manner. The light beams are generated through a specially arranged light modula-
tion system and the holographic screen makes the necessary optical transformation
to compose these beams into a 3D view. The light beams cross each other in front
of the screen or they propagate as if they were emitted from a common point be-
hind the screen, as shown in Fig. 13. With proper control of the light beams view-
ers see objects behind the screen or floating in the air in front of the screen just
like with a hologram.
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Fig. 13 Principle of HoloVizio light-field displays.

The main advantage of this approach is that, similarly to the pure holographic
displays, it is able to provide all the depth cues for multiple freely moving users
within a reasonably large field of view. Being projection based and using arbitrary
number of projection modules, this technique is well scalable to very high pixel
count and display size, not being limited to the resolution of a specific display
technology (like the ones using a single LCD panel). 2D compatibility is implic-
itly solved here, as light rays making up a 2D image are also easy to emit without
any reconfiguration. These systems are fairly complex because of the large num-
ber of optical modules and the required driving/image generation electronics.

The natural data format for this kind of display is the light field [57] that is pre-
sent in a natural 3D view. HoloVizio 3D displays are an implementation of this
technology [58, 59].

6. Conclusion

Very different ideas have been used so far to achieve the goal of displaying re-
alistic 3D scenes, the ultimate goal being a virtual 3D window that is indistin-
guishable from a real window. Most implementations of the approaches men-
tioned have found their specific application areas where they perform best, and
they are gaining an ever growing share in visualization. 3D data is already there in
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a surprisingly large number of industrial applications, still visualized in 2D in
most cases.

As for home use, the natural progression of technology will bring the simplest
technologies to the mainstream first, and with advances in technology, cost effec-
tiveness and increased expectations regarding 3D will eventually bring more ad-
vanced 3D displays currently only used by professionals to the homes.
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ABSTRACT

We present methods to measure the spatial, angular and
depth resolution of LF displays using off-the-shelf
equipment and performing a subjective experiment. The
spatial resolution is measured in circles per degree and the
challenge is to display and quantify sinusoidal patterns
with varying spatial frequencies on displays, which in
general do not exhibit regular or pixel-like structure.
Being specific for 3D displays, the angular resolution
represents the number of unique directions that can be
emitted from a point, and measured in circles per degree.
The paper presents the experimental setup and discusses
the results. The depth resolution shows the minimum
distinguishable depth that can be reproduced by the
display used, and is estimated by a subjective experiment.

1. INTRODUCTION

3D displays are expected to reconstruct 3D visual scenes
with certain level of realism relying on various 3D visual
cues. Auto-stereoscopic (AS) and multi-view (MV)
displays generate a discrete set of views (two or more)
forming stereo-pairs thus providing binocular cues without
the need of wearing 3D glasses [1]. Observers are
supposed to find the proper viewpoint (sweet spot) where
the views from a stereo pair are best visible by the
corresponding eyes. AS displays do not provide head
parallax and MV displays provide a very limited one
resulting from the limited set of discrete views available.
This is usually accompanied by the effect of transition
(jump) between those views and known as image flipping.

The next generation of 3D displays, denoted as light-
field (LF) displays aim at providing a continuous head
parallax experience over a wide viewing zone with no use
of glasses. In general, this requires a departure from the
“discrete
reconstruction of the light field emanated or reflected from
the 3D visual scene is targeted. Correspondingly, the scene
is represented by a discrete set of light rays, which serve
as generators for the subsequent process of continuous
light field reconstruction.
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Figure 1: Light-field display architecture

Technologically, this two-stage process (scene
representation and scene reconstruction) can be
implemented by using an array of projection modules
emitting light rays toward a custom-made LF
reconstruction surface (screen). The latter makes the
optical transformation that composes rays into a
continuous LF [9].

With proper design of the LF display, light rays leaving
the screen spread in multiple directions, as if they were
emitted from points of 3D objects at fixed spatial
locations. This gives the illusion of points appearing either
behind the screen, on the screen, or floating in front of it,
achieving an effect similar to holograms, as illustrated in
Figure 1. Therefore, the LF reconstruction screen is
sometimes denoted as a holographic screen.

With the emergence of LF displays, the issue of their
quality and its characterization becomes of primary
importance. For 2D displays, display quality is directly
characterized by their spatial resolution and observation
angle, which quantification and measurement are
standardized [4] and therefore, easily available to and
interpretable by the end users. Manufacturers of 3D
displays do not follow a single metric. Instead, they either
describe display quality using 2D-related parameters or
provide no such information at all. For example, the
visualization capabilities of a 3D display are given in
terms of the underlying TFT matrix resolution and the
number of unique views [16].



Most previous work related to characterization of 3D
displays is focused on stereoscopic and multi-view (MV)
displays. The work presented in [2] provides an approach
to model multi-view displays in the frequency domain
using test patterns with various density and orientation.
However, the work assumes a MV display with a sub-pixel
interleaving topology — something that LF displays do not
have. The approach presented in [3] targets MV displays
as well. This method is based on proprietary measurement
equipment with Fourier optics, and due to the small size of
the instrument, the applicability for large-scale (non-
desktop) LF displays is limited. Moreover, it cannot be
used for front-projected LF displays as the head would
block the light path. The Information Display
Measurement Standard [4] contains measurement methods
for spatial and angular resolution (chapters 17.5.4 and
17.5.1 in [4]). The method described as angular resolution
measurement relies on counting local maxima of a test
pattern, but also assumes that the display can show two-
view test patterns specifically targeting adjacent views,
which is not directly applicable for LF displays. The
method also assumes that the pixel size of the display is
known in advance, which is not applicable for an LF
display. The authors of [5] describe another proprietary
measurement instrument, but the measurement assumes
that the display is view-based, which does not apply for
typical LF displays. We are not aware of a method that can
measure the spatial and angular resolution of LF display
with no discrete pixel structure.

In this work, we identity three parameters with direct
influence on the perceptual quality of a LF display. Spatial
resolution and angular resolution, both quantified in
circles per degree (CPD) can be measured by off-the-shelf
equipment. The minimum perceivable depth at the screen
level, referred to as perceptual depth resolution is
estimated by a subjective experiment. We specifically
experiment with displays produced using HoloVizio
technology [8] however the methodology can be easily
adapted to other types of LF displays.

2. SPATIAL RESOLUTION

2.1. Background
The 2D spatial resolution of a LF display cannot be
directly measured in terms of horizontal and vertical pixel
count. This is due to the specific interaction between the
discrete set of rays coming from projectors and the
continuous LF reconstruction screen. For the proper
generation of 3D effect, rays coming from different
projectors might not form a regular structure.
Correspondingly, the group of rays visible from a given
directiondon o t appear as “

[2].
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Figure 2: a) Sinusoidal pattern for spatial resolution
measurement; b) Sinusoidals of increasing frequency
used for the spatial resolution measurement

Therefore, in our approach, the spatial resolution is
quantified through the display capability to produce fine
details with a given spatial orientation. In practice, this
means measuring the display’ scapability to reliably
reproduce sinusoidal patterns in various directions.

One way to measure the 2D resolution would be to
have an objective metric that analyses the contrast ratio of
a sinusoidal pattern visualized on the screen. By
measuring the contrast ratios of patterns with various
density and orientations, one can find the threshold in each
case, thereby determining the maximal resolution for the
direction in question. However, rendering a sinusoidal
pattern onto a non-rectangular grid produces imaging and
aliasing distortions, which manifest themselves as Moiré
patterns [7]. Therefore, measuring the contrast alone is not
enough to assess how these distortions affect the image.

A more perceptually correct way to measure the 2D
resolution would be to measure the so-calle d
of the display [7]. In essence, pass-band measurement
consists of a series of pass/fail tests, where each test
analyses the distortions introduced by the display on a
given test pattern. One starts with a test pattern with a
given frequency and orientation, visualizes it on the
screen, photographs it and analyses the output in the
frequency domain. If the input (desired) frequency is still
the dominant frequency on the output (distorted) image,
the frequency of the pattern under test is considered to
belong to the pass-band of the display. By repeating the
pass/fail test for multiple test patterns, one can discover a
|l arge set of “ pa.dJsionofgllthose
frequencies is the pass-band of the display [7].

2.2. Experimental setup

Spatial resolution measurement involves showing
sinusoidal black and white patterns of increasing
frequency on the screen, taking photos of the resulting
images and analyzing these photos in the frequency
domain to determine the limits of visibility. The full-
screen patterns projected on the screen show a sinusoidal
change in intensity in one direction, but constant intensity
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horizontal resolution is shown in Figure 2a.
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Figure 3: Gratings with slant 22.5 degrees, tested for
frequency dominance: a) grating with negligible
distortions, b) grating with visible distortions, c)

grating with ambiguous dominant frequency, d)-e)
frequency analysis of the three gratings

The frequency of the sinusoidal pattern is then
increased and with every increment a new photo is taken
(see Figure 2b). This procedure is then repeated with other
measured directions (8 in our experiments), and a
sequence of photos is taken starting from low frequency,
with the same increments.

The measured directions of the test patterns are 0°,
2250, -22,5° 45° -45° 67.5° -67.5° and 90°. These
provide a good esti-+mad i o

As the LF image is comprised of a set of light rays
originating from various sources, sampling and visualizing
this pattern is not trivial. For this purpose, we have
developed a pattern generator software that enumerates all
the light rays emitted by the display. By knowing where
the light rays originate from and where they cross the
screen’ s s uthe fintensity of the specific light ray is
determined, much like a procedural texture. The direction
and frequency of the pattern can be changed interactively
or automatically. In automatic operation mode the
software is also able to control a DSLR camera attached to
the computer controlling the display, which takes photos
corresponding to each pattern. The camera in this
experiment is on a static stand, and is positioned so that it
is pointing to the center of the screen and is in line with
the screen center both horizontally and vertically. Camera
settings shutter speed is set up so that the shutter speed is
longer than the double of the refresh rate used by the
display. The resolution of the camera is order of
magnitude higher than what is needed for sampling of the
grating with the highest frequency. The 1SO and aperture
are set so that is set so that the white and black intensities
do not over saturate the camera, but still exploit most of its
dynamic range.
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Figure 4: Sample polar plot of resolution limits in
different directions on the screen

The resolution of the camera is set so that it oversamples
the test pattern with the highest frequency. The camera is
linearized as described in [15].

2.3. Analysis
Signals with measured frequencies lower than the
frequency of the generated signal (i.e. aliased frequencies)
are classified as distortions [7]. We consider distortion
with amplitude 5% of the original (input) signal to be
barely visible, and distortion with amplitude of 20% as
unacceptable.
In other words, distortion with amplitude between 5% and
20% will produce visible distortions, but the original
signal is still recognizable; distortion with amplitude
ter th 0% jresults.in perceptual loss ing) of
t eq%rig}tnjrs%nald[;f]gqu 2R 4B

We start the analysis with cropping the acquired
photos - we keep only the part depicting the visualized test
pattern. Each cropped image is then windowed and a 2D
FFT is executed on it. In the spectrum we can identify the
peak that corresponds to the original frequency, and other
peaks, which are created by display distortions. Next, we
create the so-called unit circle around the point of origin,
with a radius equal to the distance between the original
peak and the point of origin. We search for peaks inside
the unit circle. If the amplitude of such peaks is between
5% and 20% of the amplitude of the original one, we deem
the patch to exhibit visible distortions. If the amplitude of
the extra peaks is higher than 20% of the amplitude of the
original one, then the dominant frequency is lost, and we
deem the patch to have intolerable distortions.

An example of sinusoidal gratings under test is shown
in Figure 3 a)-c) and frequency domain representations of
these gratings can be seen in Figure 3 d)-f). The unit circle
is plotted with yellow dashed line. The first grating
exhibits minor distortions, and all peaks in the unit circle
have negligible amplitude. The second grating has visible
distortions, which appear as minor (5-20%) peaks inside
the unit circle. In the third grating the dominant frequency
is lost, and this can be detected by finding large peaks



inside of the unit circle. Such analysis is repeated for
gratings with increasing density slanted in all preselected
directions. The gathered data allows one to estimate the
resolution of the display for details with different
orientation in terms of cycles-per-degree (CPD). The
resolution in a certain direction is estimated from the
threshold for lines in the orthogonal direction — e.g. the
horizontal resolution is estimated using a grating with
vertical lines. Two sets of resolutions can be derived. One
is what we call distortion-free resolution, i.e. the amount
of cycles per degree the display can reproduce in a given
direction, without introducing visible distortions. The
other is peak resolution, which characterizes the maximum
amount of CPD for which the introduced distortions do
not mask the original signal. An example of these two
resolutions derived for a LF display for different
directions is given in Figure 4 — the blue line marks
distortion-free resolution in CPD, while the red one marks
the peak resolution. The data points in the figure indicate
display resolution in a given direction.

3. ANGULAR RESOLUTION

3.1. Background
The angular resolution of a multi-view display can be
directly derived from the geometrical properties of the
display, that is, it is related to the number of views the
display can generate throughout its Field Of View (FOV).
It can be calculated by dividing the FOV of the display
with the number of views, or alternatively, it can be
measured, for example, by the approach proposed in [2].

In the case of LF displays, the concept of views is
abandoned. Instead, the angular resolution is determined
by the minimal angle of change that rays can reproduce
with respect to a single point on the screen. In a simplified
form, the minimal angle that an ideal display should
reproduce can be estimated based on the properties of the
human visual system, as [13]
(ideal) __ _1ﬂ
0in tan D O
where d, is the pupil diameter, D is distance to the screen
(more precisely to the visualized point under
consideration) and i, is the minimum angle between two
rays originating from a single point that the eye can
discriminate. Having smaller angular resolution limits the
capabilities of the display, i.e. proper continuous-like
parallax is limited to objects closer to the screen level. By
knowing the angular resolution of an LF display, it is
possible to prepare the content for the display (e.g.
keeping the depth of the scene inside depth budget) that
will result in higher visual quality.

As discussed earlier, due to different specifications
provided by display manufacturers as well as the fact that
rays might not originate from the same point on the

Figure 5: a) Angular resolution test pattern, as seen by
the camera from various angles. b) Angular resolution
test patterns with increased frequency

surface of the screen, it is not straightforward to evaluate
the angular resolution based on that data. We are not
aware of a systematical approach to measure the angular
resolution of an LF display. Therefore, in the following
section we describe an experimental setup for measuring
the angular resolution. Similar principle as in the case of
the spatial resolution measurement described in Section 2
is applied. First, a set of signals is generated that change
the pixel intensity with observation angle, and then,
second, the highest amount of change is evaluated for
which these changes can be reliably detected by an
observer. These changes are then related to the angular
resolution.

3.2. Experimental setup

Angular resolution measurement consists of showing a
pattern that has a different appearance when viewed under
different angles, that is, in this measurement, the direction
selective light emission property of the 3D display is
evaluated. We project a rectangular area that appears
white from some viewing angles, and appears black from
other angles. This black / white transition is repeated over
the FOV of the display. A camera moving in front of the
screen, pointing at the rectangle will see one or more
white-to-black and black-to-white transitions during its
travel (see Figure 5a). The duty cycle of black and white
areas is always 50%, thus they appear to have the same
size. Using a camera that moves parallel to the screen from
one end of the display’s
recorded. This video shows the intensity transitions of the
measured spot as the screen is observed from various
angles. The measurement spot is surrounded by a circle of
solid green color that can be tracked in the recorded video.
The angle between the observation direction where the
measured spot is seen white and the direction it is seen
black, is initially chosen to be large (e.g. two transitions
over the whole FOV). Then the distance is gradually
decreased, thus increasing the angular frequency of the
pattern in subsequent iterations (see Figure 5b). Camera
settings are as in the spatial resolution measurement.
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Figure 6: a) Intensity of the measured spot with test
patterns of increasing frequency (freq < fgreen < Toiue)
b) Decreased dynamic range for higher frequencies

3.3. Analysis

From the video recordings, frames are extracted. On each
frame, the center of the green marker circle is located
giving the position of the measured spot. The intensity of
the measured spot changes from low to high and high to
low in successive frames (change in observation angle is
related to the camera movement). This is shown in Figure
6a. In this figure we can also see the increased rate of
transitions with patters of increased frequency. As we
proceed to higher frequency test patterns, the dynamic
range between blacks and whites is decreasing (see Figure
6b and Figure7a). We define the 2D dynamic range of the
display to be difference between the black and white levels
when a 2D image is shown. In that case, the dynamic
range of different angular frequencies can be expressed
proportionally to the 2D dynamic range, as shown in
Figure 7b. Finally, we find the threshold where the angular
dynamic range drops below 20% of the 2D dynamic range.
We define the angular resolution of the display i, to be
equal to that threshold

4. PERCEIVED DEPTH RESOLUTION

4.1. Background

As a result from the continuous head parallax an LF
display can provide, the recreated scene appears visually
as a 3D volume seen from various angles. Apart from
planar (2D, or x-y) resolution, one might be interested also
in the resolution in z-direction, i.e. what is the minimum
depth difference that can be reliably reproduced by the
display. The available parallax is characterized directly by
the spatial resolution and the display FoV. The angular
resolution naturally specifies how much one can move
objects of size of one spatial element in front of the
display before starting loosing spatial resolution. Thus, the
minimum perceivable depth is a function of the spatial and
the angular resolution, but cannot be fully characterized by
those since there are subjective factors such as motion
speed, memory and temporal masking along with other
degradation factors, such as inter-perspective crosstalk and
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Figure 7: a) Highest and lowest intensities as observed
with successive angular resolution test patters (blue:
highest intensity, green: lowest intensity)

b) Relative dynamic range

texture blur, which influence the ability of the observers to
discriminate depth layers [6][9]. Besides, human vision is
less sensitive to depth variations than to spatial variations
of the same magnitude [12].

Usually, studies on stereoscopic perception use random
dot stereograms to assess the thresholds in perceiving
depth [10][12]. Experiments involving sinusoidal depth
plane discrimination have been used to study disparity
[10] or motion parallax [11] thresholds. In this work, we
aim at finding the minimal step in z-direction that can be
observed on a particular LF display, providing certain
level of continuous parallax, by means of a direct
subjective experiment.

4.2. Experimental setup

In this measurement we show a 3D object with a
sinusoidal depth grating having a random dot texture. The
grating is a surface with sinusoidal depth profile, as shown
in Figure 8a and Figure 8b. The texture shows smooth
circles of various sizes. It is projected orthogonally onto
the surface, so that for an observer staying in front of the
display the texture has no projective distortions and bears
no pictorial depth cues (see Figure 8c). The grating is
visualized as being parallel to the screen, and is scaled so
that its borders appear outside of the screen area. A
grating with zero amplitude appears as a flat surface
parallel to the screen, while a grating with depth variations
appears as sinusoidal surface changing alternatively
towards and away from the observer. The only depth cues
of the scene are the interocular and head parallax created
by the LF display.

The experiment uses custom software that allows the
density and the amplitude of the grating to be changed
interactively. The experiment starts by showing a low-
density sinusoidal grating with zero amplitude. The test
subject is encouraged to move around and observe the
grating from different perspectives, and is asked to
distinguish whether the visualized grating is flat or
grooved.

The amplitude of the grating is increased by 10% at a
time, till the observer notices the depth changes of the
grating. In should be noted, that the threshold sensitivity of



a) b) c)

Figure 8: Sinusoidal depth gratings: a )
grating, b) high density grating, c) orthogonal
observation of the high density grating

the human vision to sinusoidal gratings varies with grating
density [12]. We have selected planar frequencies in the
range between 0.5 and 4 CPD, where the human vision has
constant sensitivity to depth variations.

4.3 Analysis

The experiment has been performed with three volunteers,
and using three grating frequencies. The perceptual
thresholds for depth variations were recorded in terms of
absolute distance values, as provided to the rendering
engine. After the experiments, these were converted to
relative values, relative to the total depth range provided
by the display. The results are shown in Figure 9.
Apparently, even though high angular frequency is needed
for the display to provide continuous head parallax, much
lower depth resolution would be sufficient for acceptable
3D representation of 3D data.

5. CONCLUSIONS

We have presented methods for measuring three
characteristic parameters of 3D LF displays — namely
spatial, angular and perceived depth resolution. The
methods are suitable for LF displays, which do not have
discrete pixels. Spatial resolution measurement is fully
automatic, while the angular resolution measurement
requires moving the camera. The proposed methods
provide valuable information about the visualization
capabilities of a given LF display, which can be utilized in
capturing, compressing and visualizing of LF data.
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Figure 9: Perceived depth resolution of the display
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ABSTRACT

Effective spatial resolution of projection-based 3D light-
field (LF) displays is an important quantity, which is
informative about the capabilities of the display to recreate
views in space and is important for content creation. We
propose a subjective experiment to measure the spatial
resolution of LF displays and compare it to our objective
measurement technique. The subjective experiment
determines the limit of visibility on the screen as perceived
by viewers. The test involves subjects determining the
direction of patterns that resemble tumbling E eye test
charts. These results are checked against the LF display
resolution determined by objective means. The objective
measurement models the display as a signal-processing
channel. It characterizes the display throughput in terms of
passband, quantified by spatial resolution measurements in
multiple directions. We also explore the effect of viewing
angle and motion parallax on the spatial resolution.

Index Terms— 3D displays, light-field displays, spatial
resolution, resolution measurement, subjective experiment

1. INTRODUCTION

3D light-field (LF) displays [1] are capable of providing 3D
images with a continuous motion parallax over a wide
viewing zone, and viewers can experience spatial vision
inside this zone without wearing 3D glasses. Instead of
showing separate 2D views of a 3D scene, they reconstruct
the 3D light field describing a scene as a set of light rays.
One way to implement such a display is using an array of
projection modules emitting light rays and a custom
holographic screen [2]. The light rays generated in the
projection modules hit the holographic screen at different
points and the holographic (reconstruction) screen as seen
Figure 1, which makes the optical transformation that
composes rays into a continuous 3D view. Each point of the
holographic screen emits light rays of different color to the
various directions. However, it is important to note that such
screens do not have discrete pixels since the light rays can
pass through the screen at arbitrary positions.

Light ray generators
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Figure 1: Light-field display architecture

When using properly designed LF displays, light rays
leaving the screen spread in multiple directions, as if they
were emitted from points of 3D objects at fixed spatial
locations. This gives the illusion of points appearing either
behind the screen, on the screen, or floating in front of it,
achieving an effect similar to holograms.

For 2D displays, essential information such as spatial
resolution and observation angle is standardized [3] and
easily available to end users. For 3D displays in general, a
common standard does not exist yet, and manufacturers
rarely provide information about the display capabilities or
provide 2D-related parameters. For example, the capabilities
of a 3D display are given in terms of the underlying TFT
matrix resolution and the number of unique views, which
does not explicitly define what viewers can see [4].

2. RELATED WORK

Most previous work on 3D display characterization is only
applicable for stereoscopic and multi-view (MV) displays.
An approach to model multi-view displays in the frequency
domain is presented in [5], where test patterns with various
density and orientation are used. However, the inherent
assumption about 3D displays having a sub-pixel
interleaving topology does not apply in the case of LF
displays. The method presented in [6] is based on
proprietary measurement equipment with Fourier optics,



and is targeting MV displays. The Information Display
Measurement Standard [3] provides a number of methods to
measure spatial and angular resolution (in chapters 17.5.4
and 17.5.1 of [3]). However, the angular resolution
measurement method relies on counting local maxima of a
test pattern, and assumes that the display can show two-
view (stereoscopic) test patterns, which is a very unnatural
input in case of LF displays, not having discrete views. This
method also assumes that the pixel size of the display is
known, which, not having discrete pixels, is also not
applicable for LF displays.

In this work, we present a subjective experiment to
evaluate the spatial resolution of LF displays, which has a
direct influence on the perceptual quality of a LF display.
We analyze the effect of different viewing angles on the
measured and perceived resolution, as well as the effect of
motion on the perceived resolution.

We specifically experiment with displays produced
based on the HoloVizio technology [2], however the
methodology can be directly adapted to other LF displays
[11][22][13].

3. OBJECTIVE MEASUREMENT OF
SPATIAL RESOLUTION

The method we have used for measuring the objective
resolution has been presented in our previous work [7],
therefore it is not detailed here. To be able to show the
correspondence between the objective and subjective
approach, a short summary of the algorithm follows. What
is new, is that we have executed the resolution measurement
from different viewing angles relative to the screen.

The 2D spatial resolution of a LF display cannot be
directly measured in terms of horizontal and vertical pixel
count. This is due to the specific interaction between the
discrete set of rays coming from the projectors and the
continuous LF reconstruction screen. In order to recreate a
valid 3D effect, rays coming from different projectors might
not form a regular structure. Correspondingly, the group of
rays visible from a given direction does not appear as pixels
on a rectangular grid [5].

Therefore we chose to quantify the display’s capability
to produce fine details in a given spatial direction. This is
achieved by measuring the so-called “pass-band” of the
display [10]. Pass-band measurement consists of a series of
pass/fail tests, where each test analyses the distortions
introduced by the display on a given test pattern. It starts
with a test pattern showing sinusoidal black and white
patterns (see Figure 2a) on the screen with a given
frequency and orientation. The image on the screen is
photographed and analyzed in the frequency domain. If the
input (desired) frequency is still the dominant frequency on
the output (distorted) image, the frequency of the current
test pattern is considered to belong to the pass-band of the
display.

Screen t 1
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Figure 2: a) Sinusoidal pattern for spatial resolution
measurement; b) Sinusoidals of increasing frequency
used for the spatial resolution measurement

By repeating the pass/fail test for multiple test patterns with
different frequency (see Figure 2b) and directions (0°, 22.5°,
-22.5°, 45°, -45°, 67.5°, -67.5° and 90° in our experiments),
one can find the range of input frequencies that can pass
through the system. Signals with measured frequencies
lower than the frequency of the generated signal (i.e. aliased
frequencies) are classified as distortions [10]. We consider
distortion with amplitude of 5% of the original (input)
signal to be barely visible, and distortion with amplitude of
20% as unacceptable. Based on these thresholds, two sets of
resolution values can be derived. One is what we call
distortion-free resolution, i.e. the amount of cycles per
degree the display can reproduce in a given direction,
without introducing visible distortions (5%). The other is
peak resolution, which characterizes the maximum
resolution for which the introduced distortions do not mask
the original signal (20%).

As the LF image is comprised of a set of light rays
originating from various sources, sampling and visualizing
this pattern is not trivial. For this purpose, and for
visualizing the test patterns of the subjective experiment, we
have developed pattern generator software that enumerates
all the light rays emitted by the display. By knowing where
the light rays originate from and where they cross the
screen’s surface, the intensity of the specific light ray is
determined, much like a procedural texture.

This measurement has been performed on the same LF
display from a central viewpoint, as well as from the edge of
the Field of View (FOV).

4. SUBJECTIVE TEST OF PERCEIVED
SPATIAL RESOLUTION

To quantify what resolution human viewers are able to see,
we have developed a test that involves subjects
distinguishing small details on the screen, and iteratively
finding the detail size they cannot properly see anymore.
We aimed at constructing a test that subjects are familiar
and feel comfortable with. The perceived spatial resolution
has been measured using a test similar to the tumbling E eye
test charts [8]. In our case, symbols of different size have
been shown on the screen of a LF display, and viewers have
been asked to record the orientation of the symbols.



Figure 3: 3x3 E signs with randomized direction

In each iteration a viewer can see nine equally sized
symbols on the screen, arranged in a 3x3 layout, the
orientation of each symbol randomly chosen from the four
possible orientations (left, right, up, down), as shown on
Figure 3. The test software records the rendered symbols
along with the symbol size, timestamp and the 1D of the test
subject. The subject is asked to record the nine orientations
on paper, that is, draw the symbols into a 3x3 grid with the
same orientation he/she can see.

In the next iteration, the size of the symbols is
decreased 1.3 times, and the next set of randomized symbols
is presented. The viewer records the orientation of the new
set of symbols. The rendered symbol orientations and the
perceived orientations recorded by test subjects are then
compared to see where the orientations cannot be seen by
the test subjects. When ophthalmologists perform eye tests,
a line of a specific symbol size is considered read when
more than half of the characters are read correctly, thus we
use the same criteria [9].

The application used to render the symbols on the LF
display is based on the same technique we used to render
the spatial resolution test patters in the sense that the color
of the emitted light rays is determined procedurally, that is,
a GPU shader is executed for each light ray, which, based
on the ray parameters and the pattern to be rendered,
calculates if the specific light ray should be white or black.
This is in contrast with rendering approaches that start with
a flat texture depicting the intended test pattern, and
generate the light rays by applying a set of transformation
and filtering steps. This rendering method ensures that the
test patterns are rendered with the highest possible fidelity
with no degradations caused by the rendering process.

The subjective tests were conducted with nine subjects,
sitting 5m away from a 140” diagonal LF screen. The room
has been darkened so that external light reflected from the
screen does not affect the perception of patterns. The
analysis of the results show that on average, subjects started
to introduce recognition errors in iteration 6, and have fallen
below the 50% threshold in iteration 8, close to the level of
random guess (25%), as shown on Figure 4.

5. COMPARISON OF OBJECTIVE AND
SUBJECTIVE RESULTS

The results of the subjective tests show that the level where
subjects started to introduce recognition errors roughly
corresponds to 150% of the peak resolution as determined
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Figure 4: Average recognition performance.
Dashed line marks 50% threshold.

by the objective measurement, even though the average
performance at this level is still 92%.

Interestingly, even in the next iteration (1.3x smaller size)
subjects performed slightly higher than the 50% recognition
threshold. The reason for the higher perceived resolution
might be that the human vision system is very good at
determining shapes even when they suffer from distortions.

We have found that the objective measurement is strict
in the sense that when the 20% distortion level is reached,
the original patterns are still visible at some areas and some
viewing directions on the screen, although heavily distorted
or even invisible in other areas.

The correspondence between the resolution represented
by the sinusoidal pattern and the E symbols is determined in
the following way: the feature size in case of the tumbling E
test pattern is the thickness of one line segment in the E,
while the feature size of the sinusoidal is a half period.

6. VIEWING ANGLE DEPENDENCE

In all displays, the perceived resolution when watched from
the center or from other angles is different. Due to the way
the emitted rays are typically distributed in a LF display we
expected that the resolution will be slightly lower at the
sides of the FOV.

To check the viewing angle dependence of the
measured and perceived resolution of the display, we have
performed both the objective and subjective resolution
measurements from the center of the viewing area, and the
side of the viewing area.

The results of the objective resolution test show that the
horizontal resolution is slightly lower when perceived from
the edge of the FOV, see Figure 5. The results of the
subjective tests also show that the performance of subjects
in recognizing the correct orientation of symbols is slightly
lower when they were positioned on the side of the viewing
zone. The decrease of accuracy starting at iteration 6 is
steeper in this case. Moreover, some subjects made a
mistake with relatively large symbol sizes, which did not
occur when they were positioned in the center.



Figure 5: Difference between measured resolution from
the center (blue / x) and the side (red / o) of the FOV.
The plot shows the measured resolution in test patterns
of different directions.

With the smallest symbol size we can see subjects
performed slightly better from the side view, but we
consider this irrelevant, as both results (31% and 33%) are
close to random guess (25%), and are only shown here for
completeness.

7. MOTION PARALLAX DEPENDENCE

During the subjective tests we have realized that subjects,
although sitting, have been moving their heads excessively,
especially when observing very small symbols. When
asked, they confirmed that head parallax helps them to see
the correct orientation of small symbols on the screen. In
order to check the importance of motion parallax on the
perceived resolution, we repeated the experiment with no
head movements allowed. Comparing the results of the eye
chart test with and without head movements shows that
looking at the same display from multiple directions let
subjects see finer details, thus increasing the perceived
spatial resolution. While subjects performed slightly above
the 50% threshold in iteration 7 in the normal test, their
performance dropped below 50% in the last two iterations
when no head movements were allowed.

The reason for this effect is rooted in the non-uniform
pixel structure of LF displays, that is, the light rays visible
from one viewing angle may sample the 3D scene at slightly
different locations than from different angles. That is, when
viewers are moving their heads, they are looking for the
positions where the direction of the symbol can be seen.

We should note that the measured resolution as seen by
a still camera can be just as high as the perceived resolution
of a viewer with no head movements allowed.
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Figure 6: Average recognition performance from the
center, and from the side of the LF display’s FOV
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8. CONCLUSIONS AND FUTURE WORK

Both an objective measurement method and a subjective test
have been presented for measuring the spatial resolution of
LF displays, which can be applied to any LF 3D display.
The results of the measurement and subjective tests have
been compared, and a difference has been found. The
dependence of resolution on viewing angle has been
checked and confirmed. It has also been shown that an
observer could see finer details when head movements were
allowed compared to the case when the head position was
fixed on a LF 3D display, and commented on the possible
causes. These results highlight some of the many
differences between 2D displays and 3D LF displays. These
differences have consequences on content creation,
processing, compression and rendering for LF displays.
Future work will aim at the development of an
objective measurement or estimation method for
determining the perceived resolution of moving viewers.
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Abstract: The visualization capability of a light field display is uniquely
determined by its angular and spatial resolution referred to as display
passband. In this paper we use a multidimensional sampling model for
describing the display-camera channel. Based on the model, for a given
display passband, we propose a methodology for determining the optimal
distribution of ray generators in a projection-based light field display. We
also discuss the required camera setup that can provide data with the
necessary amount of details for such display that maximizes the visual
quality and minimizes the amount of data.
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1. Introduction

Most of the commercially available, stereoscopic as well as autostereoscopic, 3D displays
concentrate on reproducing the binocular visual cue for single or multiple observers thereby
giving the illusion of 3D [1]. However, a typical consumer display is not capable or has
difficulty in reproducing other cues important for 3D vision, most notable one being the
continuous head parallax [2]. There are two practical ways for achieving the illusion of
continuous head parallax. First way is by performing user s  tagkimg and rendering

ACM Tr an

parallax-c or r e c t views depending on usegherussigaposi ti on. T h

head mounted display (e.g. Oculus Rift, Samsung Gear VR, Zeiss VR) or a custom built
display with eye-tracking capabilities (e.g. zSpace). Disadvantage of those lies in the fact that,
typically, only one user is supported. Second way of achieving a reasonably convincing
continuous parallax is by using so called light field (LF) displays [1,3,4].

A LF display strives to reproduce the underlying plenoptic function describing the scene
that is visualized [5]. It can be observed by multiple users simultaneously without a need of
user tracking or glasses. In order to support continuous parallax, a large and dense set of light
rays have to be generated to reconstruct the underlying LF function. I n today
this is achieved by using projection-based systems [3,4]. There are two major drawbacks of
such LF displays. First, only a finite number of light rays can be generated in practice. Based
on the properties of the human visual system (HVS) it is possible to estimate the optimal
(required) number of rays needed to achieve a level of detail that is sufficient for a human
observer [6,7]. Unfortunately, achieving that
technology. Second, due to the multiple sources of rays, it is very difficult to achieve the
desired uniform density of rays (position wise as well as intensity wise) on the screen surface
[4]. Both drawbacks reduce the perceived resolution of the display. Therefore it is important to
optimize the display setup and properly preprocess data sent to the display in order to mitigate
the aforementioned two drawbacks as much as possible.

We have shown earlier [8] that by performing a frequency domain analysis of a typical
LF display it is possible to determine the throughput of the display in terms of its spatial and
angular resolution. This enables one to calculate the optimal amount of data that has to be
captured and sent to the display to maximally utilize its visual capability. Moreover, it gives a
user a good idea what to expect from the display in terms of visual quality. In this paper, we
build on some of the ideas presented in [8] in order to achieve a deeper understanding of the
relations of various hardware and software parts building a LF display. We present an analysis
assuming a desired ray-sampling pattern at the screen plane that will define display
specifications. For such display, we estimate the throughput of the display in terms of its

LF
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angular-spatial bandwidth. Having the display specifications, we develop a methodology for
determining the optimal distribution of ray generators that will result in the desired display
properties as well as a camera setup that can provide data with required amount of details.
This is achieved by developing an optimization / estimation method for determining the
required display / camera parameters.

Outline of this paper is as follows: Section 2 introduces the LF concepts and notations
followed by the description of the principle of operation and properties in spatial and
frequency domain of projection based LF displays. The proposed display-camera system
optimization is introduced in Section 3, with several examples given in Section 4. Finally,
concluding remarks are given in Section 5.

2. Light field displays
2.1. Light field basics

In the most general case, by using ray-optics assumptions, the propagation of light in space
can be described by a 7D continuous plenoptic function R( , , , ,AxAyAz), where (AxAyA;)
is a location in the 3D space, ( , ,) are directions (angles) of observation, is wavelength,
and is time [5]. For practical reasons, the continuous plenoptic function is typically
simplified to its 4D version, which describes the static and monochromatic light ray
propagation in half space. This 4D approximation of the plenoptic function is referred to as LF
[10]. In this approximation, the LF ray positions are indexed either by their Cartesian
coordinates on two parallel planes, the so-called two-plane parameterization L(x,y,s,t) or by
their one plane and direction coordinates L(x,y, , ) [9,10].

I'n this paper, without | oss of gener
concentrate on the so-called horizontal parallax only (HPO) case, ignoring the vertical
parallax and subsequently dropping variables t or in the aforementioned parameterization.
Furthermore, we assume that the relation between planes parameterized by (x,s) and (x, ), is
given by s=tan with x being the same in both representations. In this parameterization, the
origin of the s axis is relative to the given x coordinate.

The position of two parallel planes x and s can be chosen depending on the application.
Two such positions, where the distances between parameterizing planes are taken as unit, are
given in Fig 1. According to the figure, the propagation of light rays through space can be
mathematically expressed as [8,11]

X X 1 d x
L °° 1
c s b hog s )
L X, L X, L X, dtan , @
2 1 2

with Ly and L, referring to LFs on plane position 1 and plane position 2, respectively, and d
being the distance between the plane positions along the z axis. As can be seen from Eq. (2),
when considering propagation of light rays in plane and direction representation, the relation
between parameters on both planes is not strictly linear. However, for small angles, this
nonlinearity can be ignored. More detailed evaluation on light ray propagation can be found in
[8,11].

The continuous LF function has to be sampled in a way, which allows its reconstruction
from samples. The plenoptic sampling theory, that considers the LF as a multidimensional
bandlimited function has been developed in [12]. In general, it states that LF frequency
support depends on the min and max depth of the visual scene, and sampling along x and s
creates the usual replication of the baseband, which should be taken into account when
designing the end-to-end LF camera to display system. While the sampling physically occurs

al
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at the LF acquisition (sensing) stage, it is the LF display, which recreates the LF originating
from a visual 3D scene. In the sampling theory formalism, an LF display can be considered as
a discrete-to-continuous (D/C) converter that converts a sampled LF into its continuous
version, thereby achieving a continuous visualization of a 3D scene, with continuous parallax
being part of it. Consequently, we can consider a LF display as a multidimensional sampling
system and as such apply multidimensional sampling theory when analyzing LF displays.

plane 2

plane 1

X

Fig. 1. Light ray (r) propagation through space (representation on two planes).

2.2. Light field display as sampling-reconstruction system

In our general model, we consider the LF display being composed by a set of ray generators
and a continuous LF reconstruction optical module. The ray generators act as discrete sources
of light rays and the module is the D/C converter that converts the set of samples (rays) into its
continuous representation that is observed by a viewer. While different display settings can
fall into this general model, we specifically concentrate on a LF display consisting of a set of
projection engines and a special screen, dubbed as holographic screen as illustrated in Fig.
2(a). Each light ray generated by a ray generator, hits this screen from a different angle at a
different position, and the screen converts (diffuses) each light ray into an angular beam
around the main direction of the ray. The span of the beam after diffusion is anisotropic with
narrow horizontal angle  and wide vertical angle y, as illustrated in Fig. 2(b) [3]. The screen
does not have an explicit pixel structure. A finite area on it emits different light rays to
different directions. The properties of such screen are described in more detail in [3]. In this
paper we will assume that the screen is a perfect D/C converter. In practice it introduces some
low-frequency selectivity that additionally smooths the reconstructed LF. However, this can
be ignored for the purposes of our work.

From the observer viewpoint, a point (object) in space is reconstructed by the interaction
of rays originating from different sources (i.e. coming from different directions). This is
illustrated in Fig. 2(a) for two observers and several points in space. Each ray can be traced
from its origin (ray generator) to the screen surface and it is uniquely described by its starting
position and angle or its starting position and the place it hits the screen surface. This is
reminiscent to the two-plane LF parameterization discussed in the previous section.

The overall throughput of the display is directly related to the number of light rays the
display can generate. Denser set of rays produces finer spatial and angular details. Technology
limitations prevent us from achieving the resolution power of the HVS [6, 7]. Therefore, it is
important to take these limits into account when building the display and/or processing the
visual data to be represented on it. Frequency domain analysis of the sampled and
reconstructed light field is the proper tool for doing this.
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Ray _
generators Holographic
screen
y // |
Holographic
screen
Observers Angular /
beam
(@) (b)

Fig. 2. Projection based light field display — principle of operation. (a) Different ray-generators
participate in forming a point in space (O) depending on the place of the point and the position
of the observer. (b) The holographic screen acts as diffusor with a narrow spread in horizontal
and a wide spread in vertical direction.

2.3. Spatial and frequency domain analysis of light field displays

A typical LF display under consideration is illustrated in Fig. 3. It consists of N, projection
engines uniformly distributed on the ray generators (RG) plane (p - plane) over distance d,
thereby making the distance between engines x,=d,/ (N, 1). Each projection engine generates
Ny rays over its field of view FOV,. We assume that the rays hit a certain plane (screen plane,
s - plane) parallel to the RG plane at equidistant points. As a consequence, the angular
distribution of rays inside the FOV is not uniform. Nevertheless, for small angles we can
assume that this is uniform and approximate the angular resolution at the RG plane as
p=FOVy/ Ny

(x,2) = (0,0) xo™ Sampling
‘ patterns

Ray £ —
generator ; ‘

(RG) plane
FOV,
Screen
plane(s)
! <) ) )
xzp4 xzp3 xzpz

Fig. 3. Ray propagation in a light field display — different sampling patterns are illustrated for
different positions of the screen plane.
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The ' tr agraycatbe uniguely defined by its origin x,” at the RG plane and its
direction determined by angle " . The position of the ray at a distance z from the display is
given as

r

X' X, ztan

’ ®)

r

which is according to the propagation of rays in (x, ) LF parameterization — see Eq. (2).
The screen of the display is where rays recombine to reconstruct the desired continuous
LF function to be observed by a viewer. In Fig. 3, several positions for the screen are

illustrated with thick black lines. As seen in the figure, theray (fcr osses t hose

different horizontal positions (x.,” ,x." ,x" ) and, due to a finite width of the screen ds, it even

does not contribute to the screen at distance z1. In practice this means that the ray would
contribute to a different part of the screen depending on the screen position. Moreover, at
different screen positions, it intersects with different rays originating from different ray
generators, that is, depending on the screen position, a different combination of rays will be
responsible for forming a multiview pixel at that position. As a consequence, the uniform
distribution of rays we had at the RG plane is lost.

Rays are indexed (parameterized) by their spatial position and direction (x, ) and thus
represented as samples in the corresponding ray space. This parameterization has been
selected among several possibilities (e.g.  vs. x, tan vs. x, ztan vs. X) since both ray-space
axes can be allocated with measurable (quantifiable) units (position can be expressed in mm
and angle in degrees) that are easy to understand by a user. Consequently, at the screen plane,
the display can be quantified by its spatial resolution (e.g. number of pixels per mm or per
screen size) and its angular resolution (e.g. number of rays per degree or FOV of the display
FOViisp).

For the need of frequency analysis, each ray is considered as a sample, positioned in the
2D ray-space plane for fixed z (in the case of full parallax, this turns into a 4D plane). Since
the position of the ray is changing along z, as given by Eq. (3), for a set of ray generators,
different sampling patterns are obtained at different distances from the screen. This is
illustrated by means of an example in Fig. 4 (see also Fig. 3). The figures on the top row for
2=0,zp2,2p4 Show how the whole LF that the display is capable of generating is sheared along
the x-axis as the screen plane moves away from the RG plane. For better visualization, one set
of rays is marked in blue. The figures in bottom row show zoomed in versions of the LF at
different distances from the RG plane. One can observe that for every distance, the sampling
pattern is regular although not rectangular. The fact that the sampling patterns are regular,
enables us to utilize the multi-dimensional sampling theory [13,14].

Any regular 2D pattern can be uniquely described through a notion of sampling lattice
The elements of the lattice are calculated as a linear combination of two linearly independent
vectors

11 2 2 1 2 (4)

T
with v, v v, for k 1,2 referred to as basis vectors and T being the transpose

operator. The vectors building the lattice can be expressed in matrix form as

VoL, Vi Vo (®)

screens
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Fig. 4. Light field display — ray space spatial sampling patterns at different distances from the
RG plane (c.f. Fig. 3)

with V being referred to as the sampling matrix. It is important to point out that the sampling
matrix is not unique for a given sampling pattern since where E is any
integer matrix with |det E| 1. Consequently, there are multiple basis vectors describing the
same lattice. In practice the set of basic vectors with minimum length (norm) is preferred.
Therefore, given a set of basis vectors (Vv,,V, ), one should find a pair of vectors (V,,V,) such
that . Here, tilde denotes the sampling matrix with minimized basis vectors

(length |vy|| [v2| is minimized) — see Fig. 5(a). The problem of finding such vectors is

known in literature as the lattice basis reduction problem [15]. The solution applicable to our
2D case can be obtained usingt he f ol | owi ng Lappdied toa ppie of Basisal gor i t hm
vectors (V1,V2):

do
if |v,] [v.|| then swapv, and v,
(v v1) (6)
2 2 2 Vi
A
until vy v

The pair of vectors v,,v, resulting from the algorithm are with the smallest norm for the
given sampling pattern, that is, v,,v,  V,V, .

For a regular grid described with a lattice  , one can also define a unit cell P that is a set

in R? such that the union of all cells centered on each lattice point covers the whole sampling
space without overlapping or leaving empty space. Similar to the basis vectors, the unit cell is
not unique, as illustrated in Fig. 6. The figure illustrates three possibilities out of an infinite set
of valid unit cells describing the same lattice. The shapes become even stranger if the
underlying sampling pattern in not rectangular.

In this paper we use the Voronoi cell as the unit cell representing a given sampling pattern
[16]. As illustrated in Fig. 5(b), the Voronoi cell, denoted by P (green shaded area in the
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figure), isa set in R? such that all elements of the set are closer, based on Euclidean distance,
to the one lattice point that is inside the cell than to any other lattice point — this makes it the
most compact unit cell. In the literature, Voronoi cells are also known as Wigner-Seitz cell —
e.g. in solid-state physics [17 p.122]. By using the minimum length basis vectors, the
construction of the Voronoi cell is straightforward and is illustrated in Fig. 5(b) (in Fig. 6 the
Voronoi cell is the one shown by the leftmost example).

ol
° ° °
° ° °
°
. A
°
e * x

° /2%

(@) (b)

Fig. 5. (a) Example of two sets of basis vectors, v,

.V, and (V,,V,), describing the same
lattice. (b) Illustration of Voronoi cell construction.

8 BnRAY A

Fig. 6. Some possible unit cells P (shaded area) for a given lattice ~ (points).

The samples in ray space forming regular sampling patterns at different depths z represent
a bandlimited function. In frequency domain, it has periodic structure with multiple replicas of
the baseband. The periodicity and at the same time the baseband frequency support is defined

through the reciprocal lattice ”, that can be evaluated as [8,14]

* 1

()

There are many possible unit cells for a given lattice . Each possible unit cell describes
a set of bandlimited functions that can be represented by the sampling pattern and can be
reconstructed from a given discrete representation assuming that the reconstruction filter has
the shape of the selected unit cell. Furthermore, this also means that an arbitrary continuous
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function has to be pre-filtered with a filter aimed at removing all frequency content outside of
the selected unit cell in order to prevent aliasing errors during sampling. This can be achieved
either by using (if possible) a proper continuous-domain filter before sampling the function or
first oversampling the continuous function and then performing filtering and down sampling
in the discrete domain. It should be pointed out that in the case under consideration, it might
not be possible to perform pre-filtering in the continuous domain since this would require an
optical filter in spatial and angular direction. Therefore, in this paper we assume that we
oversample the continuous function at the sampling stage and perform all filtering in the
discrete domain. If the scene is captured by sparse cameras, the dense (oversampled) LF can
be reconstructed by compressive sensing approaches, e.g. [18].

The most compact (isotropic) unit cell for a given sampling pattern is, as in the spatial
domain, a Voronoi cell, denoted in this paper as P*. The importance of this unit cell is
twofold. First, it will represent frequency support that treats equally both directions (spatial
and angular direction in ray space representation) — this is beneficial from the HVS viewpoint.
Second, the screen in the display that will perform the D/C conversion has for practical
reasons a ‘low-pass’ type characteristics (typically it is rectangular with Gaussian type weights
[3]) that has to be matched to available ray distribution or vice versa. As such, the Voronoi
cell will be the most convenient unit cell to match the screen reconstruction filter.

The Voronoi cell of a sampling pattern can be considered equivalently in spatial or
frequency domain. Given its isotropic behavior, it is precisely the quantity, which
characterizes the properties of the reconstructed bandlimited function. Therefore, the
estimation of the optimal display and camera setup can be done by comparing Voronoi cells
formed on the screen plane. From one side, there is the sampling pattern of the rays generated
by the display; from another side there is the sampling pattern of the rays as captured by
cameras. Both sampling patterns and the respective bandlimited LF are compared for
similarity through their Voronoi cells in ray-space domain at the screen plane. This makes the
overall optimization procedure computationally less demanding and thus faster. The frequency
bandwidth of the system can be easily estimated once the optimal configuration is determined.

3. Light field display—camera configuration optimization

In an ideal case, one would require that a display perfectly reconstructs the underlying
plenoptic function or at least up to the level of detail supported by the HVS. With limited
resources, one can target the best possible continuous LF approximation out of a given
discrete set of rays. In such a case, it is important to determine the optimal display and camera
setup that maximizes the visual capabilities of the display.

We tackle the problem in two steps. First, we evaluate the optimal setup of ray generators
for a given or desired density of rays at the screen plane. Second, we estimate the bandwidth
for such system from the perspective of the scene, that is, what kind of capture setup and pre-
processing is required to sense enough data for the given display setup. It should be pointed
out that step two can be applied to an arbitrary display setup, as long as the basic setup
parameters (ray generators, distances, screen properties, etc.) are available. The complete
display-camera setup considered in this paper, with all adjustable parameters, is illustrated in
Fig. 7 and is discussed in more detail in the following two sections. To streamline the text in
the rest of this paper, we use the notations for various sampling patterns emerging from the
display setup as in Fig. 7. Subscripts p, s, and ¢ are used to denote the parameters related to
the RG, screen, and camera/viewer plane, respectively, with z increasing in the direction of the
observerand z=Obei ng relative to the parameter
the screen plane, z=0 is on the screen plane. Practical angles are denoted by  in contrast to
‘“theor et i castd in tlenL§ Ipaeaseterization. The estimated and optimized
parameters are denoted by hat and bar, respectively, e.g. “p and X, . Finally, tilde is used to

denote parameters after the lattice basis reduction operation.

s origin,
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The proposed optimization technique can be extended for other display-camera
configurations, than the one shown in Fig. 7, as long as those configurations result in regular
sampling patterns in the angular-spatial domain and as such can be described by sampling
matrices as illustrated for cases under consideration next.

Ray % P(V(x,, a))
generator ) E—
(RG) plane A A A ’ X

\ P
\ z max z min
z, 0 P P P (V(xp, ap, Zp))
Screen S
plane
A J 4—X>
Z; \ [ P(V(xs' as)) s
Zemin Zemax s /
Camera / PV (xc ac))
(viewing) "+ Y | Vo e !
plane X X

C

Fig. 7. Light field display—camera setup together with notations for expected sampling patterns.

3.1. Light field display configuration optimization

For the purpose of stating the problem under consideration, we start from the center of Fig. 7,
namely, the screen plane. We require that the display should be able to reproduce a LF with a
desired bandwidth or, equivalently, a LF with a given density at the screen plane — the density
being defined by the spatial and angular resolution. This determines the values (s, s) in the
ray space representation, and in turn, it determines the desired sampling pattern at the screen
plane. We assume that the pattern is rectangular — this is realistic assumption due to the
properties of the screen and the requirements that both directions (spatial and angular) should
be treated in a similar manner. The sampling pattern is uniquely defined through the following
sampling matrix:

V X, s ) 8
s s 0 (8)

S

Having the sampling pattern at the screen plane, the problem is to determine optimal
parameters of the ray generators (Xp, p) and distance between the RG plane and the screen
plane z, for which the sampling pattern mapped to the screen plane will match the desired one,

that is, grids described by sampling lattices and should

match. With reference to Eq. (7), this will ensure the same Fourier domain bandwidth of the
desired LF. Mismatches between the lattices and will

manifest themselves either as aliasing effects in the reconstructed continuous LF or as
inefficient utilization of the display bandwidth. The targeted lattice matching is done by an
optimization technique presented below aimed at mitigating the aforementioned two
problems.

n,
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The ray generators’ sampling matrix mapped to screen plane is defined as

Xz tan
V X z PP " 9)

pr p’Tp
0 p

Two sampling patterns will match in the case they have identical unit cells or will be similar if
the  difference  between the unit cells that can be expressed as

“PV X, 2, PV X,

H is small. Here we assume that the similarity criterion is
defined via the difference in the area (size) of the unit cells and the difference in the shape of
the unit cell. Furthermore, based on the sampling theory [14] a unit cell is uniquely described
by its (lattice basis reduced) sampling matrix. Consequently, the similarity measure of two
sampling grids (and correspondingly the underlying unit cells) can be expressed through the
similarity between the corresponding sampling matrices. In summary, the problem under

consideration is, for given (xs, s), to find (Xp, p,Zp) that minimizes ,
P "V Xpr piZp VX

with V(xs, ) being the desired sampling matrix at the screen plane and V Xy

(10)

.12, being
the lattice basis reduced sampling matrix of the ray generators V(xp, p) mapped to the screen
plane. It should be pointed out that V' X, | \Y; X, . Furthermore, when implementing
Eqg. (10), it should be kept in mind that the reduced matrix is unique up to the sign and

sequence of basis vectors, that is, L - g

S

The lattice basis reduced sampling matrix of the ray generators mapped to the screen
plane can be expressed as
X X X x, 0 X
o p,Zp Xl 2 S Xl 2 S Xl 2 i (11)
0
1 2 1 S 2 S 1 2

V x

In this notation, minimizing the difference between V(xs, s) and V Xy, p1Z, corresponds to

minimizing

(12)

Hxl X,

2

p "V Xor piZp VX

with xx and ¢ (for k=1,2) depending on the unknowns (X, p,Zp), and in the ideal case
should be zero (in practice they can never be zero but one can attempt making them small
enough). The minimization of the measure  in Eq. (12) is illustrated in Fig. 8(a). The lattice

basis reduction procedure V(xp,ap,zp)—>l7(xp,ap,zp) is an iterative procedure with no

analytical solution and there is no analytical relation between xxand (for k=1,2) and
unknowns (Xp, p,Zp).

The above problem can be tackled by fixing one of the parameters (x,, p,2p) and finding a
solution for the other two that achieves the smallest ,. Unfortunately, the optimization
problem is not convex and has multiple local minima, which complicates finding the global
minimum. However, since there are only three unknowns, a good practical approach is to do a
grid search over a reasonable range of the unknown variables. This is a time consuming yet a
reliable way to obtain the global minima. We will illustrate this by an example in Section 4.

Practical limitations of a projection-based light field display are related with the physical
size and resolution of the ray generators, the number of generated rays, and other screen
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properties — see [3] for more details. These limitations translate to a finite number of ray
sources with high angular and lower spatial density at the RG plane, i.e. small ,, and larger X,
Desired spatial resolution at the screen plane is higher, which can be achieved by reducing the
angular resolution. This leads to practical limitations expressed as

o0 gandx O x,, (13)
where the difference between parameters at the RG and screen planes is at least one order of
magnitude. This is illustrated in Fig. 9(a) and it is the starting point for considering the effect
of shearing when moving from RG to screen plane.

el B B g
[ap x x X [a”] e x ’
ENG oy B
@) ©

Fig. 8. Display optimization — matching V x, . and \Y Xpr 2, - (8) General

P
optimization solution obtained by minimizing Eq. (12). (b) Expected approximation, according
to Eq. (14), for the setup under consideration.

- shearing a; 17

Y9 0060--

Fig. 9. Display optimization — shearing of to to match

. (a) Sampling grid on RG plane. (b) Sheared sampling grid on the screen plane.

The sampling grid at the RG plane is described by V(xp, p). After shearing that grid by
distance z, it turns into the sampling grid at the screen plane described by sampling matrix
V(Xp, p,Zp) as given in Eq. (9). The question is: Which sampling points in the original grid
contribute to the basis vectors after shearing and lattice basis reduction? The approach for
finding a good candidate can be graphically visualized as shown in Fig. 9. The original pattern
corresponding to V(xp, p) in Fig. 9(a) is sheared to position z=z, in Fig. 9(b). The best
approximation of the pattern V(xs, s) is achieved when (see also Fig. 8(b) for illustration)

i N 0 z,tan 0
V X z * X - (14)

p' p'cp p
p s p

This leads to the following estimates of two out of three unknown parameters (Xp, p,Zp):
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R *tantX (15)
P tan P z
a p p
N . X
A R (16)
p Xp

Since we still have two equations and three unknowns, we need to select one of them by some
other means. In the case under consideration, a good selection for , is

B /L for L N. (%))

p

The reason for this selection lies in the fact that the sampling grid on the screen plane is a
sheared version of the sampling grid at the RG plane with shearing performed only in the
horizontal direction according to Eq. (3). Under these circumstances, the selection of
according to Eq. (17) will ensure that there exist a point in the sheared grid that approximately
matches the desired sampling vector 0 " thereby minimizing , and  X,. This is

illustrated in Fig. 9(b).
The estimated parameters, as illustrated in Section 4 by means of examples, will be very
close to the optimal ones, e.g. the optimal value of X, will be in the range X, x /2. Based

on this, we can formulate the optimization technique as follows:
1. Selectavalue Ap according to available hardware resources and Eq. (17).

2. Use estimation formulas given by Egs. (15) and (16) to get ip and 2p .

3. Refine the result by applying iterative search / general purpose optimization in range
X, X, /2 thereby obtaining an optimal set of parameters (X, ,,Z,) .

The evaluated sampling density in ray space (X,, ,) determines the spatial and angular
resolution of the display. This technique will be illustrated by means of examples in Section 4.

3.2. Camera setup optimization

The camera setup should provide the rays required by the display for proper recreation of the
LF of the scene. While the display is a band-limited device, the 3D visual scene is not (except
for simple scenes with low-frequency spatial content, limited depth, and no occlusions) This
means that when discussing the optimization of the camera setup, we have two problems to
consider. First, how to estimate the optimal camera setup in terms of minimal amount of data
that will provide the information needed for rendering all rays generated by the display.
Second, how to ensure an alias-free capture of the scene to be recreated by the display.

Both problems are directly related to the display parameters and the corresponding
display bandwidth they determine. The ultimate goal is to match that bandwidth with an
optimal camera setup which allows rendering all rays needed by the display in an anti-aliassed
pass band manner. The solution goes through matching the sampling patterns of the display
and cameras at the screen plane. With reference to Fig. 7, the optimization problem is
formulated as follows: for a given display sampling pattern described by (X,, ), find (Xe, ¢,Zc)
that minimizes

(18)

. "\/ Xor prZp V X, o Z

z. and V x z. being the lattice basis reduced sampling matrices of

p'“p ¢! ¢! c

with V' x_,

the ray generators and cameras mapped to the screen plane, respectively —the argument ( zc)
indicates that the camera sampling matrix V(x., c), is mapped to the screen plane with the
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minus being there due to the orientation of the z axis. Two comments regarding the above
optimization criteria. First, we are doing the matching on the screen plane since this is the
place where the D/C conversion takes place — sampling criteria must be satisfied at that plane.

Second, in order to speed up the optimization, instead of \7(xp, 01Z,) We could also use

V(Xs, s), assuming that the display sampling grid at the screen plane approximates well
enough the desired one. This is perfectly fine in practice since it is expected that practical
limitations (e.g. anti-aliasing filter, s ¢ r e&eonversion) Dvill affect the overall visual
performance much more than mismatch between the desired and obtained display properties.
By applying an iterative optimization as described in the previous section, we can
determine the optimal camera setup in terms of camera parameters (X, ~,,Z.) . In comparison
to display optimization, there are additional restrictions that have to be taken into account, e.g.
reasonable distance of a viewer from the screen, practical camera resolutions, FOV, FOV,

and camera-to-camera distance that cannot be too small.
After determining the minimal camera sampling pattern - = foragiven Z_, we

map the optimized display unit cell in the frequency domain at the screen plane

P"V Xx,,.Z, tothe camera plane where it tuns into S, PV X, 512,  wherethe

S, P" s the mapping (shearing) operator. Since P" is a convex set with points being the
vertices of the unit cell in frequency domain that can be defined as

=3 . R? (19)

k? k12, K

the mapping operator S, P* maps each of those points such that

S, P F . | . P
(20)
F, oo Ltan .

The obtained shape of the cell determines the bandwidth of the display as observed from the
camera plane. This is illustrated in Fig. 10. As can be seen, the shape is very different from the
unit cell on the screen plane. Comparing this with the plenoptic sampling theory, it is obvious
that, with respect to the overall plenoptic function, the display can only reproduce a finite
amount of data concentrated around a particular distance from the viewer / camera plane. The
limitation applies to angular and spatial coordinates. It should be pointed out that area

(bandwidth) wise, S,, PV Xor p1Z, and P" VvV X,”, are of approximately same

size (depending on how good minima have been found), but they cover different set of
frequencies. In practice this means that for proper preparation (sensing) of content to be

shown on the display, one has to do the following steps:
1. Capture the scene with sampling rate (large number of cameras) that will ensure
proper anti-alias capture. This depends on the scene. However, the smallest

bandwidth that has to be captured is marked by P™ v x&¢, ®¢

C

2. Filter the captured content with filter having the passband determined by
S, PPV X,7,.7,

p

C

3. Down-sample the filtered signal to P* V X,

This sensing procedure will result in properly pre-processed minimal amount of data that at
the same time maximally utilizes the visualization capabilities of the display.
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RG plane Screen Camera plane
plane

AU
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| s, (P(VG, 7))

P'(V(x, @, 2p))

Fig. 10. IHlustrations of display/camera sampling unit cell in frequency domain at different
planes.

4. Examples

We illustrate the proposed optimization

quality as it can be built today, illustrate the optimization approach for optimal capture setups,
and finally show / discuss what would be the setup of a display matching the requirements of
the HVS.

4.1. Display optimization examples

First we illustrate the proposed display configuration optimization on a display having desired
spatial and angular resolution at the screen plane such that x;=1mm and s=1° We fix the
angular resolution of the ray generators at the RG plane to ,=0.0391° (this resolution
corresponds to a spatial resolution of 1024px over FOV of 40 degrees). For fixed ,, we
evaluate the matching error , on the screen plane for various values of X,
(10mm x, 40mm) and z, (600mm z, 1800mm). The results of the optimization are
shown in Fig. 11. In the figure, the left column shows the overall optimization range and the
right column shows a zoomed-in range around the minimal value. Top row shows the result of
overall optimization whereas middle and bottom row show the best solutions for a given z,
and Xp. As it can be seen, there is a dominant minimum at (X,,Z,) (26.01mm,1465.90 mm)

with an error value of ,=0.04249. The Voronoi unit cell PV Xy o1 Z of such

P
optimized display is shown in Fig. 12. As it can be seen, the match with the desired
PV x one is almost perfect. The downside of such grid-based search is in the need to
evaluate many combinations of (Xp,zp) not knowing which one will result in optimal solution.
This can be considerably speeded-up by using the estimation approach described in Section
3.1. Following Egs. (15) and (16), the estimated values for the problem under consideration
are (>“<p,2p) (25.58 mm,1465.36 mm) . As can be seen they are very close to the ones above

obtained by the grid search. By performing single gradient-based optimization from the
estimate, we end up with (X,,Z,) (26.00mm,1465.34mm) with an error value of

s S

p=0.04249. This is almost identical to the one obtained by the grid-based search and is
obtained with a small amount of computational resources — fraction of a second instead of 10-
15 min needed by the grid-based approach. Since almost identical result is obtained with both
approaches, we can conclude that our proposed estimation method is correct and useful.
By using the fast estimation method, we can easily calculate optimal display setups for
various screen parameters. First, Fig. 13 shows display optimization results for xs=1mm and
s=1° for various values of . It is seen that for a good approximation we need small values
of p. However, very small values of , require impractically large values of z, and x,.
Therefore, in practice, a compromise between those has to be made. For illustration, the unit
cells for optimal solutions for several values of , are shown in Fig. 14.

procedur e
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Fig. 11. Display optimization example based on grid search for x;=1mm, =1° and
»=0.0391° —figures in the right column are zoomed in version of figures in the left column.
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Fig. 12. Unit cells at screen plane for the optimized display setup solution for x,=1mm, (=1°,

and ,=0.0391° - PV X, 7,,Z, dashed/blueand PV X, . solid/red.
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Fig. 13. Display optimization example for x;=1 mmand =1° for various values of .
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Fig. 14. Normalized ray-generator unit cells at the screen plane, P V X ,~,,Z,  for various

values of .

Next, we investigate the influence of different values of (x5, s) on (zp,Xp) for fixed
p=0.0391°. As seen in Fig. 15 a similar reconstruction error , can be achieved
independently of the choice for xs and . Furthermore, distance z, is influenced only on the
desired xs and finally, x, has to be increased if either xs or s is increased. These figures give
us a good understanding about the relation between involved parameters and can help us in
making proper selection decisions.
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Fig. 15. Display optimization example for ,=0.0391° and various values of x;and .

4.2. Camera optimization examples

For an optimized display as described in the previous section, the display bandwidth is

uniquely defined by PV X, 7,7, with a good approximation being described by

PV x . Content captured by any means has to be pre-filtered to this bandwidth. The

question here is what is the optimal camera/viewer setup, that is, what are the optimal
parameters (Xe, cZc) that would support the display bandwidth in the best possible way. In
comparison to display optimization where it was logical to fix parameter ,, here it is more

convenient to fix the screen to viewer distance z. since the viewer distance is typically * f i ke d”’

s e | dytheesdr’preferences/ gener al recommend Bord fixed
distance z. =2000 mm, the result of optimization are shown in Fig. 16. Matching is performed
again at the screen plane. There is dominant minimum at (X, ) (35.72 mm,0.0284 ) with

c! ¢
an error value of =0.06832. For comparison purpose, optimized ray generators and camera
unit cells are shown in Fig. 17.

The grid search can be made faster by a better initial estimation. This can be done by
assuming that the unit cell at the screen distance is ideal, that is, it is defined by (Xs, s). By
following the approach presented in Section 3.2, we obtain (X, *,) (34.91mm,0.0286 ).
This is very close to the aforementioned optimal solution. Due to a high nonlinearity (see Fig.
16, middle row, right), one cannot use gradient based optimization but can perform a grid
search only in the vicinity of the estimated values. Since this drastically limits the search
space, it can be performed much faster than the full grid search.

The sampling pattern in the spatial domain can be converted to the frequency domain by
using Eqg. (7). By converting the frequency domain unit cell belonging to optimized display
pattern from the screen plane to the camera plane, we obtain the bandwidth of the display —

for

TV’
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shown in blue in Fig. 18. As discussed before, one should sample the scene with wide enough
bandwidth to avoid aliasing, then pre-filter and then downsample. After downsampling, one
obtains the maximum amount of data required by the display — display cannot show more and
as such there is no point to provide more. It should be pointed out that this is in line with
similar analysis performed for autostereoscopic displays [19,20].
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, 08 \\ } 0.1 \ /
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0O 0.05 0.1 0.15 0.2 0'8.6026 0.028 0.03
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Fig. 16. Camera optimization example based on grid search for optimal PV X~

optimized for x,=1mm, =1° and ,=0.0391° with z.=2000mm — figures in the right
column are zoomed in version of figures in the left column.
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Fig. 17. Unit cells at screen plane for the optimized display and camera setup solution for
X=1mm, ¢=1° ;=00391° and z=2000mm - PV X, .7, dashed/blue and

p' p’
PV X,7,, Z, solid/red.
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Fig. 18. Unit cells (bandwidths) at the camera (viewer) plane — S,, P" V X, ,Z blue,

P’ p'7p

P"V X,”, green,and PV x¥®, P° red.

4.3. Consideration related to an ‘ideal’ HPO 3D display

An ideal display should deliver the resolution required by the HVS. For estimating the
required display angular-spatial resolution, in this section, we follow the discussion presented
in [7, p 219-220]. It is assumed that an eye at distance z. from the display can differentiate

spatial changes equal to 1/60° — this is equivalent to resolution of 30cpd (cycles per degree).
This maps to

X, Z,tanl/60 . (21)

Furthermore, the angular deviation that the eye can distinguish depends on the pupil size dp
and can be estimated as [7]

. tantd /z, . (22)

Assuming that average pupil size, as reported in the literature, is dy=3 mm and the viewing
distance is fixed at z;=2000mm, we end up with required display resolution of
(Xs, s)=1(0.58mm, 0.086°). This means that an * i d EPRDIdisplay with 60 degree FOV, for
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the assumed fixed distance, is required to reproduce at least 2-10° rays per square meter of the
screen surface.

Following the proposed display optimization, one can determine that for fixed
p=0.0313°, the optimal parameters of the ray generators should be
(X,,Z,) (1.74 mm,1062.86 mm) with the matching error being ,=0.0322. By mapping this

values to the camera plane (c.f. Fig. 19), we can determine the necessary sampling rates as
discussed in the previous section.
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Fig. 19. Unit cells (bandwidths) at the camera (viewer) plane — S,, P" V Xpr " Zp blue

and P*V x¥¢, ¥ red.

5. Concluding remarks

In this paper we presented a sampling model of the LF display-camera channel. We have
shown that, from the sampling theory viewpoint, we can start with the required properties of
the display specified in the ray space at the screen plane and then calculate the display setup
fulfilling those requirements. Having the display setup, we can estimate the minimal set of
data that the display needs to maximally utilize its visualization capabilities together with
filter bandwidth for data pre-filtering aimed at alias-free reproduction.

Several points should be emphasized beyond the scope of this paper. First, we did not
discuss all practical (hardware) aspects of implementing such displays, e.g. additional
limitations to the design might be enforced by the available components and space like overall
size, available ray sources, etc. Nevertheless, the same methodology presented in the paper
still applies. Second, we assumed ideal D/C properties of the (holographic) screen. In practice,
the screen will introduce additional smoothing that will further band limit the content the
display can reproduce. Third, it should be always kept in mind that while the display is a
bandlimiting device, a typical visual scene is not bandlimited. This means that special care has
to be taken when sensing a scene and preparing the content for its optimal anti-aliasing
filtering prior of its visualization on the LF display.

The discussion in the paper concentrated on projection-based displays employing
diffusion-based holographic screen for reconstructing the continuous light f