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Signal Processing for Stereoscopic and Multi-
view 3D Displays

Atanas Boev!, Robert Bregovic?, and Atanas Gotchev?

Abstract Displays which aim at visualizing 3D scenes withlistic depth are
known as “3D displays”. Due to technical limitattoand design decisions, such
displays might create visible distortions, whick arterpreted by the human visu-
al system as artifacts. This book chapter overviawmsimber of signal processing
techniques for decreasing the visibility of artttaon 3D displays. It begins by
identifying the properties of a scene which therbrailizes for perceiving depth.
Further, operation principles of the most popuigres of 3D displays are ex-
plained. A signal processing channel is proposed aeneral model reflecting
these principles. The model is applied in analyZwgv visual quality is influ-
enced by display distortions. The analysis allodentifying a set of optical prop-
erties which are directly related with the percdivality. A methodology for
measuring these properties and creatirguality profile of a 3D display is dis-
cussed. A comparative study introducing the measene results on the visual
quality and position of the sweet spots of a numifeBD displays of different
types is presented. Based on knowledge of 3D afrtifiaibility and understanding
of distortions introduced by 3D displays, a numdiesignal processing techniques
for artifact mitigation are overviewed. These im#ua methodology fgpassband
optimization which addresses typical 3D display artifacts (evpiré, fixed-
pattern-noise and ghosting), a framework for desigunable anti-aliasing filters
and a set of real-time algorithms for view-poins&d optimization.
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1 Introduction

A real-world three-dimensional scene is a rich anthplex visual phenomenon
processed and perceived only partially by the hurision system (HVS). For a
high-quality 3D scene representation it is suffitieo recreate only the perceiva-
ble visual information and omit the “visually-unmessary” features. In this way,
less data needs to be processed, while keepingpheduced scene indistinguish-
able from the real one. However, due to the tecirdimitations of today’s dis-
play devices, some visually important features rmigghlost, which results in per-
ceptual differences between the visual replicathedeal scene and is interpreted
by the HVS as the presence of artifacts. By usimgr@priate signal processing
techniques it is possible to make these artifagds hoticeable and achieve more
pleasant scene visualization. Correspondingly, ¢thapter addresses two groups
of problems. First, it investigates upon what dre hecessary components of a
scene that should be preserved and reproducedsesrmhd, how to pre-process
the scene representation data in order to minithizgerceived distortion and de-
crease the visibility of artifacts on a 3D display.

The chapter consists of five sections. Sectiondstusses which 3D features
are visually important and how these features @imtiuded in a 3D scene repre-
sentation. In Section 2.2 a 3D display classifarais presented. The classification
is based on the method that each display usesteate the stereoscopic image.
In Section 3.1, the knowledge of display specificsombined with HVS proper-
ties in an attempt to explain the appearance asibilty of artifacts on 3D dis-
plays. Section 3.2 discusses which optical propei a 3D display are important
from the visual quality point of view and preseatsiethodology to measure these
properties. These measurements allow one to déréveo-called quality profile of
a given 3D display. In Section 4 the understandifgartifact visibility and
knowledge on optical quality is used for a set mhge processing algorithms
which aim at a visual optimization of a 3D scenectf®n 5 provides some conclu-
sions.

2 Principlesof 3D Visualization

2.1 3D Scene Perception and Representation

An ideal 3D display would attempt creating a lifietd being aperfect visual rep-
lica of a 3D scene. Such a replica, however, would ialslade components which
are not visible to human eyes. These componentbea@onsidered redundant and
can be omitted from the scene representation. Téwmultr is a visually-
indistinguishable replicaof the scene. Furthermore, the typical display cesse
does not require the scene to react to externtal $igurces or to allow the observ-
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er to walk through object in the scene. Thus, seiseal information (e.g. light
distribution within scene objects) is unnecessBRgmoving this information pro-
duces aedundancy-free replicaf the scene. In a typical use case a redundancy-
free replica is also a visually indistinguishabdgpresentation of the scene under
the use case constraints. Failure in creating mauy-free and visually-
indistinguishable replica leads to visible distoms. In order to avoid this one
needs to know which light properties are impor@md which scene features are
relevant for perceiving the scene in 3D.

2.1.1. Visual Perception of Depth

Vision in general can be separated into two pansual perception and visual
cognition. In studies of human vision, visual p@tt@n and properties afarly vi-
sion are subjects of anatomy and neurophysiology [2] 2], and visual cogni-
tion, as a higher level brain function, is a subg@sychology [1, p. 387] [3].

Visual perception involves a number of optical aedral transformations. The
eye can change its refractive power in order taigoan objects at various distanc-
es. The process is known ascommodatiorand the refractive power is measured
in diopters. The light entering the eye is focusedtb theretina which contains
photosensitive receptors tuned to various spectnaponents (frequencies). The
density of the photoreceptors has its maximum ctosthe optical center of the
eye. The area with the highest photoreceptor deissknown as théovea.There
are four types of photoreceptor cells — rods, LespnM-cones and S-cones -
which allow detection of light with wavelengths Wween 370 and 730nm. The
cones can be thought of (to a crude approximatign3ensitive to red, green and
blue color components of the light. The rods aspoasible for the low-light vi-
sion and are generally ignored in HVS modeling.hRathan perceiving continu-
ous spectrum, the HVS encodes the color informati®m combination of three
color components; the process is knowrcaler perception The combination of
the iris controlling the amount of light enteririgeteye, and the sensitivity adapta-
tion of the retina allow the eye to work over a &ignge of intensities (between
10~¢ and 108 cd/n?). The eye is sensitive to luminance difference. (ontrast)
rather than absolute luminance values. This vipuaperty is known aght ad-
aptation However, the HVS has differeabntrast sensitivitjor patterns with dif-
ferent density and orientation [1].

The ability to perceive visual information througwo distinctive eyes is
known asbinocular vision The eyes of a human are separated horizontatly an
have distance between pupils (also knowrnnéerpupilar distance IPD) of ap-
proximately 65 mm on average [2]. Such positiorafigws each eye to perceive
the world from a different perspective, as showrFig. 1. The luminance, color
and contrast perception occur in each eye sepamatel the visual information is
fed through the optical nerve to the so-calletéral geniculate nucleugLGN)
[1]. The LGN de-correlates the binocular informatend produces a single, fused
representation of the scene. The fused image appsaif observed from a point
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between the eyes and is callgdtlopean imageThe point, which is projected in
the fovea of each eye, is known as gwnt of convergenceThe observer can
control the visual fixation point though tleatraocular muscle systerifian object
is around the point of convergence the HVS can fissprojections into each eye
into a cyclopean image. Since eyes perceive theesitem different perspectives
the projections of an object around the point afvesgence are not identical. The
existence of two different retinal images is calidaocular disparity{2]. The dif-
ference between retinal images allows the braideuct information about the
relative depth between different points of interd@$te ability of the brain to de-
duct depth information from retinal disparity isdwmn asstereovision
All points that are projected onto identical plagegach retina (relative to the
fovea) can be fused by the HVS. For a given pdibavergence there are points
which are projected with identical offset relatite each fovea, as shown for
points “A” and “B” in Fig. 1a. The set of all pomitwhich are projected onto
matching retinal positions is called theropter The theoretical horopter coin-
cides with the circle which passes through the tpaiirtonvergence and the center
of each eye’s lens, as shown in Fig. 1a. Thateiiclalso known a¥ieth-Mdller
circle. However, the horopter derived through subjectixperiments (also called
the empirical horoptey does not fully coincide with the theoretical odgound
the horopter there is a region of points at whicbjgrtions can be fused by the
HVS. That region is known @anum'’s areaand outside of this, binocular depth
is still perceived but objects are seen as douflbd.experience of seeing double
objects is known adiplopia[1].
Far point, Far point, seen
seen double out of focus
Empirical N Zone of
Point of O horopter © clear vision

convergence Panum’s Point of focus

area

Close point,

Close point, seen
seen double |

out of focus

Vieth-Miiller
circle

a) b)

Fig. 1. Binocular geometry: a) horopter for a given paiftonvergence and b) zone of clear vi-
sion for a given point of focus.

When eyes focus on a point the refractive powezauh eye changes in order
that the projections of that point appear in fotusach retina, as seen in Fig. 1b.
Close to the point of focus there is a larger avhare objects are perceived in fo-
cus. The area is known asene of clear visioand its size depends on the distance
to the point of focus and the size of the irisotder to speed-up the accommoda-
tion process the convergence and focus of the ayesimultaneously driven by
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the so-calledaccommodation-convergence reflebhe distance to the point of
convergence influences the focal distance, and wéegsa. In a natural 3D scene
such coupling increases the speed of accommodatidrhelps the convergence
process by blurring the objects in front and betiir@lconvergence point.

Vision in 3D consists of different subsystems whplovide separate infor-
mation about the scene depth. The visual featused by the HVS for perceiving
the depth are also known dsepth cuesThere are separate groups of depth cues
with varying importance from observer to observel [4]. The presence and
strength of one type of depth cue might suppressnbfince the visibility of an-
other. The importance of different depth cues alabes with the distance, as
shown in Fig. 2. There are the following groupsiepth cues:

Om 0.1m im 10m 100m +inf
_— !
i I T
Focal depth | )

F [ Binocular disparity ] 1
ol Pictorial cues

' Motion parallax |
T I

Fig. 2. Depth perception as a set of separate visual ‘tyer

e Focal depth- The HVS can use the refractive power of theasyea depth cue.
At short distances accommodation is the primaryttdepe since closely posi-
tioned objects are hardly visible with two eyes.ttWincreasing observation
distance the importance of this depth cue quickbpsd.

e Binocular depth— Retinal disparity is used as a depth cue progidelative
distance. Binocular depth cues are the ones mtst aésociated with “3D cin-
ema”. Approximately 5% of all people are “stereqscally latent” and have
difficulties assessing binocular depth cues [1] 8]ch people rely on depth in-
formation coming from other cues.

e Pictorial cues— for longer distances, binocular depth cues bectess im-
portant and the HVS relies on pictorial cues faotleassessment such as shad-
ows, perspective lines and texture scaling. Piatalepth cues can be perceived
by a single eye.

e Head parallax(also known asnotion parallay — this is the process in which
the changing parallax of a moving object is useadeftimating its depth and
3D shape. Observers naturally expect to be abdeeathe scene from different
perspectives by changing their head position. Hmesmechanism is used by
insects and is commonly known as “insect navigatibh

More detailed information about the binocular depé#rception can be found in
[2] [3] and [6].
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2.1.2 3D Scene Sensing and Representation

A 3D scene sensing technique attempts to solvellthesed problem of recon-
structing a 3D scene from a limited number of remalbservations. There is a
wide range of such techniques, overviewed by Steglai al. in [7]. One group of
methods aims at reconstructing a 3D scene whichpsured by a single camera;
these methods work by analyzing monocular deptls.clieis category includes;
shape-from-shadind8], shape-from-texturg9], shape-from-defocu$l0] and
shape-from-motiofil1]. Another single-camera 3D sensing approacblires fit-
ting a 3D model over known 3D shapes such as te[f2] or body [13]. This is
equivalent to process in which the HVS assumesaize3D shape of known ob-
jects. The second group of techniques attemptsdonstruct a scene captured by
two or more cameras. The main problems of theseoappes are finding corre-
sponding features in each observation and recanitnuof occluded pixels [14].
The third group of methods uses active camera sgrasid captures 3D data by
projectingstructured patternsr coded light Another active 3D sensing approach
is time-of-flightimaging where the camera emits a light signal meésures the
time it takes for the signal to reach the scenetamahce back to the camera [15].
Finally, there are holographic 3D scene capturehous which record the inter-
ference pattern created by superimposing a referbeam with a beam scattered
by the scene. If the interference pattern is capfuy a charge coupled device
(CCD) camera instead of holographic material trehnegue is known adigital
holography[16].

Usually, 3D scene representation format is a tftibetween two things; first,
to have of an accurate description of the “impdftaisual features and second, to
have compact description which is suitable foristprand transmission. Most
formats for representing visual data descend frieenhtuman understanding of a
natural scene in terms of geometry and texture. é¥ew scene description for-
mats are also greatly influenced by peculiaritiéshe content creation process.
While the concrete details in encoding, compressiofile structure might differ,
there are three major groups of abstract 3D sagpresentations [17].

The first is so-calledpatio-perspective volumehere a multiple viewpoints of
the same scene are recorded [18]. Such volumedert by capturing or render-
ing images from different camera perspectives. amera can move in a 2D
plane to capture full scene parallax or along a tim capture horizontal parallax
only. Due to the similarity between the images sttem neighboring locations
(which is calledperspective coherenda [18]), the spatio-temporal volume is a
description which contains great amount of redunga@bservations of objects
captured by a linearly moving camera appear witedr shifts and impose the so-
called epipolar constrainf19]. As a consequence, a slice of the spatio-teaipo
volume parallel to the perspective dimension coistanany straight lines, as
shown in Fig. 3a. The lines are known egsipolar lines[19], and the slice is
known asepipolar plane imagé¢EPI) [18].
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Fig. 3. Representations of a 3D scene: a) epipolar imagsijde-by-side stereoscopic pair, c)
2D+Z image pair, and d) mesh.

When sliced across a perspective dimension, themwlcontains a number of
scene observations from different perspective (knagviews. Such scene repre-
sentation contains a limited number of these ofagienvs and is denoted asraul-
tiview image[17]. A relatively simple way to store multivievnage is to combine
all observations in a single bitmap. For a sterepscimage, both views can be
stored in aside-by-sidefashion as shown in Fig. 3b. A more sophisticaipd
proach is to encode the differences between there@isons similarly to the way
temporal similarities are encoded in a video fiéedmne in MPEG-4 MVC [20].
Multiview images are one of the most often usedmfats for natural scene
description.

The second group of scene representationle-plus-deptlivhere each pixel
is augmented with information of its distance frtme camera. A straightforward
way to represent video-plus-depth is to encodedth map as a grey scale pic-
ture and place the 2D image and its depth maplsiede. The intensity of each
depth map pixel represents the depth of the cooretipg pixel from the 2D im-
age. Such format is sometimes referred t8[@sZ and an example of this repre-
sentation of a scene is shown in Fig. 3c. Vides{lapth format can be used to
render virtual views based on the geometrical mfation about the scene encod-
ed in the depth map. Thus, it is suitable for midtv displays and can be used re-
gardless of the number of views a particular scrgevides [17] [21]. Further-
more, video-plus-depth can be efficiently comprds§ecently, MPEG specified
a container format for video-plus-depth data kn@snMPEG-4 Part-3 [20]. On
the downside, rendering scene observations usingZ2Bescription requires
disocclusion filling, which can introduce artifacthis is being addressed by us-
ing layered depth images (LDI) [17] or by multi-eiotplus-depth encoding [22].
A dense depth map is not captured directly buttEaderived from multiview im-
ages (using depth estimation algorithms) or fronmtpoloud data captured by
range sensors. In the case of a synthetic 3D sobtaining a dense depth map is
a straightforward process as solving the occlusehmring rendering requires cal-
culation of the distance between camera and eaeh gfithe image [23].

The third group of representations store scene g&gnn a vectorized form.
One example is a dynamic 3D mesh [20]. Such reptaen is suitable for syn-
thetic content since synthetic 3D scenes are destiin terms of shapes and tex-
tures. An example of mesh representation is showfig. 3d. More details on 3D
scene representation formats can be found in [1d@]20].

2.2 3D Displays

Three-dimensional displays are ones which aim @wsh visually indistinguisha-
ble copy of a real 3D scene. The ideal 3D displayld recreate all depth cues of
a scene, regardless of their importance or appliaim a particular use scenario.
In practice, due to design constraints, only a subkthe depth cues is recreated.

Most often, a display earns its “3D” label by begdge to provide separate im-
age for each eye of the observer. In a good steop@s pair, objects appear on
different horizontal coordinates in each image. fbeizontal offset between the
observations is known adisplay disparity When a stereoscopic image is ob-
served, display disparity induces retinal dispasithich in turn creates the stereo-
scopic illusion of depth. The illusory distancetite object created by the stereo-
scopic effect is calle@pparent depthPositive disparity creates apparent depth
behind the screen plane and negative disparitytesegpparent depth in front of
the screen.

Most contemporary 3D displays do not recreate hemdllax. Some models
can present limited head parallax by casting difieimages towards a set of ob-
servation angles, usually limited to a horizonte&dh parallax only. Note, that by
using head-tracking it is possible to present asdeom different perspectives on
a monoscopic display, thus generating head paralithout binocular depth cues
[24]. Focal depth cues are very rarely recreate@ydisplays. One exception is
the stereo display prototype with multiple focadtdinces described in [25]. Final-
ly, pictorial depth cues can be recreated by mBsa@d 3D displays (volumetric
LED cube displays [26] being an exception). Moréimation about various
types of 3D displays can be found in c [28] [299][3

221 Classification

A general taxonomy of 3D displays divides them ittioee basic types; holo-
graphic, volumetric and multiple-image screens [2H] [31]. Holographic dis-

plays use holographic methods to reconstruct tte field of a scene, volumetric
displays attempt to approximate a 3D scene by kdgrnents (voxels) positioned
in 3D space and multiple image screens cast a nuofhdifferent images, each
one seen from a different angle. There are twostygfemultiple-image screens.
The first type works by tracking the observer'seged utilizes steerable optics to
beam different images towards each eye. The seggeduses fixed optics and



A. Boev, R. Bregow, and A. Gotchev, “Signal processing for stereoscapd
multi-view 3D displays,” chapter in Handbook of isé& processing systems, 2nd
edition, edited by S. Bhattacharyya, E. Deprett&e Leupers, and J. Takala.
Springer 2013, pp. 3-47. (final submitted version)

beams a number of different images (calle@Ws) in different directions; the di-
rections are selected in such way that the eyes abserver standing in front of
the screen perceive different images. In [27] thesetypes are said to creatge-
gaze-related imagandfixed-plane imageorrespondingly. The taxonomy in [28]
is different; displays with steerable optics arened ‘head position tracking dis-
plays’, while the ones with fixed optics are designasadply as multiview dis-
plays”. This chapter follows the terminology in [28] amskesmultiview displayto
designate autostereoscopic displays which generatigple images by means of

fixed optics.
Circular
polarization

Linear
polarization,

“Shutter”
glasses

displays  feasses
free Quag;.
(ere) h""’xraphv
i

&

No glasses I g,

@ X
Parallax
Active barrier

(tracking) Lenticular

sheet
Fig. 4. Classification of 3D displays.

The classification used in this book chapter isnghin Fig. 4. It classifies 3D
displays from the users’ point of view. For the eter, the main difference is
whether the display requires glasses or not. Thegaxonomy in this book chap-
ter has “glasses-based” or” glasses-free” as ntagmiay types. The predominant
share of 3D displays in the market is binocularesiscopic TV sets which use
thin film transistor liquid crystal displays (TFT@D) for image formation and re-
quire the observers to wear glasses. Color muigleanaglyph glasses are rare,
though some 3D cinemas still use wavelength mebipd glasses [32]. The 3D
TV sets are sold either witholarized glasse¢marketed as “passive”) ¢empo-
rally-multiplexedones (marketed as “active”). The displays withglasses are
separated into two groups; binocular autosteredsenpes mostly used in mobile
devices, and multiview displays used for outdooveatising or (rarely) in com-
puter setups. As an exception, Toshiba announc&d &V model which uses a
combination of a multiview display and observeckiag [33]. All other types of
3D displays, for example volumetric or holograpbiges, are rare and mostly in
prototype form.
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222 Glasses-Enabled Stereoscopic Displays

Glasses-enabled 3D displays use one display surdabeam two views (one for
each eye). Glasses worn by each observer sephesligtit beams so each eye re-
ceives only the intended view, as shown in Fig. Bemporary-interleaved 3D
displays beam both views, alternating them oveetiithe observer wears active
glasses which work synchronously with the displag &lock the light to one or
the other eye at the proper moment. When the gigpldbeaming the left image
the light towards the right eye is blocked (Fig),5mnd when the right image is
beamed the light to the right eye is blocked (Big). At any moment only one of
the observer's eyes perceives the image, but dtieetbigh speed of the process
(120-240 frames per second) the user is unawatedemporal interleaving.

x:
11 o111
a b) ) c)
e @ \®/

display TFT matrix Silver screen

d) e) f)

[f—1

Fig. 5. Glasses-based 3D displays: a) general princip@pefation, b) - c) operation principle of
temporary-interleaved glasses, b) left view visilsleright view visible, d) operation principle of
polarization glasses, e) spatially interleaved ldispising polarized light and f) dual-projection
system using polarized light.

Another approach is to beam both images usingrdifty polarized light and
use polarization filters in front of each eye. histcase each eye receives differ-
ently polarized light but since the HVS is not 8w to light polarization the ob-
server is unaware of the separation. Most oftercutdr polarization is used
(clockwise for one eye and counter-clockwise foe tither) which allows the
beam separation to work for a wide range of he@htations (e.g. head tilt). Pas-
sive polarizing glasses are used with both lighitéamg TV displays (Fig. 5d) and
light-reflecting projector-based displays (Fig..5fhe light-emitting stereoscopic
displays with passive glasses (hereafter denote80yQG use spatial interleav-
ing. In such displays the available TFT elemenésdivided into two groups with
different polarization, as shown in Fig. 5e. Theougs are usually row-
interleaved; the rows with odd numbers are visibleone eye and the rows with
even numbers by the other. Each eye sees the lwilfesf the rows dark; for ex-
ample the left eye may see the image in the odd mwd black stripes in the place
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of the even rows. Projector-based setups use tejeqiors equipped with polariz-
ing filters (Fig. 5f) and require a special reflagtsurface in order to preserve the
polarization of the reflected light. Since two mciors are used, each eye receives
image with the same resolution.

2.23 Dual-View Autostereoscopic Displays

Dual-view autostereoscopic displays create two siezach one visible from dif-
ferent perspective. Each view is visible from npléi observation angles, as
shown in Fig. 6a. This allows a humber of obsertensse such display provided
that each observer is correctly positioned. A pcatexample of positions where
one of the views is visible is shown in Fig. 6bslitows a photograph of a dual-
view autostereoscopic display beaming two images; ‘ahite” image where all
pixels are at full brightness, and another “blakiere all pixels are off. On the
photograph one can see the positions where theéivwiew is visible.

display

a) b)

Fig. 6. Dual-view autostereoscopic displays: a) generalciple and b) visibility zones for one
of the views.

There are a number of designs which allow one ajspd beam two different
images. The most common approach is to put aniadditlayer in front of the
TFT-LCD [27] [28] [34]. TFT displays recreate thellfcolor range by emitting
light though red, green and blue colored componésib-pixely, usually ar-
ranged in repetitive vertical stripes as shownig ¥. The layer alters the visibil-
ity of each pixel and makes only half of the sukefs visible from a given direc-
tion. The layer is calleddptical layef [35], “lens platé [27] or “optical filter’
[36]. The design, where only part of the sub-pixslsisible from a given direc-
tion, is also known aspatially-multiplexedutostereoscopic display [27].

There are two common types of optical filters, nignkenticular sheetand
parallax barrier. Lenticular sheets are composed of small lenséshwkfract the
light to different directions as shown in Fig. @5]. A parallax barrier is essen-
tially a mask with openings and closings that bltok light in certain directions
as shown in Fig. 7b [34]. In both cases the intgnsf the light rays passing
through the filter changes as a function of theleuag if the light is directionally

projected. Also, as only half of the available qikels belong to one of the views,
the resolution of each view is lower than the 2 resolution of the display.

" " »
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Fig. 7. Optical filters for autostereoscopic displays:ejticular sheet, b) parallax barrier and c)
temporally-interleaved patterned retarder.

One way to have each view with the full resolutarihe display is to use tem-
poral interleaving. One example is the 3D displathwhe patterned retardation
film produced by 3M [37]. It distributes the lightto two perspective views in a
sequential manner, as shown in Fig. 7c. The dispt®s a standard TFT panel
and two separate backlighting sources. The twollggnt& are turned on and off in
counter phase so that each backlight illuminates\eew. The switching is syn-
chronized with the LCD which displays different-ppective images at each back-
lit switch-on time. The role of the 3-D film is direct the light coming from the
activated backlight to the corresponding eye. Mofermation on autostereoscop-
ic displays can be found in [30] [38] [39].

2.2.4  Multiview Displays

Most multiview 3D displays work in a similar fashi¢o the spatially-multiplexed
dual-view ones. However, instead of having thein-pixels separated into two
views, multiview displays have more views, typigalto 24. The current genera-
tion of multiview displays uses the same basicqipies for light distribution; len-
ticular sheets [35] or slanted parallax barrie].[The lenticular sheet works by
refracting the light as shown in Fig. 8a, and theaflax barrier works by blocking
the light in certain directions as shown in Fig. Bbboth cases the intensity of the
light rays passing through the filter changes asnation of the angle [35]. Since
sub-pixels appear displaced in respect to the alpfiicer, their light is redirected
towards different positions. As a result, diffetgntolored components of one
pixel belong to different views. Respectively, theage formed by one view will
be a combination of color components (sub-pixefsyarious pixels across the
TFT screen. When red, green and blue sub-pixelsisitgle from the same direc-
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tion and appear close to each other, the triplpeiseived as one full-color pixel.
Such pixel is a building block of the view seemirthat direction.

As a result of applying the optical filter, for eyesub-pixel there is a certain
angle from which it is perceived with maximal brigbss; that angle we call the
optimal observation anglfor the sub-pixel. The vector, which starts frdme sub-
pixel and follows the optimal observation anglethisoptimal observation vector
for the sub-pixel. The optimal observation vectfimsall sub-pixels of the same
view are designed to intersect in a tight spotromf of the multiview display.
From this spot the view will be perceived withrtsximal brightness. That spot is
referred to as being ttaptimal observation spaif the view. Outside of the opti-
mal observation spot there is a range of obsenvaitgles from which a given
view is still visible, but with diminished brightas. That range is called thisi-
bility zoneof a view. For most multiview displays visibiligones of the views are
ordered in the horizontal direction. A notable et is the SynthaGram display
produced by StereoGraphics [40] which has 9 viewB wsibility zones ordered
in a 3-by-3 grid. As the amount of the pixels pd®d by the underlying TFT is
limited, there is a trade-off between the numbevieivs created by a 3D display
and the resolution of each view. As stereoscopjitideues are perceived mostly
in horizontal direction, most multiview display dgss do not allocate pixels for
extra views in the vertical direction [28] [36] [3@1].

View2  View 3 View 2 View 3

[GIBTRIG[BIRIGTe]

b) c)

Fig. 8. Multiview displays: a) lenticular sheet, b) paaallbarrier and c) visibility zones of the
views.

When horizontally ordered, the visibility zones appin a fan-shaped configu-
ration as depicted in Fig. 8c. The repetitive dtitee of the optical filter creates
several observation zones for any view; thesevotle fan-shaped configuration
as well. After the visibility zone of the last viewhe first view becomes visible
again. This creates one central set of visibildpes directly in front of the screen
and a number of identical sets to the side as shovig. 8c. The zones marked
as “1” and “1R” are observation zones of the saieerv
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225 Autostereoscopic Displays Modeled As a Signal Processing Channel

In order to relate the optical properties of a 3Bpthy to the visual quality one
can consider the display as a signal processingnetaThe model has two parts,
as shown in Fig. 9. The first part of the modehis process where the sub-pixels
of the views are rearranged into one compound IpitnSach a process is also
known asinterdigitation The input comes from images and each image is con-
sidered to have the full (“2D") resolution of thesplay. From each input image,
only sub-pixels which belong to one of the views ased. This is modeled by a
2D down-sampling operation. Since the views ardiaipamultiplexed, each im-
age gets sampled with different horizontal andiwvartoffset. On the display the
sub-sampled image is represented in its origirzal. Sihe visible sub-pixels appear
either surrounded by black stripes by the parabiastier, or enlarged by the len-
ticular sheet. This effect is modeled as an up-dagmptage where the introduced
samples are either set to zero, or are repetifitmeosame sample value.

The optical layer of a multiview display acts aslieectionally-selective filter
and applies angular luminance function to eachpxélof the display. The angle
at which the angular luminance has its peak vaéierdhines the optimal observa-
tion direction of the sub-pixel; this angle is difént for each sub-sampled image.
The compound bitmap map can be represented aarsmt-overlapping lattices,
where each lattice contains sub-pixels from a sinigw only [40]. On an image
with the full resolution of the LCD, each of thdattices acts as a rectangular sub-
sampling pattern with a different offset. The offsemodeled by a signal delay
(represented by z-domain blocks in Fig. 9). An eglenis shown in the top of Fig.
9 where the intersecting dotted lines mark thetfmrsdf LCD sub-pixels; one lat-
tice is marked with circles and another is markéth arosses.

The second part of the model represents the effebie optical layer. The im-
pact of the layer on the brightness of the undeghgub-pixels is modeled a&si-
bility which is the ratio between the relative brightness view and the maxi-
mum brightness of the display as seen from the sargke. The visibility of each
view is a function of the observation angle. Thection gives the visibility of a
given view from observation angle The model uses the assumption that the
function is the same for all views, with the peaihility of each view occurring
at a different observation angle. In Figk,is used to denote the angular offset in
the visibility function for v viewn,,. More information on modeling of autostereo-
scopic displays as image processing channels céoubd in [40] [42] [43] [39].
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Fig. 9. Model of a multiview display as an image processihgnnel.

3 Visual Quality of Stereoscopic Displays

The visual quality of a 3D display is determineditsyability to visualize a 3D
scene with little or no visible distortions. Modtem, the display is used in a so-
calledno-referencesetup, i.e. the observer is presented with a (plg¥slistorted
display replica of a scene but is not presentel thi¢ original scene itself; thus a
full comparison between the reference and theaapdi not possible. Instead, the
visual quality is judged on the basis of the preseaf recognizable distortions
(e.g. artifacts) and the subjective level of anmaygathey cause. In this chapter the
distortions are categorized according to theiriorignd they are separated into
three large groups:

* Viewpoint-relateddistortions: their visibility depends on the pasitof the ob-
server with respect to the 3D display. Examplesurh distortions are ghosting
(due to angular crosstalk), pseudoscopy (due toobaérver position) and ac-
commodation-convergence rivalry. Angular-depengetitacts are common in
autostereoscopic displays since the image genebogtedch displays is a func-
tion of the observation angle. However, SDPG digplare also affected be-
cause the performance of the polarization filtepedels on the angle. Finally,
accommodation-related artifacts affect all 3D digpl which do not re-create
focal depth cues [44].

* Multiplexing-relateddistortions: these are caused by the processrmbicing
multiple images for presenting onto one displayb-8ptimal channel separa-
tion results in some minimal crosstalk regardleSthe observation position.
Minimal crosstalk is present in both temporally aphtially multiplexed 3D

displays. Incorrectly prepared images for spatiallyitiplexed displays could

exhibit Moiré artifacts due to aliasing. Visiblepgabetween the sub-pixels or
non-rectangular pixel shape manifests itself askingsartifacts (also known as
fixed-pattern noise) [45].

* Content-relatedlistortions: these are caused in the processrienbprepara-
tion. It is possible that parts of the stereoscapiage are not fuseable by the
HVS. There are two reasons for this; one is thatdisparity is too large and
the other is that regions of the scene are closhetdrame and are present in
one channel only. If the observer tries to focusach an area, he or she expe-
riencesdiplopia. If that happens for objects with apparent posiiio front of
the screen it is perceived as fh@me violationartifact that is more annoying
than diplopic objects behind the screen [46].

3.1 Visibility of Image Distortions

In this chapter we focus on artifacts which affgtereoscopic perception. Howev-
er, due to the layered nature of the HVS, stergmscartifacts might be induced
by monoscopic distortions, for examfckinesss a monoscopic artifact visible
by a single eye, but can distort display dispaaity destroy a binocular depth cue.
More information on artifacts in 3D scenes andrtteionomy can be found in [4]
[39] [47] [48] [49] [50] [51].

311 Viewpoint-Related Distortions

If two views are simultaneously visible by the saeye the effect is regarded as
crosstalk between the views. If an object of thenscis meant to have apparent
depth, its representations in each channel havedmtal disparity. The combina-
tion of crosstalk and disparity creates a horizihifted, semi-visible replica
of the object. The combination of double contourd &ransparency is interpreted
by the HVS agghost imagesor ghosting [47]. An example for ghost images is
shown in Fig. 10a. If the amount of crosstalk iedent for each color channel,
the shifted replicas have different colors, as shawFig. 10b. This effect is re-
ferred to ascolor bleeding In autostereoscopic displays the visibility ofiaw is

a function of the observation angle, as shown g Edc. The position where one
view has maximum visibility, and the other is maalip suppressed is known as
the sweet spobf that view. The observation zones of the twowdare separated
by a zone where neither of the views is predomigarsible. That zone is also
known as thestereo-edgeFor autostereoscopic displays, visibility of gieosting
artifacts is proportional to the crosstalk and hasminimum in the sweet spots
and its maximum in the stereo edge. SubjectiveaViswality experiments de-
scribed in Kooi [52] and Pastoor [4] suggest th&gri-channel crosstalk of 20% is
the maximum acceptable in stereoscopic image.
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Fig. 10. Ghosting artifacts: a) color-balanced ghostingzdpr bleeding and c) crosstalk as func-
tion of the observation angle in autostereoscoisilalys.

Another viewpoint-related distortion is the so-edll accommodation-
convergence (A/C) rivalrtyOn a stereoscopic display the distance to thearen
gence point can be different from the focal disearees shown in Fig. 11a. This
difference is known aaccommodation-convergence mismafthe accommoda-
tion-convergence reflex drives the eyes to focus wtong distance, which causes
the objects with pronounced apparent depth to beeped out-of-focus. A large
discrepancy between the focal and convergencendistprevents the eyes from
converging, causindiplopia. Stereoscopic fusion is possible only for some com
binations between focal distance and convergerstardie. The set of focal and
convergence distances which allow fusion defineated zones of clear single
vision, as seen in Fig. 11b [44]. Inside the zones ddrcingle vision resides a
narrower area, known d&ercival’'s zone of comfartvhere the difference between
the apparent and actually focal distance is leas €h5 diopters. Within the Perci-
val's zone of comfort A/C rivalry is negligible [244].

Pseudoscopfreverse stereas the situation in which the eyes see the opeosi
views; i.e. the left eye sees the right view, afm wersa. For example, the left
observer in Fig. 12a sees proper stereo imagegwhtel observer in the right expe-
riences pseudoscopy. In a pseudoscopic image tioeddar depth cues contradict
the pictorial ones, which results in perceptualigtutbing image [47]. Another
factor which narrows the size of the sweet spothésstereo-edge. Between the
stereoscopic and pseudoscopic areas there are withdsgh crosstalk where the
3D effect is not visible, as marked with “X” in Figj2b.
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Fig. 11. Accommodation-convergence rivalry: a) focal andvagence distance mismatch and
b) zones of clear single vision and Percival's zooecomfort (adapted from [44])
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In addition, some artifacts are most obvious fovimg observer; for example
the Moiré-like pattern seen on an autostereosatigjglay exhibitingpicket fence
effect or banding [35] [47]. Unnatural representation of image parallax causes
shear distortionin dual-view displays, antihage flippingin multiview ones [47].
More information about viewpoint-related distortois available in [4] [39] [44]
[47] [49] [50] [52] [53].

Pseudoscopy
Stereoscopy ) (reversed stereo)

LXRXLIXRXLXR

Pseudosco Pseudoscof
Stereoscoj Stereoscoj Stereoscoj

Display

a) b)

Fig. 12. Pseudoscopy: a) stereoscopic and pseudoscopcvatisn zones, view from the top
and b) observation zones which yield clear stexguisamage.

3.1.2 Distortions Related to Spatial View Multiplexing

In spatially-multiplexed displays the optical filténtroduces selective masking
over the sub-pixels of the display, thus separdtiegn into different visual chan-

nels. This masking can be modeled as a sub-sampfing non-orthogonal grid.

Without pre-filtering this process creates aliasamtifacts which are perceived as
Moiré artifacts.

b) | c)

Fig. 13. Moiré artifacts, caused by irregular sub-sampliagtest image, b) simulated effect of
the optical layers and c) actual photograph of &iwew display, showing the test image in (a).

In multiview displays Moiré artifacts are visible all types of scene, but are
especially pronounced in 2D content as in 3D imagkssing is somewhat
masked by more severe artifacts such as ghost#jgASvisual example of Moiré
artifacts is shown in Fig. 13. In Fig. 13a one sae a test image which contains
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various image details susceptible to aliasing. Kingwvhich sub-pixels are going
to be masked by the optical layer one can simutaeoutput in multiview 3D
displays. Such simulation is presented in Fig. ¥8bone can see, Moiré artifacts
are present. Finally, Fig. 13c shows an actualggraph of a 3D display showing
the test image from Fig. 13a. The display hasl liiffusing layer which slightly
blurs the image [36], with the aim to decreasevibibility of Moiré artifacts.

In many autostereoscopic displays, even at the tsspe of one view, the con-
tours of one or more other views are still visiblée crosstalk level at the best
observation position is known asinimal crosstalk.The effect of the minimal
crosstalk is especially pronounced in multiviewptiys where the visibility zones
of different views are interspersed, and from aegiwangle multiple views are
simultaneously visible [27] [38] [55]. An examplenage, exhibiting multiple
ghosting artifacts is shown in Fig. 14a. The presesf ghosting artifacts degrades
the quality of a 2D image but is especially damgdor a stereoscopic image. The
presence of repeated edges in horizontal direatipaduces ambiguity in binocu-
lar disparity and can completely destroy the bifacdepth cues [4] [52] [56].

a) b)

Fig. 14Photographs of displays with spatial multiplexitgpwing typical distortions: a) multiple
ghosts of an image and b) imaging, or fixed-patterise.

In displays with a parallax barrier, the barrieeates visible gaps between the
pixels as seen in Fig. 14b. These gaps are seerasidng artifacts, similar to the
fixed-pattern noise exhibited by some digital pctges [45]. The perceptibility of
masking is limited by physiological factors suchths optical properties of the
eye, the density of photoreceptors and the conseasitivity function [57]. How-
ever, even if separate elements of the mask aillesighe brain has a limited
cognitive ability to reconstruct the underlying peaThat ability is known as the
visual Gestalt principlg1] and the interdependent visibility of pattemugh dif-
ferent properties is modeled pattern masking57]. More information about dis-
tortions, related to spatial view multiplexing che found in [40] [47] [49] [50]
[53] [54] [55] [58].

3.1.3 Content-Related Distortions

For a scene on a 3D display there is a limited spatere an object should appear
in order that the object is visible in both eyehisTspace is known as tis¢ereo-
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scopic frustumand is defined by the positions of the eyes aedsthe of the dis-
play, as shown in Fig. 15a. The size of the frustigfines the maximum absolute
disparity for objects as a function of their pasition the display.

Z-near

Diplopia oo ] e Limited by A/C rivalry
Limited by crosstalk

E Display level
Stereoscopic play Stereoscopic

Unnatural
diplopia s N W fustumBi, | ............

Limited by crosstalk

Limited by lowest IPD

Zfar

a) b)

Fig. 15. Disparity range of a comfortably perceived conteitstereoscopic frustum and b) fac-
tors limiting the comfortable disparity range.

Inside of the frustum there is a limited amoundisfparity values that can be
present in stereoscopic content in order for thattent to be comfortably ob-
served on a given stereoscopic display. In thipthahis range is called tleem-
fort disparity rangeand an example for disparity limits is shown ig.Fi5b. One
limiting factor to the comfort disparity range ket A/C rivalry discussed earlier.
Another limitation comes from the process of eyavewgence; the inward and
outward motion of the eyes is limited. Eyes canveoge at distances ranging
from about 5¢cm in front of the head, to infinityhd eye muscles do not allow the
eyes to look in divergent directions. The maximuspdrity that can be perceived
is limited by the observer's IPD. A larger dispgritausesdivergent parallax
which is a disturbing, or potentially painful exjgerce [47]. This limitation is
somewhat less pronounced in mobile 3D displayhasrtean IPD of 65mm cor-
responds to substantial part of the display widitt #ne limits imposed by A/C ri-
valry occur for disparities much lower disparittban the IPD.

The combined influence of A/C rivalry and diverggrarallax determines the
objective comfort disparity rang&he subjective experience of a content with ex-
cessive disparity is known dwyperstereopsif2] and is considered to be a very
disturbing artifact, possibly outweighing all othésual artifacts in 3D content [4]
[52]. However, the objectively calculated comforsmhrity range does not coin-
cide well with the subjective experience. Appangnthere are many additional
factors that influence the comfort disparity rage stereoscopic display, for ex-
ample; minimal crosstalk, optical quality, brighéseand local contrast of the vis-
ualized content. There is anothsupjective comfort disparity rangeasually nar-
rower than the objective one, which representsstitgective experience of the
user and his or her acceptance of 3D content witengdisparity. More infor-
mation about content-related distortions can badau [52] [53] [56] [59].
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3.2 Visually Important Properties of Stereoscopic Displays

The design of a stereoscopic display is a tradéefiveen observation conven-
ience and visual quality. There are number of meviworks that deal with esti-
mation of the optical quality of display and theglude theoretical considerations
about the interleaving map [40] [42], trough measyof the optical parameters
of the display [55] [61] [60] and subjective testh different multiview displays
[4] [52] [56]. However, evaluating the quality of3®D display solely based on its
optical parameters has two main disadvantageyriig ®ptical parameters are di-
rectly related to the perceived quality and 2)hilgy of 3D artifacts depends on
other factors as well, for example scene contedtadrservation conditions.

Gaining knowledge of 3D display parameters serw@sgoals. One goal is to
allow the consumer or content producer to compagevisual quality of two dis-
plays, or judge if a given 3D content is suitalide & certain display. The other
goal is to use signal processing techniques tagatéithe artifacts in a given 3D
display, thus optimizing the visual quality of thetput. This section aims to iden-
tify the display characteristics, significant framage processing point of view,
and relate them to visual quality.

321 Position and Size of the Sweet Spots

In stereoscopic displays tlptimal observation regiois the observation position
where the stereoscopic image is perceived withicserft quality. In passive au-
tostereoscopic displays these regions are smalldésiohct areas also known as
sweet spotsHowever, optimal observation regions also exisglasses-enabled
3D displays; for example, the crosstalk in a SDR@ethds on the observer’s ele-
vation. According to [4] [52], 20% of crosstalkttee limit of crosstalk acceptance
for 3D displays. In this chapter we define the dvepet as an observation position
where each eye perceives the proper view and testalk between the views is
less than 20%.

Since the display is flat, from a given observagsition different parts of the
screen surface are seen from a slightly differdrgteovation angle, as shown in
Fig. 16a. The viewing zone of a view is formed bg tinion of the visibility zones
of each pixel that belongs to that view and halaaarcteristic diamond-like shape,
sometimes referred to asewing diamond55]. For stereoscopy to be possible
each eye needs to be in the corresponding swegtaspseen in Fig. 16b. This re-
quirement imposes a limit on the range of obseonatiistances suitable for a giv-
en display. The size of the sweet spots can beatkfrom the angular visibility
function, or directly measured using a pair of ceaeeseparated at the IPD. For a
given IPD there would be minimal and maximal diseuat which both eyes on
the observer appear inside the corresponding sspe¢t These viewing distances
are marked in Fig. 16b as V¥R and VDO,,. Also, for a given IPD there would be
an optimal observation distance at which therenis@timal optical separation and

lower crosstalk visible across the whole surfacéhefdisplay. The optimal view-
ing distances is labeled as OVD in Fig. 16b. Usu@V/D, VD, and VD, are
calculated using the mean IPD of 65mm.

Eyes
p! N
/ A A
/ y© N \
/ \ N / \ \
4 \\\ y T 4
) 4 VDo
Y& rt ovD
LR Sweet Vo,
spots
] — |
Display Display
a) b)

Fig. 16. Sweet spots of an autostereoscopic display: apteitright sweet spots and b) optimal,
minimal and maximal observation distances.

Naturally, the size and position of the sweet sp®telated to the perceived
quality. As discussed in [62], a 3D display withfeaw, larger sweet spots is
considered easier to use than another displayhtigatmany sweet spots of smaller
size. More information about measuring and modglbf 3D display sweet spots
can be found in [35] [39] [53] [55] [61].

3.22 Interdigitation Map

The map indicating the relation between the pasitiba sub-pixel and the view it
belongs to is known asterdigitation map Since both the TFT-LCD and the opti-
cal filter have repetitive structure, the intertigion map is built from a smaller,
repetitiveinterdigitation pattern The pattern is spatially independent; angular vis
ibility of a sub-pixel depends on its position gspect to the pattern, but not on its
absolute position in respect to the display. Therdtigitation map ranges from
simple ones for dual-view displays (see Fig. 17 amplex ones for multiview
displays (see Fig.18). Most SDPGs have row-inteddaopology such as the one
shown in Fig. 17a, as such topology ensures higloeizontal resolution. Au-
tostereoscopic displays have column-interleavedlomyy since they rely on paral-
lax-based light redirection, and views should bpasated in horizontal plane.
Pixel-based column interleaving as shown in Fig @&sults in imbalanced color
separation and produces color bleeding artifactsh-{8xel-based interleaving
(shown in Fig. 17c) does not suffer from color blieg. Note that autostereoscop-
ic displays can have row-based interleaving as,wedlvided that the TFT-LCD
matrix is rotated at 90 degrees so its pixel colsmppear horizontal [63].
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Fig. 17. Interdigitation maps of dual-view autostereoscapgplays: a) row-interleaved, b) col-
umn-interleaved at pixel level and c) column ireered at sub-pixel level

Multiview displays have slanted interdigitation tdpgy where sub-pixels from
one view appear along a slanted (in respect tal'fiB) line. In order to prevent
color bleeding the horizontal size of the intertfijon pattern is not divisible by
3, e.g. neighboring sub-pixels from the same vied an the same row have dif-
ferent color, as can be seen in Fig.18. As a resixiéls from one view appear on
a non-rectangular grid. In order to design propdr-sampling filter for that grid
one needs to know the precise interleaving topotifghe display [35] [40] [43].

The interdigitation pattern is given in a comprelsserm. The patches in
Fig.18a describe the correspondence between selspxd the view numbers,
for example the top-left sub-pixel in patch “a” teds to view 2. The map shown
in Fig.18b gives the position of these patche&@interdigitation pattern.
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Fig.18. Interdigitation pattern of a multiview display: iaerdigitation patches, describing corre-
spondence between view number and sub-pixel positithe patch and b) position of the patch-
es in the interdigitation pattern.

Ideally, each view should be seen with full brighgs from its visibility zones
(marked with “v” on Fig. 19a) and be invisible froamywhere else (as marked
with “N” in the same figure). A group of sub-pixelsth similar angular visibility
will have higher N/V ratio than a group of sub-g&®ith varying optimal obser-
vation vectors. This allows one to find the subegsxwhich belong to a particular
view. This can be done by turning a group of suteision and observing the an-
gular visibility of the resulting image. Insteadroeasuring the visibility of a view
from multiple angles, one can photograph the dijsfilam a distance shorter than
the optimal observation one, as shown in Fig. Fllowing the assumption for
spatial independence of angular visibility, thahiliy points along the horizontal
axis would correspond to the visibility of one pioas seen from different angles.
As exemplified in Fig. 19b, point “A” as seen frdhre camera should be the same
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as the visibility of point B as seen from obsematangled,, and point “C” as
seen from the camera should be the same as thdityisdf point B as seen from
observation angl®;. In the photograph the ratio between visible amdsible
parts is proportional to the N/V ratio of the pibgoup under test, as shown in
Fig. 19c. The group of sub-pixels with the highis¥ ratio belongs to the same
view. More details about the procedure for findthg interdigitation topology of
a 3D display can be found in [64].
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Fig. 19. Finding the interdigitation topology: a) visibilizones of a view, b) angular visibility of
points in a close shot and ¢) N/V ratio as seendtose shot.

3.23 Angular Visibility

In this subsection we present a simple, yet efficieay of measuring the angular
visibility of a multi-view display using an off-thshelf camera. The angular visi-
bility function of each display element allows otwepredict the position of the
sweet spots and the crosstalk for different obdenvepositions. Measuring the
brightness of a single pixel by photographing tiepldy would be a tedious and
noise-prone task. Instead, one could measure ttem foeghtness of a view and
assign it to each pixel of that view since sub-jsixa one view are supposed to
have the same angular visibility. Another problerises when measuring at dif-
ferent angles; if camera position is inaccuratesthgular visibility curve would be
sampled at irregular intervals. This can be solbgdneasuring the visibility of
each view at some selected points and searchingjrfgle function that gives the
best fit for all measurements, regardless of tlggean

The first step of the measurement technique isepgre two groups of test im-
ages. The first group consists of so-calietyle viewimages where only the sub-
pixels from one view are lit. These images are dsedheasuring the angular vis-
ibility. The second group contains test images wtadl pixels are set to different
levels of grey in order to linearize the camergoese function [65]. In the sec-
ond step, each test image is shown on the tesaglispd is photographed from a
number of observation positions. The observatiarstions are selected on a line
parallel to the display surface and at the optimi@wing distance. If the
measurement point is displaced from the center osibility zone, the visibility
function gets sampled with an offset and the marinvalue of that function falls
in between two samples. However, judging by measang results in other works
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[55] [61] [66], one can assume that the visibifityction for all observation points
can be closely approximated by the same functidniclwhas its peak occurring in
the optimal observation spot for the correspondiiegv. In the third step, based
on this assumption, one can search for single fomahat closely fits measure-
ments for all positions regardless of possibleatffs

More details about measuring the angular visibifipction of a 3D display
can be found in [35] [55] [60] [61] [64].

3.24  Display Passband

Spatially-multiplexed 3D displays suffer from maski distortions and fixed-
pattern noise caused by visible gaps between trelspand/or by apparent non-
rectangular shape of a pixel. The visibility of Budistortions depends on interac-
tion between the spectrum of the visualized conterd the display’s transfer
function. This interaction can be conveniently egsed in the frequency domain.
Therefore, in order to assess the visibility of kiag, one needs to study the per-
formance of the display in frequency domain throaghuantity called aisplay
passbandin this subsection we present a simple yet effitsix-step methodolo-
gy to measure the display passband. The approatioven in Fig. 20.

Fig. 20. Block diagram of the methodology for derivingtbé display passband.

The first step is to prepare a numbetesit signalsvhich contain a 2D sinusoi-
dal pattern with varying horizontal and verticaduency components, as the ones
shown in Fig. 21a and Fig. 21c. Then, out of eash signal a number ¢ést im-
ages,each one with different apparent depth, are pegparfhis is done by map-
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ping the same signal to each view of the displagireg different amount of dis-
parity to each view and interleaving all views inteat image. The third step in-
volves automated visualization of all test imagestioe display and making a
snapshot of each one with a high-resolution camBEnea. output of that step is a
collection oftest shotof all test images, similar to the ones shownig Z1b and
Fig. 21d. In the next step tispectrumof each test shot is analyzed in order to de-
termine the amplitude ratio between the originafifrency component in the test
signal and the most noticeable distortion frequetmyponent introduced by the
display.

@

Fig. 21. Deriving display passband: a) test image with zamial frequency component, b) ob-
servation of the first test image, where the ineghftequency is still dominant, c) second test
image and d) observation of the second test imabere the intended frequency is masked by
distortions

The distortion frequency is selected as the largeak in the spectrum, which
is positioned closer to the center than the origiruency component of the in-
put signal. Based on the distortion-to-signal rdtation between magnitudes of
the distortion and signal frequency), the so-caliésblay passband is derived.
Frequency components of the test image with rafialler than a threshold are
marked as being inside of the passband, and otberas being outside. For ex-
ample, the test pair shown in Fig. 21a (test) aigd ZLb (observation) belong to
the display passband as the frequency componettis irext image are still domi-
nant in the observation. As the HVS can reconstmissing elements of a struc-
ture, the horizontal bars in Fig. 21a are stillblisin Fig. 21b. The test pair shown
in Fig. 21c and Fig. 21d does not belong to theslpaisd since the dominant fre-
quency in the test image is masked by the distorfliie passband is scanned by
analyzing the distortion-to-signal ratio for muléptest images for various fre-
quencies (sampled on a dense grid). In step Hpiltifrequencies which passed
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the threshold are combined into display passbaed, @s shown in Fig. 20, bot-
tom-left. The passband area represents the abilithe display to faithfully re-
produce image signals with spatial frequenciesiwithe area. Finally, in the sixth
step, all passbands measured for different dispsuére collected into a 3D pass-
band area, as shown in Fig. 20, bottom-right. Tiege and the size of the 3D
passbands enable quality comparison between 3IagsspA display with a larger
and more uniform passband would be of higher visuality as it can faithfully
represent larger range of image details. Additigndly knowing the frequency
characteristics of a 3D scene, content producergutige if the scene would “fit”
the passband of a given display, resulting in tafali representation. More details
about deriving the passband of a 3D display cafoined in [49] [64].

325 Equivalent Perceptual Resolution

Although the display passband allows a quality carispn between displays, it is
not straightforward to use it for judging the qtiabif a single display. Since most
display users have an intuitive idea about the enagality of a display with a
given resolution it is beneficial to convert the BBssband into a ‘corresponding’
2D display resolution. This can be done by apprating the passband for each
disparity with a rectangular shape. The main idga have a rectangle centered at
origin that will have the same area (in size) as dhiginal passband, trying to
overlap as many passband points as possible. Anotgeirement is to keep, at
the same time, the aspect ratio between maximuuaesah horizontal and vertical
direction. With these two constrains (area and @sfzio) one can find the rec-
tangle which is the “best fit” to a given passbanea, as shown in Fig. 22a. More
details on approximating the passband with receaogh be found in [49].
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Fig. 22. Equivalent resolution of a 3D display: a) fittingctangle to the passband and b) equiva-
lent resolution in horizontal (circle) and verti¢afar) direction as a function of disparity.

In order to represent this figure in a more un@derdable way, one can convert
rectangular passband sizes to equivalent resolutipixels. This is done by mul-
tiplying the passband width (height) with the oWleresolution in horizontal (ver-
tical) direction. An example for equivalent res@utas a function of the disparity
as derived for a 24-view 3D display can be sedrign 22b. Notably the function
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is not monotonic but has local maximums for somspadiities. Knowing the
equivalence resolution of a 3D display can helpteonproducers to rearrange
placement of objects in a 3D scene so that eadtbisj seen with optimal quality.

3.2.6 Comfortable Disparity Range

There are a number of parameters which determimendximum disparity range
which can be comfortably observed on a 3D dispByme of them such as diver-
gent parallax, A/C rivalry and frame violation caa calculated provided that one
knows the display resolution, pixel density, obaéion distance and the IPD of
the observer. However, other (and less studiedrpeters are probably involved
as well, for example; subjectively perceived costirascreen reflection index,
room illumination, etc. The unambiguous way to daiee the comfortable dis-
parity range of a 3D display is to perform subjeetiests where the acceptance of
3D content is rated. Naturally, the main varialilethe experiment is disparity
range. Since local contrast of the content greiaflyences the perceptibility of
ghosting artifacts [4] [47] [52], the content undéundy should contain scenes with
various levels of contrast. As contrast percepisoflequency dependent [67], ac-
ceptance of 3D content is possibly affected byfteguency characteristics of the
image.

An example of a subjective experiment is presebtldw. A group of 10 ob-
servers was asked to rate the acceptance of a mwhbest images. The images
contain two patterns; a text pattern and a nasg@he pattern. With each pattern a
number of images with varying local contrast areated. The contrast is altered
by changing the brightness of the patch and th#éte@background. Finally, each
test image is used to generate a number of steygiasgairs with varying dispari-
ty. Observers were asked to rate each stereospapicThe test was repeated for
9 different 3D displays.

The comfort disparity range for each display wdsutated using objective pa-
rameters, such as minimal IPD and Percival's zdrewmfort. The group of rang-
es is shown in Fig. 23a. From the subjective tib&t, subjective disparity range
was derived for each display, as shown in Fig. Z3te displays included in the
experiment are as follows; 1) large SGPG 3D TV 2gtmobile 3D display proto-
type with horizontally double-density pixel (HDDPBjxel arrangement, 3) com-
mercial mobile display with switchable parallax fierand operating in landscape
mode, 4) same as the previous model but operatipgitrait mode, 5) 3D photo-
frame with parallax barrier, 6) commercial 3D cameith stereoscopic viewfind-
er, 7) laptop with autostereoscopic 3D displayl&ptop with SDPG 3D display
and 9) prototype of pocket media player with awsiscopic 3D display.

From the figures, one can see that the subjectiw®art disparity range is 4 to
5 times smaller than the objectively calculated.ohgparently, the influence of
display properties influences the range more ti@nviewpoint-related parame-
ters. More information about comparing various paeters of 3D display can be
found in [30] [38] [53].
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Fig. 23. Comfortable disparity range of various 3D displagp:.calculated using objective pa-
rameters and b) derived from a subjective test.

4 Visual Optimization by Signal Processing

Signal processing techniques can be used for inmpgahe visual quality of 3D
displays in three ways. If a distortion introdudedthe display can be described
as an invertible function, one can pre-process-@srt) the image using the in-
verse function. In such case, the changes caus@debyrocessing would cancel
display distortions, resulting in a clean signagbresentation without artifacts.
Such process is known ase-compensatiomnd can be used to improve some
cases of pseudoscopy, hyperstereopsis and ghostirthe case of distortions
which cannot be pre-compensated, a signal progesdgorithm can decrease
their visibility, helping mitigate the perceivedraayance of artifacts, thus improv-
ing the quality. Artifact mitigation algorithms apossible for imaging, aliasing
and cases of pronounced crosstalk. Finally, thibility of some artifacts does not
depend purely on the content but also on observsitipn, motion and head ori-
entation. Such cases need real-time algorithmstwhatively track the observer
and process the visual signal accordingly.

A list of artifact mitigation techniques is givem Table 1. In order to mitigate
distortions caused by observation angle one neekisdw the position of observ-
er in respect to the display. Most often this iselby using camera-based tracking
and face- or eye-tracking algorithms. Once the mfasien position is known the
image can be optimized for the calculated angle disthnce. Although user-
tracking displays that can work with up to four eb&rs exist [33], algorithms for
viewpoint optimization usually work for one obsememly. Ghosting artifacts can
be either pre-compensated or mitigated. For dwaindisplays, where crosstalk
levels are low, pre-compensation is possible buitdi the dynamic range of the
display [68]. Crosstalk pre-compensation is posshiith for time-sequential and
spatially-multiplexed dual-view 3D displays. A slariapproach can be used for a
multiview display if a single observer is trackétbwever, the possibility of mul-
tiple observers and the pronounced crosstalk betwegghboring views make
crosstalk mitigation the preferred approach fortmigw 3D displays. Such algo-
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rithms aim to reduce the visibility of ghost imadas filtering horizontal high-
frequency components of the image but at the expehiosing image details.

The range of artifacts which are caused by thecapsieparation layer of a mul-
tiview display can be mitigated by antialiasingefik [40] [43] [69], or by deriving
the passband of the display, and prepare a filtéclwremoves image data with
frequency components outside of the passband f&8}h a filter can be imple-
mented as a single 2-D filter [70], or as a banR-@ filters for various disparity
levels [58] [71]. If the scene is represented agp@ipolar volume, one can imple-
ment pass-band optimization as a 3-D filter [69hally, excessive disparity can
be compensated by a transformation which alterdisgarity range of a scene.
Such transformation can be a combination of imagealing and cropping or, if
more processing power is available, a combinatfotlense depth estimation and
image warping algorithms [46].

Table 1 — Visual optimization: distortions, artifscand mitigation algorithms

Artifact mitigation algorithm
Dual-view displays | Multiview displays

Distortion source Artifact type

Extended heaparallax
Observation angle| Pseudoscopy, ghostigeudoscopy correctipextended viewing dis

tance
Crosstalk Ghosting Pre-compensatiol Crosstalk atitig
Aliasing Moiré Antialiasing filters (1DAntialiasing filters (2D
Interdigitation pattern Moiré, ghosting, FPN Pass-band optimization (2D/3D)
Excessive disparity Hyperstereopsis Content repgingo

4.1 View-Point Optimization

In order to adapt the display to the observatiositipm of the user, an artifact mit-
igation algorithm should detect and track the pasiof observer’s eyes. The eye-
tracking should work in real-time because a tragkielay might optimize the im-
age for wrong observation position and introducsible artifacts. Multiuser ob-
server tracking algorithms have been discussed2h (using head-tracking) and
[73] (using eye-tracking). In [74] a real-time fae@d eye-tracking algorithm
working on a mobile platform is presented. The ienpéntation allows splitting
the processes of face and eye detection betweeARM and digital signal pro-
cessor (DSP) cores of an OMAP 3430. In order toemee the face detection
speed the algorithm searches for a subset of afliple face sizes within the sweet
spot of the display and the user is required tp within the sweet spot of the dis-
play. Face detection is performed by a two-stagerilyalgorithm which com-
bines skin detection with feature-based face dete¢75] is implemented on the
ARM core. If a face is present, eye-detection ifgreed only in the top half of
the detected region. The eye detection is impleeteah the DSP core which de-
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tects the eyes using a Bayesian classifier workinglual-tree complex wavelet
transform (DT-CWT) features [76] [77]. The combioatof both algorithms al-
lows precise detection of the position of the epagspect to the camera.

411 Optimization for Observation Angle

Visual optimization for observation angle is sohdifferently for dual-view and
for multiview 3D displays. In dual-view displaysetimost pronounced viewpoint
related distortions are pseudoscopy and ghostihgstig artifacts are seen if ei-
ther of the observer’s eyes appears in the statge-ébetween visibility zones of
two views). Pseudoscopy is seen if both eyes apipeasibility zones of the op-
posite view. In all other cases both eyes appe#hnénvisibility zone of the same
view and a 2D image is perceived. One interestraguire of dual-view autostere-
oscopic displays is that some models allow switghietween the 2D and 3D
mode; this allows the display to “fall back” to 2ibage and regain display resolu-
tion.

An algorithm for observation angle-based optimmatfor dual-view 3D dis-
plays is proposed in [74]. Based on the horizootardinate of the pupil, three
tracking zones are defined; visibility zone of k& view (marked with “L” on
Fig. 12b), visibility zone of the right view (martevith “R” on the same figure),
and zone with high crosstalk (marked with “X”). Bdescopy is avoided by flip-
ping the left and right channel if the eye is d&tddo be in the opposite viewing
zone. Ghosting artifacts are avoided by turningpthallax barrier off and switch-
ing the content to “2D” if either of the observeeges appears in an “X” area. The
rationale for this rule is that if one eye of theserver perceives excessive cross-
talk, stereoscopic perception is not possible ansl preferable that the observer
does not see the ghost artifacts either.

In multiview displays the observation zones of héigring views are inter-
spersed and it is difficult to compensate for gimgsartifacts in real-time. Such
displays can provide limited head parallax. Howggevere ghosting is visible at
the edges of the area where head parallax is experd. A “semi-active” ap-
proach for extending head parallax and removingthasting in the stereo-edge is
proposed in [62]. It combines the precise lightinection of a multiview display,
a single camera and less precise sub-real-time-th@eking. The software part of
the system ensures that the observer’s head imtsuted” by a group of properly
rendered views. Once the approximate position efdbserver's head is found,
the precise delivery of different images to theseig handled by the (passive)
multiview optics. There are a few observation asgldere the visibility zones of
the first and the last views appear next to eablerotA moving observer which
crosses one of these boundaries experiences a of¢la& smooth head parallax
[66]. However, one can provide a continuous paxabig replacing the views
which are not visible with observations of the saBiescene from new angles.
For example, when the user’'s head is positionegeas in Fig. 24a, the active
views are from 2 to 5, and views 3 and 4 are sgethé left and right eyes corre-

A. Boev, R. Bregoy, and A. Gotchev, “Signal processing for stereogcapd
multi-view 3D displays,” chapter in Handbook of isé&d processing systems, 2nd
edition, edited by S. Bhattacharyya, E. Deprett&e Leupers, and J. Takala.
Springer 2013, pp. 3-47. (final submitted version)

spondingly. When the user moves to the positiomshia Fig. 24b, view 5 shows
the 3D scene at the same angles as before and &iew8 are updated to show the
scene at a new angle. In reality, the eyes of #es fall into neighboring views
and the view update happens well outside of thepegition. The head tracking
has only to ensure the head of the observer iajppately at the center of the set
of updated views. Unlike the “active” eye-trackingproach, estimation of the
distance between the observer and the displaytine®ded as a set of properly
rendered views can provide proper parallax to s én a wide range of head po-
sitions. Also, real-time performance of the sysiemot necessarily critical as the
user is always “surrounded” by a safe margin opprty rendered views.

Fig. 24. Selective view updating for continuous parallaotie views and visualized scene per-
spective for a) one observer position and b) amathserver position.

4.1.2 Optimization for Viewing Distance

Both dual-view and multiview autostereoscopic digpl are designed to be
watched at a particular distance. At the optima&wing distance the intended
view is seen across the whole surface of the displs marked with “1” on Fig.
25a. At a distance closer than the optimal the miesesees different visibility
zones at the left and right edges of the displaymarked with “2” on the same
figure. If the distance to the observer is knowr tontent on the display can be
re-rendered accordingly. In order to measure te&dce to the observer, eye and
face tracking is performed by two cameras simulias®. For more information
on the algorithm the reader can refer to [78].

In the case of a multiview display the informatisrshifted between the views;
for example, the image along the right edge ofdisplay intended for the central
view (marked with red on the Fig. 25a) can be reedlién the previous view (as
shown by the curved arrow). The opposite is donagthe left edge. This proce-
dure can be expressed as a re-routing table wipitimizes the image for a given
observation distance. The re-routing table sho@lddscalculated for any given
distance to the observer. In the case of a multiudésplay, pixels intended for
certain view would be re-routed to other views.éample of a multiview rerout-
ing table is given in Fig. 25b. The surface of thsplay is separated into sub-
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sections and the number in each subsection isséuation which operation to be
performed in the corresponding area of the display.

In the case of stereoscopic display, the re-routide looks like the one given
in Fig. 25c. In this table, “0” means that the péxi the corresponding area are
left unaltered. The pixels in the “F” areas shobdd “flipped”, effectively swap-
ping the pixels intended for the left and rightwieThe areas marked with “X”
would be perceived with excessive crosstalk becfarsthese areas the observer
appears between the viewing zones of the left aid views. In the “X” areas a
monoscopic image should be projected by copyingiaéls from one view to the
other.

2 i|0|l0f|0}|O F|X|0|O0]|X F
2 1/0|0|0]-1 F|X|0|O0]|X F
2|1]0|0|0]-1 F|X|O|O0O]|X]|F
2|1]0|0]|-1]-2 F|X|O|O0O]|X]|F
1/0[0|0]|-1]-2 F|X|O|O0O]|X]|F
1/0[0|0]|-1]-2 F|X|O|O0O]|X]|F
Display
a) b) <)

Fig. 25. Distance-based content optimization: a) re-routifigiiews for observation distance,
shorter than the optimal, b) example re-routindetdbr multi-view display and c) example re-
routing table for stereoscopic display.

4.1.3 Optimization for Observation Pose

Some dual-view autostereoscopic 3D displays withaeallax barrier have the
ability to switch between horizontal 3D and verti8® modes [34]. For such dis-
plays a visual optimization algorithm can sele& 8D mode and scene orienta-
tion based on the orientation of the observer'segs illustrated in Fig. 26a. If the
face of the observer is not in the horizontal attigel direction in respect to the
display the 3D effect is not possible and thussygtem switches the display into
2D mode. An eye-tracking algorithm for selectingrse orientation is proposed in
[74]. The block diagram of that algorithm is shoimnFig. 26b. First, face detec-
tion is attempted four times, each time rotating ithput image by 90 degrees. If
detection fails, the presumption is that either fhee of the observer is too far
from the display or it is at a wrong angle. In bo#tses 3D perception is not possi-
ble and the system switches the display into 2Dentidace detection is success-
ful its direction is stored and eye tracking isfpemed according to the direction.
The position of the eyes is matched against the ofi@servation zones of each
view (see also Fig. 12b). The map in use is selewtenatch the direction of the
face. If both eyes are found in the correspondegions the system switches into
3D mode. If both eyes appear in the regions ofofiygosite view the system flips
the channels and activates the 3D mode. If both &lkinto the observation zone
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of the same view, or at least one eye falls inraerizone crosstalk area, the sys-
tem switches into 2D mode.

Face no
detection
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& Eye
@ tracking
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- I
g“’"'

pecsion M
T | L

(due to]2 eyes in (due to[crosstalk)
one|view)
(End )

a) b)

Fig. 26. Selection of display mode and scene orientationording to the orientation of the eyes
of the observer: a) mode and orientation accortbngtation angle and b) block diagram of the
algorithm

4.2 Optimization of Display Passband

When visualizing images on spatially-multiplexedplays there are two poten-
tial sources of distortions; aliasing, due to destion at sub-pixel level (pixels
visible in one view are only a subset of all piyesd imaging due to the pres-
ence of gaps between pixels. Aliasing can be falbkled by an anti-aliasing pre-
filter. In [54] Jain and Konrad introduced a methfid designing 2D non-
separable antialiasing filters for an arbitrary-sampling pattern. They devised a
2D filter with a passband that spans all frequenaiewhich the contribution of all
alias terms is smaller than the original signalftdn [43] Moller and Travis used
a simplified optical filter model to analyze displaandwidth and derived a spa-
tially-varying 2D filter which requires knowledgé scene per-pixel depth. In [69]
Zwicker et al. proposed a low-pass filter to bel&gpon the sampling grid of the
multiview display, expressed in ray-space, whiamsiat preventing both intra-
and inter-perspective aliasing. However, their niaties not take into account
the directionally dependent aliasing caused bystheted optical filter.

In signal processing, imaging is tackled by an-an#iging post-filter. In spa-
tially-multiplexed displays, imaging is createdthye physical structure of the dis-
play; it is therefore impossible to impose a pdgtf However, the visual percep-
tion of imaging can be partially mitigated by a fifeer. Consequently this filter

4 The effect of the gaps is similar to the one cduseupsampling in the absence of a post-filter.
In sampling and interpolation literature the effisctienoted as ‘imaging’ and the filters tackling
it are known as anti-imaging filters.
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can be merged with the anti-aliasing pre-filterotder to determine the properties
of the required combined (anti-aliasing and ‘antaging’) 2D filter it is neces-
sary to determine the performance of the displathénfrequency domain; that is,
we have to know which frequency components in thage we can keep (ones
that will be properly represented on the screemj,wahich ones we have to atten-
uate as potential causes of distortions. A progsigh of the filter should result in
the best possible representation of images oni#fpdagt, minimizing aliasing, im-
aging and ghosting. It is worth mentioning once enthrat it is impossible to re-
move imaging artifacts since they are caused bylthglay’s optical layer. How-
ever, some of them can be reduced to a level athnthiey are less disturbing.

A measurement-based method for deriving the frequeesponse of the dis-
play (display passband) is described in Sectiom312 the text, the region con-
taining frequencies that are properly representethe screen is denoted pass-
band and all other regions asopbandIn order to improve the image quality one
should design a filter which attenuates frequermymonents in the stopband. The
methods in the following two sections present aangple approach for designing
such filter.

421 Passband Approximation with a Non-Separ able Filter

The design of non-separable passband-optimiziner fis discussed in [58] and
[70]. As a practical example, such a filter is desid for a 24-view 3D display
which has a passband as the one in Fig. 20, bdgtinfor that display the shape
of the ideal 2D antialiasing filter is as shownFig. 27a. In this figure the curve
shows the ideal cut-off frequency; that is the pass of the filter should be in-
side the contour and its stopband everywhere Elsedesigning a non-separable
2D filter approximating this ideal one, the windogidesign technique with the
Kaiser window of length 24 has been used [79]. Kaiser window has been se-
lected as a good candidate due to its relativetyomatransition band and flexible
attenuation. The variable parameter of the Kaisedew controlling the stopband
attenuation has been setfia=2.2. Such selection ensures a stopband attenuation
of at least 30dB that is good enough for the displader consideration. A filter
size of 24 by 24 has been chosen as a good congedratween the implementa-
tion complexity, transition bandwidth and approxtioa of the ideal filter.

The design results in the 24 by 24 2D non-separfdtde with an impulse re-
sponse, as shown in Fig. 27b. The correspondinghinalg response (contour) of
the designed filter is shown in Fig. 27c. The -@8df in Fig. 27c approximates
the ideal cut-off frequency. Due to the finite s@ion bandwidth of the designed
filter, even after applying it to the input imag®me aliasing errors will occur on
the display. However, the aliased frequencies bellattenuated by the filter (ei-
ther filter transition band or stopband) and ashstey will not be visually dis-
turbing.

r | 04
04030201 0 010203 04 20.4-03-02-01 0 010203 04

a) b) <)

Fig. 27. 2D non-separable filter: a) ideal, b) impulsepmse and c) magnitude response: con-
tour plot for -3dB (inner curve), -6dB (middle) ar&D dB (outer curve).

4.2.2 Passhand Approximation with a Separ able Filter

The computational complexity of a 2D filter is ratthigh and considerable com-
putational savings can be achieved when it is plessh separate the 2D filter into
two 1D filters, one filtering in the horizontal digtion and one in the vertical di-
rection. One approach to the design of separalsisbaad-optimizing filter is dis-

cussed by Boev et al. in [58] [70].
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Fig. 28. 2D separable filter: a) spectrum of sub-sampfiagern for one view, b) possible solu-
tions for optimal antialiasing filters and c) magwie responses of these filters, -6dB contour
plots.

Based on the known interdigitation pattern and &rgusibility of each ele-
ment, one can derive the pattern of visible pedsseen from the sweet spot of
one view. As discussed in Section 3.1.2, this patbehaves as a sub-sampling
mask. As an example, the mask of a 24-view 3D djsj@ shown in Fig.18. The
spectrum of this mask is shown in Fig. 28a. Eaclthefpeaks in this spectrum
corresponds to a source of aliasing. In order wichaliasing (Moiré artifacts), a
filter has to be designed in such a way that isspand does not overlap with any
of its copies generated by moving its center to afthose aliasing sources. It is
possible that there are several different sepafétges that can be used as antiali-
asing filters for this display, as shown in Figh2&ach of those filters will per-
form proper antialiasing, but due to different stsfhe visual quality of displayed
images will be different. Which separable filterwla yield best visual results de-
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pends on the content. The experiments presentgtD]nsuggest that for textual
information such as subtitles, filters with a passbclose to square perform better
than filters with elongated passbands. For desggiib filters with the desired
cut-off frequencies, the windowing technique witle Kaiser window of length 24
can be used (see also Section 4.2.1). As an exathplenagnitude responses (—
6dB contour) of several separable 2D filters sudgtdbr the said 24-view display
are shown in Fig. 28c.

4.2.3 Passhand Approximation with a Tunable Filter

The results in [70] suggest that the filter thdlyfsuppresses aliasing does not al-
ways give the best perceptual quality. Some pem@ter sharper-looking images
at the expense of some Moiré artifacts. In ordedlmw the user to control the an-
tialiasing process according to his/her own prefees, one can design a set of
tunable filters which depend on two parameters;assg depth and desired
sharpness. The sharpness parameter is expressednis of distortion-to-signal
ratio, which is expected to affect the visibility aliasing in perceptually linear
fashion, regardless of the apparent depth.

Offline processing

|
|
| Derive Measure
!
|
|

o Approximate
N T Derive display
interdigitation angular assband rectangular
pattern visibility P passband

3D sharpness
(user selected)

1

1

|

|

|

1

1

|

|

|

. 1

Display |

1

|

|

1

1

1

|

|

. 1
Filter 1
|

3

Fig. 29. Passband-optimization framework with tunable “3@rpmess” level.

An artifact mitigation framework which uses 1D tbiefilters is proposed in
[71]. It allows the user to specify the percentafeisible distortion over the orig-
inal signal. The algorithm does the necessary <ing to maintain the distor-
tions within the selected limit, taking into accotime display passband for differ-
ent disparity values. It consists of three modules. 29) which are; offline
processing module where the display is measureg|adi passband profile which
is stored in a non-volatile memory and real-timecgssing module which filters
the input image according to its apparent depthsatetted distortion limits. Dur-
ing the measurements in the offline processing reodine derives the passband
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of the display for a range of disparity values gsl@ned earlier. Each passband is
approximated by a rectangle. The output from theluwis stored in two tables.
One table contains the height of the equivalensipasd for various disparity val-
ues and levels of distortion, and the other tathle, corresponding width of the
passband. The real-time processing module uses thvestables to design the op-
timal filter for the input image. The system expetttat the content (input to the
framework) is stored in image-plus-depth formate Tisparity value is used to
select the corresponding column in each passbhéfel fEhe user can set the value
of the desired distortion level. This parametecadled “3D-sharpness” since it
controls the tradeoff between visibilities of détaiersus visibility of Moiré arti-
facts. The value of “3D-sharpness” is used to $etexcorresponding row of each
table. The values in the selected cells give treirelé vertical and horizontal cut-
off frequencies of an anti-aliasing filter. Thesg-off frequencies are used for de-
signing the filters.

4.3 Content Optimization

431 Crosstalk Mitigation

In [68] Konradet et al. proposed a pre-compensadigorithm for reducing the
crosstalk in stereoscopic displays. However, thpproach is not suitable for mul-
tiview displays since pre-compensation mitigates affect for a certain observa-
tion angle only, while amplifying it for other amgl. As multiview displays are in-
tended for many observers, it is desirable to migghe ghosting artifacts for all
observation angles simultaneously. The straightfodrapproach to mitigate the
crosstalk is to smooth the scene in horizontalctiva, where the level of smooth-
ing depends on the amount of the parallax (i.gatisy) [80]. For a scene in im-
age-plus-depth format this corresponds to smootbinthe 2D image, with the
level of smoothing depending on the absolute deglihes of the pixels.

Two algorithms for crosstalk mitigation for multts displays, which can be
implemented in a graphics processing unit (GPW),discussed in [51]. The first
algorithm employs pre-filtering of the 2D image def using it as a texture on the
mesh. It uses eight filters for the whole rangedepth values. Eight masks are
prepared, passing a different range of depth vatuascordance with the distance
from the screen. Each mask is applied to the cporeding filtered image and the
result is blended together in the accumulationdyuffhe algorithm is implement-
ed using the CUDA library [81].

The second algorithm uses an image scattering igohror crosstalk mitiga-
tion. It works by blending extra observations witle ones needed for the mul-
tiview display. Around each observation point usedrevious approach, observa-
tion points are added at equal angles. The obsenvaobints are grouped as shown
in Fig. 30a. The images rendered from a group skplation points are blended
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together in a single image which is mapped to thie-mixels belonging to one
view of the screen. The algorithm works in a similay to the previous one, with
the exception that instead of pre-filtering thettes; additional observations are
rendered as illustrated in Fig. 30b.
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Fig. 30. Crosstalk mitigation with pre-filtering: a) pdein of the extra observation points in re-
spect to the original ones and b) block diagrathefalgorithm.

43.2 Repurposing

Excessive disparity is a problem most often foum@D content which is created
for one display size and is observed in anotheaptidg the size and disparity of
3D content to fit a given 3D display is knownatent repurposing

In [82] an algorithm for content repurposing on ahife device is discussed.
An important requirement for such an algorithmhiattit can be used for real-time
repurposing. Unfortunately, commonly used repumgsilgorithms such as virtu-
al view generation of non-liner disparity correctipt6] are too computationally
expensive to be used for real-time conversion eordaemporary portable device.
In order to simplify the computation the algorithreeshorizontal image transla-
tion (HIT) which involves finding the size and positiofi a scaling window. In
the HIT-based repurposing algorithm one first firtle disparity of the source
video, then finds the optimal cropping and scalpagameters and then performs
the actual image resampling. Having a dense digparap is not critically im-
portant for performing HIT; it is enough to knowetparameters of the disparity
distribution, such as minimum, maximum and meapatisy.

The algorithm consists of five stages, as showhiin 31. First, the comfort
disparity range of the display is derived. Thendisparity range of the input con-
tent is calculated. Based on the estimated inpdtd@sired output disparity rang-
es, the algorithm derives the optimal scale ofdtepping window which would
yield the targeted disparity range and minimize aénea of cropped and letter-

boxed content. Once the rescaling and croppingpeters are known we perform
the resampling procedure with a desired, percegtogtimal performance in the
frequency domain. More details on the algorithmfqrenance can be found in
[82].

Display Scene change
profile detection

Input L
Disparity
analysis
Input R Optimal cropping window

Resampling

Fig. 31. Block diagram of an algorithm for fast 3D contegpurposing.

5 Conclusions

Stereoscopic displays are meant to recreate a soetheee dimensions. Due to
technical limitations of today’s displays, someugkfeatures of the scene are lost.
The differences between the original scene andepeduced one are interpreted
by the HVS as artifacts. The missing informatiomraat be fully reconstructed,
but due to absence of visual reference it is psst make the distortions less
visible. This raises the need of developing optatian techniques aimed at de-
creasing the visibility of artifacts on a 3D digplaSuch techniques require
knowledge of both human vision and display des@ne needs to know the im-
portant visual properties of a 3D scene and theveelt display properties that al-
low the scene to be shown in 3D. .

This chapter presented signal processing technifpreeptimized 3D scene
visualization on contemporary 3D displays. Methfmsderiving visual properties
of 3D displays, predicting the visibility of artdes, and visual optimization of 3D
content were discussed. The presented methodsefasuming the quality of a dis-
play are suitable for a large class of displayduitiog glasses-enabled displays,
portable autostereoscopic displays, and dual-viem eultiview large auto-
stereoscopic displays. The proposed methods feravisptimization address is-
sues such as observation position, head pose, migiiplexing, and excessive
disparity range and are effective for decreasimgvilibility of the most common
artifacts, experienced on stereoscopic displayseha ghosting, Moiré and hy-
perstereopsis.

References

[1] B. A. Wandel, Foundations of Vision, SundedaiMassachusetts, USA: Sinauer Associates,
Inc, 1995.

[2] 1. P. Howard, and B. J. Rogers, Binocular ¥isand Stereopsis, New York: Oxford University
Press, 1995.



A. Boev, R. Bregow, and A. Gotchev, “Signal processing for stereoscapd
multi-view 3D displays,” chapter in Handbook of isé& processing systems, 2nd
edition, edited by S. Bhattacharyya, E. Deprett&e Leupers, and J. Takala.
Springer 2013, pp. 3-47. (final submitted version)

3]

[
5]
[6]
[

8l

[0
[10]

[11]
[12]

[13]

[14]

[15]

[16]

17

[18]
[19]

[20]

[21]

[22]

[23]
[24]

[25]

D. Chandler, "Visual Perception (Introductddgtes for Media Theory Students,” MSC portal
site, University of Wales, Aberystwyth, 2008. [@w]. Available:
http://www.aber.ac.uk/media/sections/image.html.

S. Pastoor, "Human factors of 3D imaging: Rissof recent research at Heinrich- Hertz- Institut
Berlin," in 2nd International Display Workshpplamamatsu, 1995.

M. Wexler and J. Boxtel, "Depth perceptionthg active observerTrends in Cognitive
Sciencesno. 9, pp. 431-438, 2005.

B. Julesz, Foundations of Cyclopean Percept@ricago: The University of Chicago Press,
1971.

E. Stoykova, A. Alatan, P. Benzie, N. Grammialj S. Malassiotis, J. Ostermann, S. Piekh, V.
Sainov, C. Theobalt, T. Thevar, and X. ZabulisD'F me-Varying Scene Capture
Technologies—A SurveyCircuits and Systems for Video Technology, |IEEm3aations on,
vol. 17, no. 11, pp. 1568-1586, 2007.

P.-S. Tsai, J. Cryer, and M. Shah, "Shape-fshrading: a surveypPattern Analysis and
Machine Intelligence, IEEE Transactions en). 21, no. 8, pp. 690 - 706 , 1999.

T. Lindeberg and J. Garding, "Shape from textiiom a multi-scale," ihlCCV, 1993.

M. Subbarao and G. Surya, "Depth from Defo@uSpatial Domain Approachihternational
Journal of Computer Visiowol. 13, pp. 271-294, 1994.

A. Zisserman, Multiple View Geometry in ContpuVision, Cambridge University Press, 2004.
M.-H. Yang, D. Kriegman, and N. Ahuja, "Detieg faces in images: a survejattern

Analysis and Machine Intelligence, IEEE Transaction,vol. 24, no. 1, pp. 34-58, 2002.

H. Sidenbladh, M. Black, and L. Sigal, "Ingtiprobabilistic models of Human Motion for
Synthesis and Tracking," Buropean Conference on Computer Visi2@02.

S. M. Seitz, B. Curless, J. Diebel, D. Scteirs and R. Szeliski, "A Comparison and Evaluation
of Multi-View Stereo Reconstruction Algorithms," Rroc. Comput. Vis. and Pattern Recognit.
(CVPR2006)2006.

B. L. Stann, A. Abou-Auf, S. Frankel, M. Miza, W. Potter, W. C. Ruff, P. H. Shen, D. R.
Simon, M. R. Stead, Z. G. Sztankay, and L. F. lre8Research progess on scannerless ladar
systems using a laser diode transmitter and FMadarprinciples,” inaser Radar Technology
and Applications V/12001.

U. Schnars and J. W., "Direct recording oldgonams by a CCD target and numerical
reconstructions,Applied Opticsyol. 33, no. 2, pp. 179-181, 1994.

A. Alatan, Y. Yemez, U. Gudukbay, X. Zabulis, Muller, C. Erdem, and A. Weigel, "Scene
Representation Technologies for 3DTV—A SurvdgEE Trans. Circuits and Systems for
Video Technologwol. 17, no. 11, pp. 1587-1605, Nov. 2007.

M. Halle, "Multiple Viewpoint Rendering," iRroceedings of the 25th annual Conference on
Computer Graphics and Interactive TechniquE398.

R. Hartly and A. Zisserman, Multiple View Geetry in Computer Vision, 2nd ed., Cambridge
University Press, 2006.

A. Smolic, K. Mueller, N. Stefanovski, J. @sthann, A. Gotchev, G. B. Akar, G.
Triantafyllidis, and A. Koz, "Coding Algorithms f@DTV - A Survey,"|[EEE Trans. Circuits
and Systems for Video Technologyl, 17, no. 11, pp. 1606-1621, Nov. 2007.

C. Fehn, P. Kauff, M. Op de Beeck, F. Erifét,IJsselsteijn, M. Pollefeys, L. Van Gool, E.
Ofek, and 1. Sexton, "An evolutionary and optimizggbroach on 3D-TV," iint. Broadcast
Conf, Amsterdam, The Netherlands, 2002.

C. Fehn, N. Atzpadin, M. Muller, O. Schrear,Smolic, R. Tanger, and P. Kauff, "An
Advanced 3DTV Concept Providing InteroperabilityleBcalability for a Wide Range of Multi-
Baseline Geometries," 2006 IEEE International Conference on Image Proices<006.

R. Fernando and M. J. Kilgars, The Cg Tutpiide Definitive Guide to Programmable Real-
Time Graphics, Addison-Wesley, 2006.

J. Lee, "Hacking the Nintendo Wii RemotBgrvasive Computing, IEEEoI. 7, no. 3, pp. 39-
45, 2008.

K. Akeley, S. J. Watt, A. R. Girshick, and B. Banks, "A stereo display prototype with
multiple focal distancesACM Trans. Graph.yol. 23, no. 3, p. 804-813, 2004.

A. Boev, R. Bregoyi, and A. Gotchev, “Signal processing for stereoBcemd
multi-view 3D displays,” chapter in Handbook of isé processing systems, 2nd
edition, edited by S. Bhattacharyya, E. Deprett&e,Leupers, and J. Takala.
Springer 2013, pp. 3-47. (final submitted version)

[26]
[27]

[28]

[29]

[30]

[31]

[32)
[33]
[34]
[35]
[36]
[37)

[38]
[39]

[40]

[41]
[42]

[43]
[44]

[45]

[46]

[47]
[48]

[49]

M. Saymta, S. Isikman, and H. Urey, "Scanrliegl Array Based Volumetric Display,” BDTV
Conference: The True Vision - Capture, Transmisaioth Display of 3D Videc®?008.

S. Pastoor, "3D Displays," BD Video CommunicatiorD. Scheer, P. Kauff and T. Sikora,
Eds., Chichester, West Sussex, Wiley, 2005, pp-2586

P. Surman, K Hopf, | Sexton, W K Lee, R Bat8slving the 3D problem - The history and
development of viable domestic 3-dimensional videplays," inThree-Dimensional
Television: Capture, Transmission, and Displely Ozaktas and L. Onural, Eds., Springer
Verlag, 2007.

P. Benzie, J. Watson, P. Surman, |. RakkelajK. Hopf, H. Urey, V. Sainov, and C. von
Kopylow, "A Survey of 3DTV Displays: Techniques ahechnologies, Circuits and Systems
for Video Technology, IEEE Transactions wal. 17, no. 11, pp. 1647-1658, Nov. 2007.

H. Urey, K. V. Chellappan, E. Erden, and BrrBan, "State of the Art in Stereoscopic and
Autostereoscopic DisplaysProceedings of the IEERpI. 99, no. 4, pp. 540-555., 2011.

L. Onural, T. Sikora, J. Ostermann, A. Smolit R. Civanar, and J. Watson, "An Assessment
of 3DTV Technologies," itNAB Broadcast Engineering Conference Proceedihgs Vegas,
USA, 2006.

H. Jorke, H. Simon, and M. Fritz, "Advanceereo projection using interference filter3,"Soc.
Inf. Display, ,vol. 17, no. 5, pp. 407-410, 2009.

Toshiba Europe GmbH, "55ZL2 - 3D without glas," Toshiba, Jan 2012. [Online]. Available:
http://eu.consumer.toshiba.eu/en/products/tv/55ZA2cessed June 2012].

W. L. Jzerman, S. T. de Zwart, and T. Dekk&esign of 2D/3D switchable display$toc. of
the SIDyvol. 36, no. 1, pp. 98-101, May 2005.

C. van Berkel and J. Clarke, "Characterisatiod optimisation of 3D-LCD module design," in
Stereoscopic Displays and Virtual Reality SystevhSan Jose, 1997.

W. Tzschoppe, T. Brueggert, M. KlipsteinRelke, and U. Hofmann, "Arrangement for two-or-
three-dimensional display”. US Patent 2006/0192808\ug. 2006.

M. Kristoffersen, M. J. Sykora, and J. SchutStretched filom for stereoscopic 3D display".
US Patent 7,750,983, 6 July 2010.

N. Dodgson, "Autostereoscopic 3D Displaydgmputeryol. 38, no. 8, pp. 31-36, Aug. 2005.
A. Gotchev, B. G. Akar, T. Capin, D. Strohmeiand A. Boev, "Three-Dimensional Media for
Mobile Devices,'Proceedings of the IEERpI. 99, no. 4, pp. 708-737, 2011.

J. Konrad and P. Angiel, "Subsampling modeid anti-alias filters for 3-D automultiscopic
displays,"|IEEE Trans. Image Processingpl. 15, no. 1, pp. 128-140, 2006.

C. van Berkel, "Lenticular screen adaptorS Batent 6801243, 5 Oct. 2004.

V. Saveljev, J.-Y. Son, B. Javidi, S.-K. Kimnd D.-S. Kim, "Moiré minimization condition in
three-dimensional image display&isplay Technologwol. 1, pp. 347-353, 2005.

C. N. Moller and A. R. L. Travis, "Correctirigterperspective aliasing in autostereoscopic
displays,", IEEE Trans. Visual Comput. Graphiegl. 11, no. 2, pp. 228-236, 2005.

D. Hoffman, A. Girshick, K. Akeley, and M. B&s, "Vergence—accommodation conflicts hinder
visual performance and cause visual fatigdeyirnal of Visionyol. 8, no. 3, pp. 1-30, 2008.
S. K. Nayar, V. Branzoi, and T. E. Boult, lrammable Imaging Using a Digital Micromirror
Array," in Computer Vision and Pattern Recognition, IEEE Comp8ociety Conference on
2004.

M. Lang, A. Hornung, O. Wang, S. Poulakos,Siolic, and M. Gross, "Nonlinear Disparity
Mapping for Stereoscopic 3DACM Transactions on Graphics (Proc. SIGGRAPHY), (in
press), 2010.

W. IJsselsteijn, P. Seuntiens, and L. Messtétuman factors of 3D displays," 3D Video
CommunicationScheer, Kauff and Sikora, Eds., Wiley, 2005,2%82-233.

M. Halle, "Autostereoscopic displays and canep graphics,” innternational Conference on
Computer Graphics and Interactive TechniquzB05.

A. Boev, R. Bregovic, and A. Gotchev, "Vistalality evaluation methodology for multiview
displays, Displays,vol. 33, no. 2, pp. 103-112, April 2012.



A. Boev, R. Bregow, and A. Gotchev, “Signal processing for stereoscapd
multi-view 3D displays,” chapter in Handbook of isé& processing systems, 2nd
edition, edited by S. Bhattacharyya, E. Deprett&e Leupers, and J. Takala.
Springer 2013, pp. 3-47. (final submitted version)

[50]

[51]
152
[53]

[54]

[55]

[56]

1571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]
[66]

[67]
[68]

[69]

[70]

A. Boev, D. Hollosi, A. Gotchev, and K. Egaian, “Classification and simulation of
stereoscopic artifacts in mobile 3DTV content, Skereoscopic Displays and Applications XX,
Proc. SPIE 72372009.

A. Boev, K. Raunio, A. Gotchev, and K. Egigaa, "GPU-based algorithms for optimized
visualization and crosstalk mitigation on a mutividisplay,” inProc. SPIE 68032008.

F. Kooi and A. Toet, "Visual comfort of binakar and 3D displaysDisplays,vol. 25, no. 2-3,
pp. 99-108, 2004.

A. Boev and A. Gotchev, "Comparative studyafostereoscopic displays for mobile devices,"
in Multimedia on Mobile Devices 2011, Proc. SPIE 788111.

A. Jain and J. Konrad, "Crosstalk on autoisadipic 3-D displays: Blessing in disguise?," in
Stereoscopic Displays and Applications XVIII, ISRFIE Electronig ImagingSan Jose, CA,
2007.

M. Salmimaa and T. Jarvenpaa, "Optical chraation of autostereoscopic 3-D displays,”
Soc. Inf. Displayyol. 16, no. 825, 2008.

J. Hakkinen, J. Takatalo, M. Kilpelainen, Balmimaa and G. Nyman, "Determining limits to
avoid double vision in an autostereoscopic dispigparity and image element width,"Soc.
Inf. Display,vol. 17, no. 433, 2009.

E. D. Montag and M. D. Fairchild, "Fundamedstaf Human Vision and Vision Modelling," in
Digital Video Image Quality and Perceptual Codiy R. Wu and K. H. Rao, Eds., Boca
Raton, FL, CRC Press, 2006, pp. 45-81.

A. Boev, R. Bregovic, and A. Gotchev, "Metldalyy for design of anti-aliasing filters for
autostereoscopic displaySpecial issue on Advanced Techniques on Multirigteab
Processing for Digital Information Processing, Joat of IET Signal Processingol. 5, no. 3,
pp. 333-343, June 2010.

B. T. Bakus, M. S. Banks, R. van Ee, and JCfowell, "Horizontal and vertical disparity, eye
position, and stereoscopic slant perceptidision Researchjol. 39, pp. 1143-1170, 1999.

M. Salmimaa and T. Jarvenpad, "3-D crossaalit luminance uniformity from angular
luminance profiles of multiview autostereoscopib 8lisplays,“Soc. Inf. Displayyol. 16, p.
1033, 2008.

P. Boher, T. Leroux, T. Bignon and V. CollotRiatton, "A new way to characterize auto-
stereoscopic 3D displays using Fourier optics imsgnt," inStereoscopic Displays and
Applications XX, SPIE 7237, 7237®009.

A. Boev, K. Raunio, M. Georgiev, A. GotchenteK. Egiazarian, "OpenGL-based Control of
Semi-Active 3D Display," iBDTV Conference: The True Vision - Capture, Trassion and
Display of 3D Videplstanbul, Turkey, 2008.

S. Uehara, T. Hiroya, H. Kusanagi, K. Shigeanand H. Asada, "1-inch diagonal transflective
2D and 3D LCD with HDDP arrangement,"Stereoscopic displays and applications XIX
2008.

A. Boev, R. Bregovic and A. Gotchev, "Measgriand modeling per-element angular visibilty
in multiview displays,'Special issue on 3D displays, Journal of Sociatyrfiormation
Display,vol. 18, no. 9, pp. 686-697, Sept. 2010.

P. Debevec and J. Malik, "Recovering High Byric Range Radiance Maps from
Photographs," idCM Siggraph1997.

A. Schmidt and A. Grasnick, "Multi-viewpoiattostereoscopic displays from 4D-vision," in
SPIE Photonics West 2002: Electronic Imagi2g02.

S. Winkler, Digital Video Quality, John Wile Sons, 2005.

J. Konrad, B. Lacotte, and E. Dubois, "Calatin of image crosstalk in time-sequential
displays of stereoscopic videdEEE Trans. Image Processol. 9, pp. 897-908, May 2000.
M. Zwicker, W. Matusik, F. Durand, H. Pfistemd C. Forlines, "Antialiasing for
automultiscopic 3D displays," INCM SIGGRAPH 200@oston, Massachusetts, 2006.

A. Boev, R. Bregovic, A. Gotchev, and K. Ezpaian, "Anti-aliasing filtering of 2D images for
multi-view auto-stereoscopic displays, Tihe 2009 International Workshop on Local and Non-
Local Approximation in Image Processing, LNLA 2068lsinki, Finland, 2009.

A. Boev, R. Bregoyi, and A. Gotchev, “Signal processing for stereoBcemd
multi-view 3D displays,” chapter in Handbook of isé processing systems, 2nd
edition, edited by S. Bhattacharyya, E. Deprett&e,Leupers, and J. Takala.
Springer 2013, pp. 3-47. (final submitted version)

[71]

[72]

[73]

[74]

[78]

[76]

[77]

[78]

[79]
[80]
[81]

[82]

A. Boev, R. Bregovic, and A. Gotchev, "Desigfituneable anti-aliasing filters for multiview
displays," inStereoscopic Displays and Applications XXII, PI®BIE 78632011.

R. Brar, P. Surman, . Sexton, R. Bates, \&& LK. Hopf, F. Neumann, S. Day, and E. Willman,
"Laser-Based Head-Tracked 3D Display Reseaiisgilay Technology, Journal ofpl. 6, no.
10, pp. 531-543, 2010.

K. Hopf, F. Neumann, and D. Przewozny, "Muitier eye tracking suitable for 3D display
applications," iBDTV Conference: The True Vision - Capture, Trassian and Display of 3D
Video (3DTV-CON), 2012011.

A. Boev, M. Goergiev, A. Gotchev, N. Daskaland K. Egiazarian, "Optimized visualization
of stereo images on an OMAP platform with integigtarallax barrier auto-stereoscopic
display,” in17th European Signal Conference, EUSIPCO 2@l8sgow, Scotland, 2009.

V. Uzunov, A. Gotchev, K. Egiazarian, andi3tola, "Face Detection by Optimal Atomic
Decomposition," irSPIE Optics and Photonics 2005: Algorithms, Ardttitees, and Devices
and Mathematical Methods, Mathematical Methodsattd?n and Image AnalysiSan Diego,
California, USA, 2005.

N. G. Kingsbury, "Complex wavelets for stiiftzariant analysis and filtering of signals,"
Journal of Applied and Computational Harmonic Arsayvol. 10, no. 3, pp. 234-253, May
2001.

H. Essaky Sankaran, A. Gotchev, K. Egiazaréaml J. Astola, "Complex wavelets versus Gabor
wavelets for facial feature extraction: a compaeasitudy,” inProc. SPIE Image processing :
algorithms and systems |V, Vol. 56Ban Jose, CA, 2005.

A. Boev, M. Georgiev, A. Gotchev, and K. Ezpaian, "Optimized single-viewer mode of
multiview autostereoscopic display,”Rtoc. of 16th European Signal Conference EUSIPCO
2008 Lausanne, Switzerland, 2008.

S. K. Mitra, Digital signal processing: A cputer based approach, 3 ed., New York: McGraw-
Hill, 2005.

M. W. Halle, "Holographic stereograms as ti$e imaging systems," Practical Holography
VIIl, San Jose, CA.

V. Podlozhnyuk, "Image Convolution with CUD®White paper,” Nvidia Corp, June 2007.
[Online]. Available: http://developer.download.nidccom. [Accessed June 2012].

A. Karaoglu, B. H. Lee, W.-S. Cheong, A. Bpewnd A. Gotchev, "Fast repurposing of high-
resolution stereo video content for mobile useR@al-Time Image and Video Processing
2012, Brussels, Belgium, 2012.



