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SUMMARY

Parallax barrier strip autostereoscopic (AS) virneality (VR) displays have been constructed bgcplg a
barrier of lines in front of an LCD display deviceogether with a head tracking system and assaocsa@ware
to interleave portions of left and right eye imagesappropriate positions on the display deviceA&neffect is
achieved that can be quite compelling. In the pt&, barrier was a static component that imposesine
limitations on the system. The barrier is manufeeduto produce various system parameters suchrabaruof
viewers, type of autostereo system, size of workirep. For example, in a static barrier head-tisistem the

number of viewers is invariably one because ofdatsatic barrier limitations.

Substituting a dynamic parallax barrier foe #iatic barrier frees the system from such congsraNot only
can barrier parameters be easily adjusted, bubdhger can be disabled entirely, converting thes&Stem to a
2D display. View distance range is expanded; mageaptimum optical conditions are maintained thitvaug
the range. The inherent sensitivity to latency imead-tracked parallax barrier system is mitigdgdranslating
the dynamic barrier image in response to rapid meadements. Finally, by dynamically controlling tharallax
barrier in real time, more than two eye channeés@opduced, for example to accommodate two viewars

provide each viewer with an independent pair afestgerspectives.

A prototype system called Dynallax is reseacchnd developed to demonstrate the qualities dyfnamic
parallax barrier for AS. This is a small single-phprototype based on a stacked dual-LCD display ih
scalable by tiling. Besides investigating Dynaltaxa purchased stacked display, improvements ihsdaeked
LCD construction are investigated by constructiragstom display from dissimilar components. Finakksults

are shared with the scientific community througblmation in a distinguished virtual reality condeice.

xi



1. INTRODUCTION

Chapter 1 introduces the dynamic parallax ibamnd outlines the main areas of research. Spaityf
Section 1.1 formally states the problem to be sbivéhen Section 1.2 lists the advantages of thetisol in
terms of ease of modification of barrier paramet@s/antages continue in Section 1.3 by identifyapgerating
modes that are possible with a dynamic barrier twad were not feasible or practical with a statie.0A
timeline for the study is constructed in Sectiof, nd the resources required to conduct the reseae listed

in Section 1.5

1.1 Problem statement

Spatially multiplexed parallax barrier autestescopic displays are commonly constructed usirgjatic
barrier or lenticular screen that is manufactucegrbduce various system output parameters. Tih@saneters
are fixed as a result of the manufacture of theiéraor screen and once constructed, cannot begeldawithout
building a new barrier. In this research, a dynabaiier display is constructed from a dual-layacked liquid
crystal display (LCD) monitor. This AS method haseral advantages. Various barrier parameters eaasily
modified and optimized, without having to physigationstruct a new barrier each time, and the bracae be
updated and modified at real-time rates duringesgsbperation, resulting in new modes of operati@t were
not possible with a fixed barrier. The topic ofsthésearch is to experiment, understand and quahéfresults

from the use of a dynamic barrier in parallax arAS.

1.2 Features and modes

The barrier period, tilt angle, and duty cychn all be varied dynamically. The barrier penieters to the

pitch or line spacing between barrier strip liriElse lines are oriented at some non-vertical tijlario minimize



2
the effects of Moiré interference between the kailimes and the pixel grid. The relative sizel#d bpaque and
transparent portions of one barrier period is desigd by the duty cycle. Not only can the AS systentuned
by varying those parameters dynamically, but nelatimnships between barrier parameters and systgpub
can be discovered and quantified because the dgniaaniier can be varied easily. The dynamic vdlitgtof

the barrier affords the following modes:

2-viewer mode

By increasing the barrier period to approxmhattwice that in the original single viewer modéile
maintaining the same physical transparent slit, o different eye perspectives can be spatialljtiplexed in
the region visible through each transparent shite Darrier period is monitored in real time to avoonflicts
between the viewing zones. The overall brightneksthe display becomes approximately half as bright,

requiring a bright display initially.

2D monoscopic mode

The front LCD screen can be cleared to wihllewing the rear screen to be seen unobstructetthdojront

screen. VR graphics can be rendered to the reaersén ordinary 2D monoscopic mode.

View distance mode

By always computing a barrier period that imal for a given viewer’s distance from the screthe
working view distance of the system is expanded thvat of a fixed barrier display. Moreover, notyis the

working range greater, but optimal view conditi@ns maintained over that entire range.

Rapid steering mode

The barrier pattern is rapidly translated isp@nse to head movements such that view chanrelstegred
and follow the viewer's head movements more closeln in a static barrier system. The effect desgsdhe

system’s sensitivity to lag.



1.3 Prototype system

In order to demonstrate the milestones outlimeove, a Dynallax software system is employegbldixed in
detail in Chapters 4 and 5, this software includestrols to vary system settings and modes. Thevié&al
output is demonstrated by both test patterns asan@ple scientific visualization application. Theualization
written by the author consists of a viewer for Wawet™ “.obj” models. Some of the models are used with
permission from previous visualizations developedE®L. However, quantitative data such as ghosting,

separation, etc. is gathered primarily using tlsedalibration pattern modes and reported in thesis.

Initial development and testing was performeda 3-node cluster, each node containing two gsmrs and
a single graphics card. Later, the software systes ported to a single machine with two dual-caessors
and two graphics cards. The primary display devéca commodity dual stacked display, and later staru
display was constructed from components from twdL@onitors. Tracking input is provided by an eixigt

Intersense 900 head tracker.



2. BACKGROUND

Chapter 2 reviews the prior art leading uphe current dynamic barrier research. Understagdéidre is a
large body of work that pre-dates this problemgmg from topics in computer graphics, algorithmistual
reality, stereoscopy, and autostereoscopy, to reafee. Selected topics were chosen based on #leirance to
the problem and its solution. Section 2.1 beginselplaining the difference between mono, sterea an
multiscopic computer images. A few concepts ofudlttreality (VR) and AS VR are covered in Sectiog.?2
Tracking is overviewed briefly in Section 2.3. Tomplete the initial introductory concepts, an @ of
how to render multiple perspectives within a graptdontext is presented in Section 2.4. At thistpihe focus

remains on AS topics for the remainder of the ofapt

AS can be generated in a number of differemgsyand Section 2.6 organizes the myriad methocisrding
to type of multiplexing used in barrier, lenticyland optical displays, and also briefly discuss#ametric and
holographic displays. Rendering algorithms speddi@S literature is reviewed in Section 2.7. Optiations to
those algorithms such as exploiting coherence aaphics processing hardware appear in Sectiona2@the

chapter closes with a brief discussion of lightdigeand their relationship to two-view AS and muigw AS.

2.1 Types of computer images

Computer generated imagery can be generatedndnoscopic, stereoscopic, or multiscopic mode.
Monoscopic mode is still most common, and is exéiepl by many computer graphics packages such as
OpenGL (Woo et al., 1999) and DirectX (Microsoff0B). A single parallel or perspective projectidracscene
is generated and rendered on a display medium asighcomputer monitor (perspective projection suaed
henceforth). The image may appear to be 3D dueDiad@pth cues such as occlusion, foreshortening, etc
(Pfautz, 2000), but it is by definition only oneewi, inherently 2D. Stereoscopic imagery contains stereo
perspectives whose centers of projection are segghi®y an interocular distance, such that an obsemose
eyes are coincident with the centers of projectibthe two views sees stereo, or 3D. (providedot®erver can
fuse two 2D images into one 3D image) Multiscomic ihulti-view) imagery is an extension of stereqsco

imagery where more than two perspectives are pemtiuthis allows more observers to view the imagang

4



allows the observer(s) to find multiple locationkese the image can be viewed. Multiple 3D imagesilteone

for each pair of corresponding stereo views.

The stereo and multi-view modes can be acdsimd in one of two ways. (excluding hybrid combias)
Traditionally, individual perspectives are combineckither time or space. Time multiplexed, ordisequential
stereo is exemplified by the CAVE (Cruz-Neira et 4B92, 1993pand relies on rapidly displaying alternating
perspectives and synchronously alternating whioh isypermitted to view the image. Spatially mubed
stereo is accomplished by simultaneously displayafigperspectives in various regions of the displagyd
permitting only certain regions to be seen fromregponding positions in space. Head mounted display

(HMDs) and parallax barrier methods are includethia category.

It should be noted that other multiplexingthoels exist and are commonly used. For exampleCthall
(Sandin et al., 2005), Immersadesk 4 (Leigh et24lQ5) rely on polarization of light in order tosglay two
images in the same space and allow each eye totigelg view the corresponding image using polauigi
glasses. More recently, the Infitec (Jorke andzF2003) method multiplexes portions of the colpectrum,

directing approximately half of the light wavelehgto each eye, again using corresponding fili@sgs.

The term autostereoscopic (autostereo or Afeys to stereoscopic or multiscopic modes thatatarequire
glasses or attachments to be worn over the eyasler to achieve the stereoscopic or multi-vieveeffMost of
the technologies listed above are stereoscopiopfiytthe parallax barrier methods are AS. Othermd&hods,

besides parallax barriers are briefly describe8dntion 2.6.

2.2 Virtual Reality (VR) and AS VR

AS VR requires most of the following elemer®me are clearly mandatory, such as the lackasfsgls or

headgear, while others are optional and even deleatsuch as large size. The following definitidn’A$ VR is



based upon some of the key elements of VR, butthéhunderstanding that VR is a moving target fbiclv no
universally accepted definition exists. At a minitmuV/R should provide first-person interactive imsien in a
virtual environment. (Sherman and Craig, 2003) Aiddally, it is desirable to provide stereoscopigpthy and
a wide field of view (FOV) (Sandin et al., 2009he definition becomes fuzzier as the list grows, @ther
desirable (albeit debatable) characteristics ofa¢® orthographic scale and perhaps multiple-viesapability.
Large size is beneficial, (Tan et al., 2004) altifothere is some debate about the relative impoetah size vs.
FOV. Of course in order for VR to become AS VR rthmust be no glasses or other gear required twwbe by

the user in order to see in stereo, or 3D.

AS VR is more demanding in terms of perfornearnban other forms of VR, such as field sequential
projection or HMDs. Higher numbers of views oftezed to be rendered at real time rates. Systemigiefies
can produce obvious artifacts, such as disruptibnstereo manifested as cross-talk (called ghosting)
pseudoscopic vision, and static and dynamic no&teims such as guard bands and “salt and peppé&é.n
Moreover, the human visual system is extremelyiseado these effects which can cause fatiguecaiitort,
headaches, eye strain, and even nausea. (Allisah,e2001) While other VR technologies often sufiem
similar technological deficiencies such as latetay, frame rates, and tracker errors, AS VR remdgdrtifacts
are more noticeable because of the disruptioneséstand noise patterns discussed above. Thesefériens

are a contributing factor to the lack of broad @taece of AS displays thus far.

Minimal performance and quality requiremerds AS VR are 20-30 Hz minimum frame rate (60 Hz is

always preferred), low ghosting levels (5-10%), imial screen noise, low levels of color shifting,datine

maximal use of available display resolution.

2.3 Tracking overview

Some AS methods require precise 3D (x,y,z)itiposl information about the location of the headd

specifically the eyes within the viewing region.t€f only the head is tracked and the eye positioasnferred



from a tracked reference point on the head. Thasglay systems that require eye position data aflect

tracked systems, while untracked systems are dessignoperate without positional data about the(ake

Untracked systems exist in two varieties. Soeggiire the observer to remain in one fixed posifor which
the system is calibrated (the “sweet spot”) whileeo multi-view systems or phscolograms (Sandial.et1989)
present multiple views in a range of positions that observer can traverse. Tracked systems byasbrallow
the observer to move and constantly update thdagiqer the tracked position. Examples of bothkeacand

untracked AS systems will be presented in Sectién 2

Dynallax is an example of a tracked systemer&thihe position of the head (and therefore thg)egeknown
in real time for one or two observers. The trackimgeripheral to this research; it is assumed tibetinology
exists that can track several head positions sanatiusly in real time, and those head positiond femce eye
positions) are inputs to Dynallax. Still, it is wowhile to briefly explain some of the differentatking

technologies that are commonly employed.

Some systems require a sensor to be worn orh¢he, whose position is detected by electromagneti
acoustic, or inertial means. The Ascension TechgylBlock of Birds (Ascension Technology, 2005) i a
example of an electromagnetic tracker, while ther®ense 900 (Intersense, 2005) is an acoustitiahiacker.
Both provide 6 degrees of freedom, tracking both®&ition (x,y,z) and 3D rotation (roll, pitch, yawBoth
allow multiple sensors to be employed, so that sdvpositions/rotations can be tracked simultangous
Alternatively, camera-based systems use digitajingaand image-based algorithms to extract 3D Ipeaition
from real-time video of users within the view regidcome camera-based methods require markers wotme
but (Girado et al., 2003, 2004) does not. Camesadhanethods that require no markers or sensors t@obn
are best suited for AS systems, since the ovegidoal is to free the user from having to wear attgchments

whatsoever.



For Dynallax, an Intersense 900 is currentiypkoyed that can accommodate up to four sensor@ Tw
sensors, each mounted on a headband, are usefby @aeh of two viewers. Although the Intersenss bath a
wired sensor and a wireless sensor, the wirelegssunot reliable and a second wired sensor i$epred. Any
of the above tracking methods can serve as an topDynallax; the Intersense happens to be readiilable

and the choice of tracking technology does notcatiee research in any way.

2.4 Rendering multiple perspectives via the graphicsleging pipeline

Raster computer graphics is rendered on mogieqphics hardware with a graphics pipeline. Figushows

an abstracted view of the rendering pipeline fansmn graphics programming languages.

model .
. vertices
>/ S o 0o 0
m ﬂ* B oo ‘ol Vertte-x
R R operations
o l

camera or
eye

frame buffer

— Fragment Primitive
{ X - assembly and
- operations - operations rasterization

Figure 1. Raster computer graphics rendering pipel

Whether OpenGL, DirectX or others, exceptrfonor differences, the overall concept is the sa3ikevertex
data is projected and rasterized, combined withe2@®ure data, and written to the frame buffer. Réeglvances
in programmable shader languages such as NVIDIA.@&uage (Fernando and Kilgard, 2003) or the OpenGL
Shader Language (Rost, 2004) have given the pragesrmore control over the vertex operations angnfrent

operations.



For multiple views, the process must be regmbétr each camera position if this model is tadtained. The
model has indeed remained popular even for starabijt is become accepted that stereo images estyuice as
long to render as mono. With improvements in grephiardware acceleration, the reduction in speealfagtor
of two has become permissible, and stereo at itigeaframe rates (60 Hz stereo) has become atydali

scenes of moderate complexity. (eg. order 8fgdygons)

AS systems commonly rely on the same approbah,AS systems are more sensitive to performance
degradation. Moreover, these systems need to de mvork than non-auto stereo because not only do two
images need to be created, they need to be compusgiiplexed, or modulated such that the intenoheage
reaches only the correct eye. This operation carob#y due to scene complexity and pixel-fill baudth. The

algorithm for modulating images created by theerdzation graphics pipeline above can be written as

a. Clear frame buffer
b. Generate full-size perspective image
¢. Mask out unwanted regions
d. Modulate existing frame buffer with new image
e. Repeat from b
The time complexity is O(number of perspectivesumier of pixels), ie, the frame rate is proporticieathe

number of views.

2.5 Introduction to parallax barrier AS

There are several popular ways to achieveEs8h is a partial solution to the goal of AS VRt ba far no
one complete solution exists. Each of the followsaives certain problems while causing or ignorrtigers.
Some of the current AS methods used are volumaiptical, lenticular, and parallax barrier. Lentamuand
parallax barrier systems can be either trackechtvaaked. The parallax barrier technology is thehoe chosen

for the Dynallax system. A brief introduction torpliax barrier and lenticular displays follows.
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A parallax barrier is a periodic pattern ofiqpe and transparent regions placed in front aéplal device
that generate parallax by making separate regibribeodisplay device visible by each eye. The ragiare
typically parallelograms (strips), although othdrages can also be used. The image is drawn byalpati
multiplexing strips rendered from left and righteegerspectives. When those strips are placedciatitms
behind the physical barrier screen such that egefcan see only those strips which are intended,fparallax
is achieved and the brain hopefully fuses the tax@allax images into one, resulting in 3D depth pption. In
Figure 2, left eye strips are drawn in blue antitrigiye strips in green. The parallax barrier ismirin black and
white, corresponding to opaque and transparenbmsgirespectively. The parallax barrier is posgwrsome

distance in front of the display screen.

A lenticular screen is
composed of cylindrical or
other shaped lenses

A barrier screen is
composed of clear and
opaque strips

Figure 2. Parallax barrier and lenticular screen

A lenticular screen is a similar device thatfprms an equivalent function, but with a pattefmicro-lenses
or lenticules to provide parallax. These lenses ltawve a variety of shapes, but most commonly cyiiadl
lenses are used, also shown in Figure 2. The riengdef left and right eye strips is equivalent e tparallax
barrier. These methods have several advantageASorAmong these are good focus properties for [zaral

barriers, good contrast, ease of constructionefisttiveness, compatibility with tiled displaympularity, and
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high brightness of lenticular displays. The ori¢iota of parallax barriers and lenticular screensoften
intentionally non-vertical to minimize or re-arranlyloiré patterns that result from the interfereotthe barrier

with the display grid (Winnek, 1968), (van BerkabaClarke, 1997), (van Berkel, 1999).

However, as in all engineering there are twffle and some of the weaknesses of parallax dyarand
lenticular screens are: loss of resolution, pagintliefficiency (parallax barriers only), and pooctis properties
of inexpensive lenticular sheets. A parallax bariseselected for Dynallax, but it is understood timany of the
advantages gained can also be realized with ldatiGcreens because of the nearly equivalent fumetthey
perform. However, the dynamic requirement makesraliax barrier a logical choice because it is jbsgo

create and modify it electronically.

There are two popular ways to generate ASguaiparallax barrier: untracked multi-view and ket two-
view. Each method has its drawbacks. Untracked midtiy AS suffers from limited resolution regardlesfs
number of viewers present, limited performance wumany views, and noticeable transitions betwdews,
called page flipping. Drawbacks of tracked two-vié® include support currently for only one userd &mited
performance especially when higher quality rendgria performed. (quality vs. performance trade-off)
Likewise, there are two methods of generating imégethe above approaches. The first of theselwltermed
the sorting method, which is image-based and litecats and pastes strips of images together terlieaved
order. Its major limitation is performance when thenber of views becomes large. The alternatiterined the
Varrier method. (Sandin et al., 2001, 2005) Unldaeting, it is a floating point geometry-based noeithits
major limitations are performance costs when higality is required, and lack of support for mulépliews or

viewers.

2.6 AS systems literature review

Current literature representing the statéhefart in AS systems research is surveyed insidgion. This

survey has 2 purposes. First, hopefully the readlégain a sense of context surrounding the probl hand,;
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dynamic parallax barrier technology is an outgrowthmuch AS research that came before. Second it i
insightful to see just how many different approact®AS exist. Space is limited to cover themlalit even a
glimpse at a few should convey the sense that AS@pular and growing field with a variety of imjegus ideas

to produce autostereoscopic vision.

The first broad organization of the myriad syfstems is by multiplexing method. Clearly somearfasf
combining of images must exist in AS; these areatisidered under the broad term multiplexing. eEhmain
methods exist: time, space, and what will be terrogiter’. Space-only mutliplexed systems are cedein
Secion 2.6.1, while Section 2.6.2 contrasts th#t systems that use a combination of time-spacéiptexing.
The ‘other’ category in Section 2.6.3 consists ygtems that do not use time or space multiplexinghe

traditional sense, but rely on entirely differergtirods such as volumetric and holographic displays.

2.6.1 Spatial multiplexing

In space-only multiplexing, stereo or multewi images are displayed in different regions ofdisplay space
and/or directed to different regions of the viewasp Display space refers to the 2D area of thpladis
technology such as the LCD, while view space refethe 3D volume where the viewer is located. lacsp
only multiplexing, imagery is constant over timeJemast with respect to the AS effect. It can vawgr time due
to changes in viewer position or scene contentdoes not alternate rapidly between stereo peligpsobver
time. The Varrier system (Sandin et al., 2001, 32@®an example of space-only multiplexing; mosteotbarrier
strip and lenticular displays fall into this categas well. A walk through the exhibit area of amajor
computer graphics or display technologies confererewveals many vendors marketing these devicesubeca
they are relatively simple and inexpensive to hulltsually the only required physical modificatiom the

display device is the addition of a parallax bardelenticular screen to the front of an existignitor.
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Besides Varrier, other space-only systems haate published research literature are the Shgsters
(Montgomery et al.,, 2001) (Woodgate et al., 20a8 SynthaGram (Lipton and Feldman, 2002), various
integral imaging systems such as (Ren et al., 2@B8)YD-Vision system (Relke and Riemann, 20@8hmidt
and Grasnick, 2002), and (Kleinberger et al., 200Be Sharp display is unique in that it uses a dgaamic
barrier whose polarization can be changed electadiyi resulting in a selectable 3D / 2D displayisla single-
user LCD untracked system. The SynthaGram displaySteyeoGraphics is popular and features a static
lenticular barrier in front of an LCD display andngeates a panorama of 9 views for an untrackederiew
Integral imaging systems feature not only an A$uoutlevice, but parallel input devices to captuifages.
They are also noteworthy because they often incatpoparallax in two dimensions. That is, viewsyvar
panoramically both side-to-side and up-and dowtedral imaging systems can also be space-only plered,
as in the system by Ren et al., which featuresiticldar micro-lens sheet and strives to minimize transition
between panoramic views. The 4-D Vision system asesvelength-selective barrier to pass or retifdrent
combinations of colors in order to effect parallaxnd produces up to 40 views for an untracked viewe
Kleinberger’'s system is a single viewer, trackedtey that produces a pair of stereo views usingrallpx

barrier in front of an LCD display.

Several conclusions can be drawn from thislissaanpling of spatially multiplexed systems. Firspatial
multiplexing is a popular strategy, both in reskaand in the broader consumer market. Second, bhwoo
design patterns is used. The system either supparéeked single viewer or a panorama of untrackeds. Up

until now, the only way to accommodate multiplewses was by using the untracked multi-view panorama

2.6.2 Temporal — spatial multiplexing

In contrast to the space-only multiplexing &@eh, some AS systems rely on both time and space

multiplexing. These systems not only direct a sajgaimage to each eye position (space multiplgxihgt

alternate between images rapidly over time. Thiéferdnt examples are presented: the Cambridgeladisp
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(Dodgson et al., 2000) (Dodgson 2002) (Cossaial.e2004), the New York University (NYU) displai€rlin

et al. 2000, 2001), and Jung’s integral imagindesys (Jung et al., 2003).

In the Cambridge display, up to 15 panorawéws per eye are drawn rapidly in succession atfti
resolution of the display device. A ferro-elecstwutter synchronized with the display device dgestch image
to a different location in view space. The ressilain untracked panoramic system. Inthe NYU systetourse-
pitch parallax barrier is constructed from a mistope screen, which dynamically adjusts to theweies
position. To make the coarse-pitch parallax bar@agpear “invisible,” it is varied rapidly in timeni
synchronization with the display device. The ressilt single viewer tracked two-view system. Thieegnal
imaging system by Jung et al. incorporates a dycaliyiswitchable array of micro-lenses that prosigarallax

in 2 directions and can produce multiple untrackiegvs.

To summarize the time-space multiplexing systetime multiplexing serves to recover resoluttbat
otherwise must be divided among views in space-omlytiplexing systems. The parallax barrier, lemigc
screen, or other optical steering mechanism musiylmamically switchable. Once again however, thmesa
design pattern emerges: either multiple panoranews are untracked or a single user with two viesvs

tracked. High speed display devices such as fa3is@RDLP projection engines are required.

2.6.3 Volumetric and holographic displays

The “other” category includes primarily volutrie and holographic displays. These are not tlheigaof this
thesis but are mentioned here for completenessubedhey form a significant group and deserve rmaenfihis
category also includes some of the more unconwvagitideas. The grouping is somewhat arbitraryt &sused
as the “catch-all” for those ideas that do nonétly into the first two groups. It includes voleimic displays

such as the DepthCube (Sullivan, 2004), swept veldisplays such as (Miyazaki et al., 2003) andPespecta
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display (Favalora and Lewis, 2003), static volunigpldys such as Solid Felix (Langhans et al., 2008)

holographic displays (Lucente and Galyean, 1995).

The DepthCube by LightSpace Technologies feata stack of 20 electrically switchable liquigistal (LC)
shutters onto which images are rapidly projectednfa digital light processor (DLP) projection ergiiA 3D
image is projected by rapidly switching betweenjgeting 20 slices of the 3D scene and synchronously
capturing each slice on one of the 20 LC planes.rEBult is an untracked multiple viewer systemretimages
are displayed in “true” depth provided they falitlin the physical size of the unit. The swept vodudisplays
feature either a rotating mirror or rotating prdiec screen. By synchronously projecting imageso athie
rotating medium, a locus of 3D points is tracedial8D space. Like the volumetric displays, the gtwslume
systems actually display true 3D points, within fgsical size of the system. Solid Felix is alstrae” 3D
display, where a solid crystal is doped with phata@lements in 3d space. The flourescent elemeatexcited
by a laser to selectively illuminate points in 3pase. Finally, electronic holographic displays areery new
technology and are analogous to photographic hatogy except that the fringe pattern is createdadigirather
than photographically. One day this will perhapgheeultimate AS display, but computational costd hmited

display resolution currently confine the practiczdlization of this technology to a very small scal

The goal of this systems survey is not to skdw one approach is better than another. Eachraysteyroup
of systems solves some problems and ignores otesredher problems. For example, spatially mulkipte
systems primarily suffer from a loss of resolutidiime multiplexed systems require much faster digpland
refresh rates. Volumetric systems are limited sirtphysical size and lack of occlusion. Holograpdlisplays
are limited by current hardware constraints. Adudidlly, tracked systems are currently only singteruand
multi-view untracked systems display unnecessagypoints where no viewer may currently be locafea.
summarize the systems introduced above, Tablésltheir salient features. Once common theme issiysiems
generally cannot change styles or operating mautes a system is designed to operate a certainthatyis the

way it must stay.
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Number of

System name References Autostereo Method Display Teasiogy Multiplexing Method | . . Tracked
viewers and view:
. Sandin et al. 2001 static parallax barrier on printed . 1 viewer
varrier Sandin et al. 2005 film LCD spatial only 1 view per eye yes
Perlin et al. 2000 . . . . ! 1 viewer
NYU Perlin et al. 2001 dynamic parallax barrier on Pi-gell projector spadiadl temporal 1 view per eye yes
. Dodgson et al. 2000 ferroelectric shutter synchronized 3 DMD projectors and . 2 viewers
Cambridge Dodgson 2002 Wi displa soherical mirror spatial and tempora] 15 views per evd no
Cossairt et al. 2004 pay P per ey
DepthCube Sullivan 2004 volumetric, 20 LC scattering fast projector other, volumetric many wgwers no
shutters infinite views
SynthaGram Lipton & Feldman 2003 lenticular LCD spatially many Viewers no
9 views per eye
Woodgate et al. 2000 dynamic rear (backlight) parallax . 1 viewer
Sharp Montgomery et al. 2001 barrier. switchable 2d/3d LCD spatial only 1 view per eve no
Mather et al. 2003 ’ perey
multiple viewers
Ren et al. Ren et al. 2003 lenticular LCD spatial only | multiple views pel no
eye
multiple viewers
Jung et al. Jung et al. 2003 lenticular LCD spatialtantporal | multiple views pe no
eye
4D -Vision Schmidt & Grasnick 2002 wavelength selective filter arral led in2002, 2003 spatial onl multiple viewers no
Relke & Riemann 2003 g projection screen in 2004 P Y 40 views per eyq
. . . o . 1 viewer
Kleinberger et al. Kleinberger et al. 2003 polarizatilter LCD or CRT spatial only ] yes
1 view per eye
Perspecta Favalora & Lewis 200 swept volumetriatirg scree projector other, volumetriq m.”'?'p.'e Viewers no
infinite views
Miyazaki et al. Miyazaki et al. 2003 swept volumetriztating mirror| LCD other, volumetric ”?”'?'p.'e v!ewers no
infinite views
Solid Eelix Langhans et al. 2003 static volumet_rlc, 3d solid Iasgr—excned crystal dc_)pe other, volumetric mult_ple viewers no
photoreceptive crystal with florescent material infinite views
. fringe pattern illuminated by . multiple viewers
Holographic Lucente and Galyean 19p5 laser, LCD spatial only no

coherent light

infinite views
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2.7 AS rendering algorithms

In most AS implementations, the time complexdf generating 2 or more views is proportionalthe
number of views, or in big-Oh notation, O(humbewni@ws). There are some exceptions that will bechobut
this rule holds true in the majority of casesal#to makes sense; to render more views shouldresmgre time,
typically a proportional increase. However, thisa be a problem for AS when rendering more viemtsigher
quality forces performance to drop below interastireal-time levels. The problem is especially prorced in
scientific visualization, where performance is stegi by rendering large, complex datasets comprigng of

megapixels of screen resolution.

A review of some of the previous systems witlgard to rendering algorithms and performanceldeve
demonstrates this dilemma. In the Varrier systemeralering loop draws one view followed by the otfue
each frame. If more views are to be drawn, the rarobiterations of the loop are increased; cle@{yumber
of views). On modern graphics hardware, Varrier oamder scenes of moderate complexity, approximatel
20,000 polygons, at interactive frame rates of 30iHits faster, lower quality mode. Doubling thenmber of
views cuts this frame rate in half, which is barabceptable by most definitions of interactivityithéut real-
time interactivity, VR fails. To compound the prebi, this performance is the case for the simplestidt
algorithm (Sandin et al., 2005). Higher quality dering requires multiple passes through the scenedch

view, requiring more loop iterations.

Other space-only multiplexing systems dispsayilar restrictions. The SynthaGram uses an algorito
interleave pre-computed images, resulting in aidibmap of the final image; also not interactivereal-time.
The 4D-Vision system, like Varrier, loops over thember of views. The performance problem existstlier
time/space multiplexing systems, as they need thiptex views over time by their very nature. Maspace-

time systems use very fast CRTs or fast projedimnsiitigate the problem, but are still limited Hyetsame
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factors: scene complexity and the number of vidves. example, the Cambridge system displays a giert

rendered animated sequence but is not interactive.

One group of systems is an exception to this. rThe common denominator in this group is the ok
multiple image capture and/or display devices inalel. For example, some integral imaging systarss
multiple cameras in parallel with multiple displdgvices (Matusik and Pfister, 2004). The Kodak sy<i€obb
et al., 2003) uses two separate imaging engingésateafocused separately to each eye. Hitachi (kaet al.,
2003) uses a similar idea but with 2 miniature @ctjrs, and the FLOATS system (Kakeya et al., 2084} 16
projectors in parallel. The disadvantages of ugiagallel devices are increased cost and incredsgsigal size
of the system. For Dynallax, it is desired to undard graphics workstation hardware as much asilge,
without duplication of devices for view generatiand display. Moreover, the use of parallel devitess the
number of views displayed during design and consitrn of the system. One of the objectives of Dimals
flexibility in terms of operating modes and numbéwriews. This is impossible with a fixed humberpafrallel

display devices.

Other problems in AS rendering relate to imggality. Latency and ghosting are common probleGador
distortion is another. Lack of image resolutiomited number of views or viewers, transitions betweiews
(page-flipping), limited depth resolution, lack o€clusion, lack of ocular accommodation; every eystis
subject to at least one of these, if not more. Wike, Dynallax cannot solve all of the problemsirfgcAS and
also needs to compromise and trade-off featureselative importance. However, with a dynamic paall
barrier, Dynallax provides a flexible solution that configurable to optimize those qualities thag anost

important to the current application and mode @iges

2.8 Optimizations

Some optimizations are possible to improvdgearance. Coherence is one such area where optionza

can be found. There are three types of cohereratecin be exploited: temporal coherence, spatia¢remce,
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and perspective coherence. Temporal or frame coberés the principle that successive rendered fsame
resemble each other. Therefore, computation caaraaclower temporal resolution and those frames &ne
not fully computed can be estimated from previosnkes. Badt applied temporal coherence to rayngaci
(Badt, 1988) More recently, the Talisman architextutilizes temporal coherence by compositing imlagers
together, where an image layer is a logical imagjg not an entire frame. (Torborg and Kajiya, 1p9patial
coherence on the other hand is the idea that charsgedly occur slowly over distance, both in 3D M@pace
and 2D image space. This is the key to level-oitlétOD) division, that objects far away have petrelly
low spatial frequency, and can be approximatedbet spatial resolution. Ezell and Hodges specliicabply

spatial coherence to stereoscopic rendering in (BrellHodges, 1990).

Finally, perspective coherence is the ided stereo or multi-view perspectives resemble edioér, and all
views need not be computed from the start. This se@s earlier in (Adelson et al., 1991) with soowe-level
optimizations. More generally however, the ideaedt to computing one or a few perspectives arfdnpeng
affine transformations (warping) to produce the aamer of the views. This is the image-based render
model, exemplified by QuickTime (Chen, 1995), asddimore specifically to render stereo views oetaiipn
in (Borse and McAllister, 2002). Halle not onlyegsperspective coherence for optimization, but deeé an
entire algorithm on perspective coherence (Hal898). There, perspectives from multiple viewpoiate
computed by transforming the problem from cameragienspace to epipolar plane image space, inteipplat
epipolar tracks of objects between two viewpointsdnstruct the intermediate views, and then tranghg the

results back to camera image space.

Optimization can also be achieved through itecture-based methods such as hardware acceteratio
distributed computing. For example, Igehy desigagzhrallel graphics interface in (Igehy, 1998), &vidop et
al. present a hardware ray tracer in (Woop et28lQ5). The recent rise of the GPU as a generglgser
graphics processor is seen in the popularity ofishlanguages such as NVIDIA's CG language (Feroamdi
Kilgard, 2003) and the OpenGL shader language (R@&4). Moreover, the modern GPU allows not ohby t

design of custom shaders, but is taking over opleumpenting higher-level algorithms that used tadbdicated
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to the CPU, such as subdivision algorithms (Shiual.e 2005), trimming and tessellation (Guthe let2005),
and ray tracing (Purcell et al., 2002). Of coutssign patterns in distributed processing alsoyajgptomputer
graphics, namely parallelism through replication h&frdware, for example performing ray tracing on a
multiprocessor architecture. (Green and Paddon9)1B8s not uncommon to see multiple GPUs, analsgo
multiple CPUs. Moving outward, graphics can alsodigributed among several machines forming a small
cluster or a large supercomputer. This is the egfsain the Holodeck, a clustered parallel ray trgcsystem
(Ward and Simmons, 1999). Dynallax relies both ardivare accelerations and distributed processirggder

to achieve desired performance goals.

2.9 Light fields

One class of rendering algorithms pertinenth® topic of AS is the light field or lumigraph.ri@nally
termed the plenoptic function, (Adelson and Berge®91) a light field or lumigraph was first defindxy
Adelson and Bergen as a 7-variable function of mystion, spherical coordinates on a unit sphergeted at
the eye, wavelength, and time. (a Cartesian coateliversion is also 7D) It essentially describesittensity of
all possible light rays entering the eye from alkgible directions, of all wavelengths, at all tamén 1996,
Levoy and Hanrahan proposed a 4D version of theopliic function called the light field (Levoy andaktahan,
1996), while Gortler et al. simultaneously termédhie lumigraph. (Gortler et al., 1996) In both esgsthe
number of variables was reduced to 4, namely iitiemgas mapped as a function of pixel location aag
direction. The technique allows all viewpoints af@-occluding scene to be pre-computed and stdites cost
in terms of time and storage space is high, anecpneputation is done off-line. The benefit is réale display
for any viewpoint, given that the scene remainsicsend the light field already exists. This is ilé&& some
applications, for example architectural walkthrosighihe light field concept was subsequently impletee in
hardware by Regan et al., although dimensionalig further reduced to a 3D light field by considgronly

horizontal parallax. (Regan et al., 1999) More ndlge the light field concept emerged in the Pixiely
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architecture (Stewart et al., 2004) using a 4Dtlifipld function that provided both vertical andrizontal

parallax.

An interesting comparison can be made betviglitional monoscopic rendering vs. light fields the one
hand, and tracked AS vs. untracked multi-view AStlom other. In a sense, monoscopic rendering ad li
fields are algorithmically opposite, as tracked anttacked AS are systemically opposite. Traditioaadering
computes only the desired viewpoint at any one tio@ping as necessary to produce multiple viewgoibut
only computing those views that are presently meguiThis is also the case with tracked AS. Ligalds, in
contrast, contain information about all viewpoiras, with untracked multi-view panoramic AS. Eachrapph
has pros and cons. The light field / untracked AShmds strive to pre-compute all possible inforomatbased
on the assumption that it cannot be computed iktirea. The advantage is that views are ready wiesded,
as in a walkthrough type application. The disadagatis that much computation is performed that nélter be
used, as a user will only be located at a smaltegeage of all of the pre-computed views. The other
disadvantage is that scene content cannot chamgerdgally in real time. The traditional renderingacked AS
methods strive to compute data just in time, oslyeeded. The drawback is that it may not be plestitkeep
up with changing viewpoints, but the advantagédné all computational resources can be channeledljothe

required viewpoints.



3. SOLID STATE DYNAMIC PARALLAX BARRIER

Chapter 3 explains in more detail why a dynapaiallax barrier is desired, how one is constaiétem solid
state LCD components, and the relative merits opleying a dual stacked LCD monitor for the Dynallax
display technology. First, Section 3.1 motivates pmoblem with a review of the drawbacks of a stharrier
and one naive solution using a mechanical barBection 3.2 introduces the solid state LCD barded
illustrates its advantages over a mechanical systdm intricacies of LCD technology may not be fiamito
the typical reader, so a short background review®@D hardware concepts is included in Section e
extending those ideas to a stacked 2-layer displ&®ection 3.4. Finally, the chapter concludesiwaitsummary

of the benefits of a stacked display for parallaxrier AS.

3.1 Motivation

As explained earlier, a static parallax barimposes limitations on the resulting AS systergduse the
system parameters are fixed during the construcidhe barrier. Hence, overall system operatiotidgsated by
how the barrier is designed and built. A few barparameters such as period, tilt angle, and dutiecaffect
gross overall characteristics such as number ovviand viewers, brightness and contrast, level tafsg
working range, and a number of other featureshdfliarrier can be varied dynamically, a multi-mogatem is
possible. Operation could be mono, stereo or migtiv, tracked or untracked, single or multiple vesra:
Moreover, basic AS relationships can be studiedcprahtified because experimentation is easy, anptaiely

new barrier types and patterns can be investigated.

To further motivate the discussion, let ussidar a mechanical approach to a variable baiirir This is not
the method employed in Dynallax; it is more of aubht experiment of how a dynamic barrier can be
constructed and introduces the concept in pradiéceds. Imagine several layers of thin barriersksd in front
of the display, with the ability to slide the bams with respect to each other. See Figure 3. Byimgothe

barriers with respect to each other or removingaé®ones, a variety of barrier periods and evem n@rrier
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barrier

barrier

linear
motion

Figure 3. Mechanical dynamic barrier

patterns can result. The barriers can be moved aviékrvo-mechanical drive system and suitable olbhatrto

produce the desired period.

The disadvantages of this system are the dinitombination of resulting barriers and the meiahn
complexity of the drive mechanism. This complexdgn present itself in cost, size, weight, mainteraetc. It
should be noted that in general, AS systems aralaatys strictly solid state and some do contaictmaaical
components. Some examples are (Favalora and L20@3), (Miyazaki et al., 2003), and (Kakeya, 2003)e
other disadvantage of this method is the limitegatdlity to produce output barriers, since the attis the
result of a fixed set of static input barriers. @ other hand, such a system exhibits some pesitiv
characteristics such as high accuracy, high cant@as low light loss. Overall however, a modernrensimple

solution can be obtained using a solid state dyodmirier.

3.2 Solid state dynamic barrier

The solid state approach is to stack 2 LCIpldiss, one in front of the other, and generate djn@gamic

barrier on front display while the scene imagereath on the rear display, as in Figure 4. By reimdea pattern
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of black and white stripes on the front LCD anctkiag the two LCDs such that the light from therrdiplay

passes through the front display before reachiagite, the front LCD acts exactly as the staticidnadid.

Figure 4. Solid state dynamic barrier

The advantage is that barriers of varyinggqatsican be rendered in real time. However, bapatierns need
not be limited to strips as in the mechanical appho nor need they be binary. Colored wavelengéctable
barriers, Poisson dot distributions, or any otlmeagdinable patterns can be experimented with. Tkéesyis
inexpensive, has no moving parts, and is contriglaly conventional computer graphics software amdiware.
The disadvantages compared to the static or mezddamarrier are reduced contrast, more light lassl light

leaks.

3.3 LCD technology primer

To better understand the function of the stdckCD and how it is used for parallax barrier AB8me

relevant background material is presented in thisien about LCD technology.
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LCD Construction and operation

Figure 5 shows the composition of layers that casepa typical single layer LCD display.

O Backlight
/0N

Rear polarizer

Rear glass
Rear electrode

Rear orientation layer

Liquid crystals oo
Front orientation layer

Front electrode

Front glass

Front Polarizer

o7 Bye
Figure 5. LCD sandwich

Usually located behind the back polarizer igght source, commonly called a backlight. It ispiortant to
recognize that an LCD display is a transmissiveiomadThe liquid crystals (LCs) do not emit lighlety only
selectively transmit light provided by the backligin other light source. In a twisted nematic (TMXOD, the two
orientation layers and two polarizer layers arerad 90 apart as shown in Figure 6. (Wright, 2002)

o lght——

Polarising

votage  Figure 6 courtesy
& of (Wright, 2002)

Alignment
Layers

Figure 6. Polarized lightina TN LCD
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Since the two orientation layers ar€ @part, LCs in the absence of a voltage are fotodudist across the
thickness of the LC layer to conform to the ori¢iota layers. The polarizers are in the same divestias the
orientation layers (also 90apart), so light twists as it passes through ti@DL(still under a no voltage
condition). When voltage is applied, the LCs sthéég, standing up 90Qertically, so that light is not twisted as
it passes through the LC layer. Since the polasiaee orthogonal to each other, no light passesigifir the front
polarizer and the display is black. Super twistethatic (STN) LCD displays also exist that have bigtegrees

of twist, up to 180 or even 276 but they are not very common.

Other LCD terminology refers to the methodlighting the display and controlling the LC elemgnthe
transmissive LCD is most common, where the lighiree is located behind the display (backlight) #gtt
travels from back to front. Other variations are tbflective LCD, where light originates in frorfttbe display
(which can also be ambient light), is reflectednira mirror in the back of the display, and therveia from
back to front as before. The transflective LCD isnydrid of the transmissive and reflective methdloist
includes a half-silvered mirror to use both refettambient light and transmitted backlight to illnate the
display. These are attempts to mitigate the poafopeance of LCD displays outdoors or in bright
environments. To control the LC elements, the nooshmon method today is the thin film transistor TJF
active matrix, which includes an individual traneisto regulate the voltage to each pixel or RGB-pixel.

Dynallax employs TN, TFT, transmissive LCD techrgldor both the front and back displays.

3.4 Stacked LCD construction

Two LCDs can be stacked together if the bagtkliof the front layer is removed and the two LCiye
oriented orthogonal to each other. Each individi@D has the construction of Figure 5, but both rmmunted
integrally in the same housing and share the saanklight. The light is twisted twice, once in edaker, and

needs to be re-polarized between layers. Theigd#astrated in Figure 7.
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Single layer Dual layer

backlight

rear polarizer

rear LC

mid polarizer

front LC

front polarizer

Figure 7. Stacked LCD construction

The intensity of the final output is the productloé intensities of the individual LC layers:

lfinal = lrear * lfront 1)

A company called Puredepth in California progki a model MLD3000 2-layer 17" LCD display with
1280x1024 resolution in each of 2 layers. (PureBepd05) The product is commercially available eetdils at
the time of this writing for approximately $1800dathis is the display used for the prototype Dimabystem.
The target applications for the product appear éosemi-transparent stacked user interfaces as ausew
interface paradigm, but obviously the display i®didiere for an entirely different purpose. Othdevant
specifications are 18 bit color, 7mm physical sapan between the two layers, 250:1 contrast whewer on-
center, which diminishes to 80:1 when viewed abaahgle off-center. The overall display brightnesd00
cd/nf. In general, the contrast is less than a singerlalisplay, and the brightness is lower as wetlt F

example, a comparable single layer display hasl3&entrast and over 200 cd/frightness (NEC, 2005).
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NuerOK Optics (California) debuted a stackedDLdisplay at the SPIE 2002 Stereoscopic Displayd a
Applications conference (SPIE, 2002). In 2005, redHayer stacked display became available fromrQiie
Optics (Loukianitsa et al., 2005), although thehatd use the display in a different way. Rathenthanerating
a dynamic parallax barrier, they attempt to sineukat3D light field by the sum of light attenuatedthe LC
layers along each ray direction. It is unclear Wbetany advantage would be gained from higher nusnbge
layers for the Dynallax barrier method, and whetther loss of brightness would be justified by tldelifional

layer(s). Loukianitsa et al. cite that four or mtagers are not justified by the light loss in thejstem.

3.5 Features and advantages for parallax barrier AS

Aside from being able to support multiple var; using a dynamic parallax barrier constructethfa fully
addressable LCD stacked display offers many adgastéSome of these features are beneficial fotvitbheview
tracked mode of operation, while others are delrédr other modes of operation and several otpeoside

paths for future AS research. Some key benefits are

Ability to adjust barrier angular orientation (liti#t) easily and to find angles that minimize Mbieffects
Expanded minimum view distance range

Elimination of experimental registration of phydibarrier pitch with virtual barrier pitch

Ability to produce different types of barriers suab grayscale or barriers consisting of shapeg ditiae
lines. Although this feature is not further purswethin this research, it is a possible future diien.

Ability to adjust duty cycle to adjust size of cimefs and guard bands

Ability to turn barrier on/off and selectively woik monoscopic or AS modes (2D or 3D)

Ability to generate other AS methods such as naokied multi-view panoramagrams. This feature ie als
not developed further here, but is left for futatedy.

Reduced color shifts, eliminating the need for 85ga to produce sub-pixel accuracy

A number of these features are explored and quedhiifi detail in Chapters 4 and 5.



4. IMPLEMENTATION

The realization of the Dynallax method intoaarual working prototype system is the subjedhd chapter.
Section 4.1 describes the overall system strudnokiding both the computation sub-system as weltre
display sub-system. The next two sections defimestiftware structure: Section 4.2 covers the majinallax
software modules for producing and controlling dy@amic barrier AS while Section 4.3 demonstratesliary
components that are required to form a completéesysLastly, Section 4.4 explains how such a system

evaluated through the use of test patterns.

4.1 System structure

Sub-section 4.1.1 focuses on the machinestimaprise a 3-node mini-cluster, as well as a sistdnd-alone
configuration. Details include overall structurévision of labor, and hardware specifications. Selstion 4.1.2
includes the specifications for the stacked displaged in the research. A stock display as wedl @sstom-built

unit are examined.

4.1.1 Computation

The system is composed of a 3-node computdtidnster, a dual stacked LCD monitor, and appaber

rendering and control software. These componesmtpiatured in Figure 8. The computational nodesprise a

small 3-node mini-cluster and each of the nodeshtmaspecifications given in Table 1.

The organization of the cluster is as followhe master node serves to control the overall vilotk while

the first slave controls the rendering of the dyitabarrier, the front layer of the LCD display. Téecond slave

renders the multiplexed scene imagery on the r€& layer.
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Figure 8. Dynallax mini-cluster structure

TABLE Il

CLUSTER NODE SPECIFICATIONS

Number of >
processors
Processor type Intel Xeon
Clock rate 2.4 GHz
cache 512 KB
Network adapter 1 Gbps Ethernet
memory 1GB
Graphics adapter NVIDIA Quadro FX3000
Graphics bus AGP
Operating system Suse Linux 10.0

30
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A more compact node structure that is amenab$ealing up to a tiled display condenses abalprocesses
onto a single machine. Logically, the work flowidentical to that above, in that three MPI proesssemain,
except that they reside on the same machine. Thigyab partition processes as desired among )i
including multiple processes on a single machiseprie of the strengths of MPI. Graphics hardwére,
bottleneck in AS rendering, is extended with a sdcgraphics card. The first GPU is shared betweeonsole
and the front screen of the stacked display, aads#itond is dedicated to the rear screen of tokestadisplay.
Note that a console is optional; Dynallax can hentdned and controlled from any remote machine. NXID

GeForce 7900 GPUs (Nvidia, 2006) comprise the dgwaphics cards. Table Il lists the specificatiaighe

improved stand-alone computer.

TABLE 1lI

STAND-ALONE SPECIFICATIONS

Number of 2
processors
Processor tvpe AMD dual core 64 bit
yp Opteron
Clock rate 2.0 GHz
cache 1 MB per core
Network adapter 1 Gbps Ethernet
memory 4 GB
Graphics adapter (2) NVIDIA GeForce 7900
Graphics bus PCl-express
Operating system Suse Linux 10.1

4.1.2 Display

Two display models were tested during thigaesh. The first is a stock dual stacked LCD digpleailable
from PureDepth in California (PureDepth, 2006).drat custom display consisting of two dissimil& panels

was designed and constructed by the author in dodewestigate various aspects of the stackedalisps it
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pertains specifically to Dynallax. This sectiondfly describes both display versions, while theultssof

extensive tests performed on both models are pres@mthe following chapter.

The dual stacked LCD display is the PureDagttD3000. Its specifications are given in Table lafid

Figure 9 depicts a user interacting with the coteppeototype display system.

TABLE IV

STOCK STACKED DISPLAY SPECIFICATIONS

Manufacturer PureDepth
Model number MLD 3000
Size 17 inch
Resolution 1280x1024
Dot pitch .25 mm
Layer separation 7 mm
Contrast on-center 250:1
Contrast off-center 80:1 @ 45 degrees
Brightness 100 cd / m"2
Color depth 18 bit

Figure 9. Prototype Dynallax system
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The custom display consists of two dissimil@r panels. The rear panel is a common color disptathis
case a 20-inch model from NEC. However, in ordephgsically accommodate a second panel stackebim f
of this display, the rear unit is removed fromptastic housing, and its sheet metal inner encesimodified

by cutting a portion of it away. The power suppiich was located in this area, is re-located.

Then, the front LC panel is taken from a selcstock LCD monitor, but this monitor is an expessi
monochrome medical-grade imaging device that hgk hésolution and contrast. The retail price dé th
monitor is on the order of $5000, and ultimatelytiaht is needed from it is the LC panel, drivercuit board,
and power supply. After carefully disassembling mi@nitor, these items are removed and mountedtbetoear
panel. The reasons for selecting a monochrome franél are explained in Chapter 5. As explaine@Ghapter
3, the angles of polarization in the layers of aldiiacked display must be orthogonal. Rather #tmpting to
remove and re-orient the polarizing element, thatndirect approach is to simply position the entie panel
90 degrees with respect to the lower. Convenietilig orientation also creates physical spacaffernarrow
circuit boards that connect the horizontal rowsha& active matrix to the LC panel. Other boardshef front
panel such as the driver board and power supplyoaeted wherever convenient, constrained mainlgéddyle
length. Figure 10 shows various photographs ofctieom display, and Table V specifies the main petars

of both the rear and front panels of this unit.

Figure 10. Views of custom stacked display



TABLE V

CUSTOM STACKED DISPLAY SPECIFICATIONS

Front Screen Rear Screen
Manufacturer NEC NEC
Model number MD21GS-3MP-BK-CB 2080UX+
Size 21.3inch 20.1inch
Resolution 2048x1536 1600x1200
Dot pitch .21 mm .25 mm
Layer separation 5 mm N/A
Contrast off-center 700:1 400:1
Brightness 700 cd/m"2 250 cd / m"2
Bit depth 10 bit 24 bit

4.2 Dynallax software
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Dynallax 1.0 is a custom software packagetaniby the author. It began as an outgrowth & \thrrier3.0
library, also written by the author, that contrtile Varrier AS system, but eventually diverged.riéaris based
upon the CAVEIBM architecture (VRCO, 2006) while Dynallax is notiké. Varrier, Dynallax includes
provisions for inter-cluster communication via tlbessage passing interface” or MPICH (MPICH, 20049)e
Varrier method originally used the depth buffersfratially multiplex two perspective views into eaemdered

frame by rendering into the depth buffer a virttedlica of the physical barrier. (Sandin et al.0202005)

In more recent implementations, Varrier camaa shader-based GPU implementation of an algoritfat
does not depend on the depth buffer, called Va@@nbiner (Kooima et al., 2007). The shader-basgarithm

used in Dynallax is similar to and based on Var@@mbiner, and expands that algorithm to incorporat
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channels instead of two, to render both the visflidat barrier as well as to modulate the imageshefrear

screen, and to include two barrier patterns (sipgléod and dual period) as explained in Chapter 5.

The Dynallax software is divided into three dutes: master module, slave module, and contrafiedule.
Each of these is explained in sub-sections 4.2234and 4.2.4, respectively, following an ovewief the
software structure in sub-section 4.2.1. This sactioses with a description of the user interflacecontrolling

the Dynallax system in sub-section 4.2.5.

4.2.1 Software structure

Dynallax can be conceptually organized intee¢hmodules in terms of the functions performedstera
slave, and controller. This is a different viewtlog system than the process view taken earliemap one view
to the other, the master and controller are two utexdwithin the master process, while the slave uteds
replicated in each of the two slave processes.slde module performs slightly different tasks defieg on
whether it is in the front screen slave or the reeneen slave. The following sub-sections elabooatehe

function of each module.

4.2.2 Master module

The master module runs the control panel bickvthe user can operate Dynallax, and based aninget
the master sends messages to the slaves every ffamenessages contain three kinds of data: batairr, head
tracking position data, and application contentadat order to accomplish this, the master man#geseceipt
of head tracker and wand data from a tracking daenmitial barrier data and system data is readhfeo Lua
configuration file, and further changes to the tearare performed as directed by the user’s intemaavith the

control panel and by the controller module.
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4.2.3 Slave module

The slave module has a different respongjbilépending on whether it is the front or rear sorelhe front
screen runs the front shader program in orderndeaea visible parallax barrier. The parameterthefbarrier
such as period and shift are contained in a messagéved from the master prior to each framehindase of
monoscopic 2D mode, the front slave simply rendendiite screen that is transparent. The rear glavferms a
sequence of steps for each frame. It renders eftieceye perspectives into an off-screen buffed then
modulates these images together with a perspectisrected model of the projection of the front bBronto
the rear screen. In the case of monoscopic 2D ntbdesear slave simply renders the first eye petspeand
nothing more is done. Each of the front and reaeest slaves sends a ready message to the mastethaft

rendered frame has been completed, indicatingethett is ready to receive more data.

4.2.4 Controller module

Three basic operating features are supporatidcontroller: the maintenance of optimal barperiod due
to viewer’s distance from the screen, the rapiératg of output channels to keep pace with rap@ver head
movements, and the maintenance of optimal barreiog when two viewers are present. Some of these
functions operate within the same controller cyeldile others are mutually exclusive, depending wangs
triggered by the viewer. The controller is callggbn for each frame to adjust the following barparameters:
barrier period, duty cycle, and shift, given therent barrier parameters and user(s) head pos)iomfe flow
chart in Figure 11 illustrates controller behavibhe view distance block sets the optimal barrieniqad based
on the viewer’'s distance from the screen. The rapiégring block sets the barrier shift based omdrapad
movements, and the 2 viewer block sets the bapeeind based on viewers’ head positions when tveovers

are present. Details of the computations perfortmedach block are explained in Chapter 5.
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The view distance function occurs during eveygle, and controls the barrier period in ordemtaintain
optimal channel separation based on the viewestadce to the screen. If two viewers are preseeir, aAverage
view distance is used in order to compute barréiopl. The details of the barrier period calculatitue to view

distance are given in Chapter 5.

Eye - barrier -
positions View period Rapid
distance steering
Operating control control
modes
_ barrier] shift
barrie
period A
2 viewer
control
final barrier
period and
shift

Figure 11. Controller module structure

The rapid steering function adjusts barrieft $t steer channels to the viewer more quicklgrtithe channels
can actually be updated. This feature cannot opexiathe same time as two-viewer mode, so rap@tistgis
automatically disabled whenever two-viewer modernsbled. Also, rapid steering can be manually déshb
This is useful for running tests and for calibratifor example barrier shift cannot be manuallylzated while

the controller is constantly modifying that paraemneh rapid steering mode.

When two viewers are present and two-viewedenis enabled, the barrier period and duty cyckdrte be

further modified. The period needs to be at Iéaste as large as compared to single viewer moldeough
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usually it needs to be expanded even further tadasonflicts. The two-viewer function searches &obarrier
period that is optimal, based on the head positmnthe viewers. Details of this computation argegi in

Chapter 5.

4.2.5 User interface

Dynallax includes a control panel for managisgfeatures and permitting easy experimentatigh warrier

parameters and modes. As seen in Figure 12, cergxidt for the following categories:

barrier modes such as pixel or sub-pixel, 3D or 2D

scene modes such as normal or calibration patterns

barrier parameters such as period or pitch, asbi#t, and optical thickness
operating modes such as single or 2 viewer

calibration controls such as test pattern colors



Figure 12. Dynallax control panel
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4.3 Auxiliary software components

Before creating and controlling a dynamic lmrand using it to modulate VR scene content,emtgdeal of
perhaps less interesting work needs to happen. wenwefinding practical solutions to these routine
“housekeeping” software operations can help magefvare system that is small, compact, easy t@nstand
and modify. Three of these software engineeringctopre covered here: the management of graphicgomi
context, creating and maintaining system configorefiles, and inter-process communication. Intlatee cases

existing solutions are drawn upon and are docurdentsub-sections 4.3.1,4.3.2, and 4.3.3, respagtiv

4.3.1 Window management

A full-size window with an openGL renderingntext is created and managed on each of the frohtrear
screens of the stacked display using a software catéd SDL, or_8nple Directmedia_layer (SDL, 2006).
SDL is similar in operation to GLUT (GLUT, 2006)na@her popular window management library, although
SDL is a more current API that continues to be taémed. In previous AS implementations such asiggrthis
functionality was performed by CAVELib (VRCO, 200&s well as in the early stages of Dynallax regear
SDL has since replaced the window management femforDynallax and other tasks performed by CAVELib
such as view frustum are now performed at a loweellin openGL. SDL also has functionality for himgl
input events such as keyboard and mouse inpupwth Dynallax handles events with FLTK, cadF Light

Tool Kit (FLTK, 2006)

4.3.2 Configuration management

One of the mundane but necessary aspects yolaage software project is configuration managetmen

Configuration files contain system data that netxlde read and parsed when the system starts.rlp ea
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Dynallax versions, CAVELib managed some of this figuration data while other information was parsed
within custom C++ functions of Dynallax code. Cumtgparsing of complex configuration files within
application programs is seldom robust. A small @st‘language” is actually invented every time a
configuration file is developed, and language peay$$ not a trivial task. Usually only minimal errchecking is

performed because robust error checking is diffiantl tedious.

A better solution and one employed in latern&liax versions is to use a ready-made scripting or
configuration language to write configuration fileésd allow the scripting language parse the datdDynallax
the language used is Lua (Lua, 2006). A configarafile takes the form of a Lua program, which ezt file
that can be read by either an interpreter or bxRhof C++ functions. The latter case is employe®ynallax,
and data values are transferred between Lua andl@stgh a virtual stack. The net result has tlagdantages
over the manual parsing approach. The C++ codddster because much of the work is done by Lu# it
robust because error checking is done by Lua, andnamon configuration language can be used forrothe

projects rather than re-inventing new languagehb &ae.

Dynallax uses two Lua configuration files. Tfist contains all of the system parameters suEls@een
corner locations, screen resolutions, and barrggampeters. In the past this data was containedAWELib
configuration files as well as in a custom bardenfiguration file. The second type of configuratioformation
in Dynallax is application model data, containingdels to be loaded and their positions and oriemtatwithin

the VR scene.

4.3.3 Message passing

Three processes exist when Dynallax is runréngnaster process and two slave processes fardrahrear

rendering screens. Each process may run either sgparate machine or these processes can co-extseo

same machine. The key entity to consider in Dym&laivision of labor is the process, not the maehiThe
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API that handles all inter-process message passiMPPICH-2, or theM essageéPassingl nterfaceCHameleon
version 2 (MPICH, 2005). This message passingjbrdeveloped at Argonne National Laboratory, sutgo

point-to-point and broadcast synchronous and asgnolus communication efficiently.

Dynallax relies on both synchronous and asgewbus communication modes. A synchronous
communication commanbdliocksuntil the completion of the communication cally fxample, a synchronous
receive command will wait until a message is reg@ivlhis can be useful at times to rendezvous psese and
may be undesired at other times. Asynchronous camuation calls return to the calling routine immeeiy
after being called. Interrupt-driven communicati@an be programmed using asynchronous message

transmission.

The controller module in Dynallax (Section.4)3 together with user input, selects one of saveodes of
operation at any given time. When Dynallax is ipidasteering mode, communication needs to occur
asynchronously so that the front and rear screpdsita at their own maximum possible rates. On thero
hand, there are cases when screen synchronizattsyachronous message passing is desired, sucheas
rapid steering is disabled or when two-viewer masleenabled. Even with rapid steering mode enabled,
occasional barrier period changes occur synchrdpdosninimize distracting visual artifacts. Theved, when
a barrier period change occurs, the slave processsdezvous; the change is made using synchronous

communication, and then the processes continugegsiere.

Slave processes can also be synchronized esith other, even though there is no direct commtioit
between them, with message barriefunrelated to a parallax barrier). In this contexbarrier is a logical entity
that operates as follows. If all three processeslrea barrier command, then none will proceed haybe
barrier until all three have reached it. Whenevgndlax switches to synchronous mode, a barriemgployed

as a secondary method of synchronizing the tweeslawth each other.
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Communication in Dynallax is duplex: slaveadgea “ready” message to the master, and upon iiageivthe
master sends new data to the slaves. This handshakotocol permits slaves to run asynchronouslgmwh
desired and yet to receive the most up-to-daterimdtion whenever they ask for it. Figure 13 illasts a flow

chart of how and when Dynallax employs each ofsyrchronous / asynchronous modes described above.

Note that in all but the most trivial casd® tear screen is a slower process than the fovaes. That is
because it is computationally less expensive taeaerthe front screen barrier than to render a cerpl
modulated scene in stereo on the rear screen. {d¢tiss what makes the rapid steering mode passibéll.) In
synchronous mode, both screens run at the frareeofathe slower, rear screen because they areckasiep

with each other, frame for frame. In asynchronoosgl@) each screen runs at its fastest possible fratae

# viewers >

disabled

A 4

rapid steering

enabled

barrier period synchronize

constant
A 4 v

asynchronous synchronous
comm. comm. + barrier

v v

Figure 13. Synchronous and asynchronous commuaitatodes
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4.4 Calibration and test patterns

Testing and calibrating an AS system is penfed with the aid of test patterns. As in (Sandialet2005),
the color and cross-bar patterns are used heaviynallax, and a number of results in the follogvithapter
rely on these. In the color pattern, a single lgrglygon of a different color is rendered for easfe; when the
system is well-calibrated, only that color lighbsid enter the eye. When the viewer is positiortetthe correct
COP and covers one eye, the other eye should $g¢hendesired color light. For example, the lgfe avill see
a solid display of green while the right eye seasla display of blue. When two viewers are préseach of
the four channels is represented by a differentrcar occasionally a color may be repeated for Wewers
when there is ho ambiguity. The cross-bar pattersimilar, except that vertical, horizontal, andjlad bars of
white and black represent the eye channels. Fangbea the left eye sees vertical bars while thatrigye sees

horizontal.

A first-person perspective for each eye charesilts when the eye is positioned at the CORfwhich the
test pattern is rendered. This is useful in maisyainces, but in other cases the researcher wistszeta third-
person or “birds-eye” view of the entire systempattit This “omniscient” view results when viewingoin
infinity, or in a practical sense from much furttevay than the COPs from which channels are reddeFer
example, if the viewer’s position is set to 24 iesHrom the display and the color pattern is reediethen the
upper images in Figure 14 illustrate what the viesees in each eye when at the correct locatioiige vie
lower images shows what a viewer sees from a 120 inew distance. From this far vantage point, both
channels are visible in the same view, and theyseparated by the interocular distance when the distance

becomes large enough.

Figure 15 explains why the “far test” workspArallax barrier AS system focuses channels gpldmee of the
COPs, 24 inches away from the display in the abewemple. As an analogy, imagine a film of the same
physical dimensions as the display positioned at fitane, capturing the images in space focuse®.tihext,

imagine the film remaining stationary, but a perstewing that film from much farther back, such tttiae
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entire film is visible with approximately paralligght rays from the film to the viewer. The resiglthe far away
“birds-eye” view, where all channels are visiblengltaneously, and channels are spaced by the otk
distance. This spacing can be physically measuyesuperimposing a scale or reference onto the ajjsphd

comparing the channel spacing to the referenceuneas

Figure 14. Test patterns viewed from correct distattop) and from afar (bottom)

The fact that a well-calibrated parallax Earsystem can focus hundreds of lines of spatiallytiplexed
pixel or sub-pixel channels into a small humbercoherent images at COPs remains one of the amazing
characteristics of this type of AS system. The tist makes this point explicit, a result that isnetimes
underestimated in the first-person perspective.tAerooften-overlooked fact is evident in the festtehannels

repeat laterally outward in both directions. Nolyoare green and blue channels focused at thaheftright eye
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positions, but they repeat at “virtual lobes” iifighy far left and right, at diminishing intensityhis repetition

will become a key point in the discussion of the4wiewer mode in Chapter 5.

Display
surfaces

COPs

Light rays nearly
parallel as distance
increases A4

nterocular dist.

Figure 15. Viewing all channels simultaneously,cguhby the interocular distance, in the far test



5. RESULTS

Chapter 5 identifies, discusses, and analftzesesults discovered during the course of Dyralésearch,
documenting findings using reproducible method$1sag screen shots, photographs, and quantifialdesunes.
Along with identification and documentation of asdivery, equations and other numerical models are
developed that explain and predict the concludiarther illustrating its validity and usability feredict similar
conditions. In sum, this chapter presents a congmskie model of dynamic barrier AS within the comief the

Dynallax system.

Section 5.1 lists some of the barrier pararsetieat are easily varied through Dynallax. Nexictiea 5.2
presents two convenient side effects that resathfthe use of a dynamic barrier. The subject mageomes
progressively more detailed as the reader movesrgethese first two sections through the remairadethe
chapter. A mathematical definition of the sub-pix@intinuous barrier model is presented in Secti® 5
including a justification for its existence compart® other discrete models. Section 5.4 coversctneept of
viewer distance from the screen, and illustrates Bynallax maintains optimality over a wide randgeview
distances. Section 5.5 explains the way that Dgxahitigates parallax barrier sensitivity to systéatency
through the application of a rapid steering modee Targest topic within the chapter is the solutiérthe two-
viewer mode problem, presented in Section 5.6. feeviewer problem demonstrates the need for better
stacked display solutions, presented in SectionFnially, the chapter closes with a discussiometf effective

resolution and a table quantifying this metric¥arious Dynallax conditions in Section 5.8.

5.1 Variable parameters

To begin, this section lists a number of lrgarameters that are easily variable through Degnarhe first
is illustrated in Sub-section 5.1.1, the fact tthet barrier can be turned off, either in total oipart, converting
the display from 3D to 2D and vice versa. The rerimgj subsections, 5.1.2 — 5.1.4, illustrate otlspreats of the

barrier that can be changed in real time, namelgidsgoeriod, barrier duty cycle, and barrier angéspectively.
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These barrier parameters form the basis for theofethe Dynallax method and their dynamic adjusiitgbis

crucial to the operation of the system.

5.1.1 3D — 2D switchable display

The first result of Dynallax and one of the shaiseful is that the front barrier screen can lsabded,
converting Dynallax to a 2D monoscopic display.r Egample, Figure 16 illustrates three uses of fisure.
The upper left image in Figure 16 depicts 3D AS madtie upper right image shows 2Dmono mode whige th
center bottom image demonstrates mixed-mode, b&tard mono content within the same display. Hére, t
Mars rover model is rendered in AS while the toolimathe left column of the screen is rendered Inr@ono

mode. Any 2D content is rendered in mono mode,rembarrier lines occlude the data.

Figure 16. Switching between stereo, mono, and animedes
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In previous static barrier AS systems sucNasier, 2D content was possible to render, butlabdity was
limited due to the presence of the physical batiws. Dynallax poses no such limitation. Moreg\#éd — 3D
switchability is a desirable feature in commergatallax barrier AS displays. This was a populdirgepoint
for the Sharp display (Woodgate et al., 2000), emdently the trend is toward switchable 2D -3Dtieuar
displays. In particular, Phillips currently offeas42 inch model based on blocks of 8x8 lenticulaments. (de

Boer et al., 2007). Dynallax’s dual stacked LCD stonction offers 2D — 3D switchability on a per-glidasis.

5.1.2 Barrier period adjustment

A key advantage of Dynallax is the abilitydimange the period of the physical barrier, allowtimg system to

accommodate one or two viewers, and also to exfl@dinimum view distance. Figure 17 shows somepgam

barrier periods of 310 lines per foot (Ipf) on thf and 155 Ipf on the right.

Figure 17. Barriers for single-viewer (left) andotwiewer (right) modes

One question that often arises concerns therete nature of the barrier shown in Figure 179@®0sed to
the continuous physical that exists in static learsiystems. Specifically, the presence of aliagdiggontinuities,
and holes might seem at first to be problemati@sEhquestions will be answered shortly, once teeepuisite
material has been developed. Suffice it to saynfw that this is not a problem, and no anti-aligdeatures of
the graphics card are used. In some respects,ishee® nature of the front barrier is a blessimglisguise

because it eliminates color shifts as shown in &diion 5.2.2. However, the key idea is that thematational
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model of the barrier remains continuous, regardtésthe physical nature of the hardware use to predt.

Much more on this topic appears in Section 5.3.

5.1.3 Barrier duty cycle adjustment

Duty cycle is the portion of one cycle thablack, expressed as the ratio of black to totalecyOrdinarily
this is .75 or greater. Like the barrier periode ttuty cycle is fixed during construction of a stddarrier. In
Dynallax by contrast, this is adjustable both fbe ffront visible barrier as well as for the virtuzrrier.
Previously it was known that the duty cycle affegtosting, and a value of .75 is used to satiséyMlyquist
Sampling Theorem and to leave a guard band betwgerchannels. Higher values were sometimes used to

further reduce ghosting, primarily as a correcfimmbarrier period inaccuracies.

With the ability to vary duty cycle easily Dynallax, the effects of changing duty cycle candbserved.
Figure 18 illustrates this phenomenon. From leftgbt in Figure 18, the duty cycle is .7, .8, a@idespectively.
Notice how the separation between the centerseofgteen and blue channels is reduced as the duty &y
increased. Notice also how the black and cyan gbards (the regions between pure green and pusd blu

change size and shape with various duty cycles.

It should be noted that in Figure 18 and terdests as well, a color calibration test is ugedingle color
polygon is rendered for each eye channel, in thig green for the left eye and blue for the rigften the eyes
are physically located at the same points in 3Dwerespace as the centers of projection (COP) fer th
perspective views and when the system is well-catiifal, each eye will see a full screen of thateetpe color.
To evaluate the resulting images more objectivelg &0 be able to view both channels simultaneously,
photograph of the screen is captured from a pairthér back than the center of projection, in tbése

approximately 2.5 m beyond the COP.



51

Figure 18. Duty cycles of .7, .8, .9 from left tght

To explain what is occurring in Figure 18,erefo Figure 19. When duty cycle is reduced, tlze sif the
transparent slit increases. Since the parallaxdyasihit functions optically as a pinhole lens, thensparent slit
size should be maintained as narrow as possiblenvithis enlarged, channels become un-focused aadlg
bands encroach on channels asymmetrically. HowexeFigure 18 demonstrates, minimizing the sizéhef

channel slit must be balanced with reducing brighsn In practice, the optimal duty cycle is betwg@&nand .8.
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Figure 19. The effect of duty cycle on apparenncigh separation

5.1.4 Barrier angle adjustment

The interference between the front displayribargrid and the rear display pixel grid resultsa visible

Moiré pattern. The size and shape of the Moiréfisnation of the barrier period, duty cycle, aritldrientation
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angle of the barrier lines. For a given barrierigubrand duty cycle, the Moiré pattern can be chdrfgem a
coarse pattern to a fine diamond-shaped pattenotaying the barrier lines through some angle (Wiqri968)
(van Berkel, 1999). In the past, for a static arrfinding this optimal angle was time consumimgl avas
accomplished by mechanically mounting a sampleidrairr a jig where the barrier could be rotatedmy angle
in front of the display. Once an optimal angle i@snd, the actual barrier was mounted to the djsplathis
same angle. The tolerance for this mounting is.23-degrees because the changes in Moiré patterguse

severe over small angular increments.

With Dynallax, the angle of the physical barris changed easily to within any desired angulerance, so
that finding an angle with relatively small Moingtérference is accomplished in a matter of minu#seover,
if various barrier patterns (eg. different periaddaty cycle) require their own optimal angularesitiation, this is
accomplished just as easily. Figure 20 shows tlmesges of Moiré interference patterns using theorcol
calibration test pattern. The left pattern is cdastd acceptable and is the current single-viewmtemusing a
tiit angle of 23.6 degrees. A Moiré pattern is lvisj but it contains soft edges and is near-optifoalthis
configuration of barrier period and duty cycle. T¢enter pattern is a result of a .5 degree chazge,dark
diamond-shaped pattern becomes visible. The rigage shows vertical barrier lines (tilt angle ofl€grees)

and shows extreme Moiré and demonstrates the ntiotivéor rotating the barrier lines.

Figure 20. The effect of barrier line orientatiamMoiré screen noise
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5.2 Side effects

Some convenient and useful side effects regudin the front barrier is a dynamic, sub-pixecdéte barrier
as in Dynallax, and two such advantages are exqdaimthis section. The first, in 5.2.1, is thegiification of
the process of registering the physical barriehlie virtual barrier computational model, now ttiet physical
barrier is rendered by a computational model. Sadtien 5.2.2 points out another feature, the autima

elimination of color shifts that are ordinarily pent in static barrier AS.

5.2.1 Physical and virtual barrier registration

One difficulty in constructing a static barrigystem is the registration of the virtual and gibgl barrier,
especially the determination of an accurate bap@tiod. In Varrier, the virtual barrier periodasfunction of
window size and pixel pitch, and a virtual barperiod needs to be established taking these faictimraccount.
This barrier period is found empirically, and thesmall operation of the system is very sensitivéh® accuracy
of this value. In fact, presently this value isatatined to within .003%. At this level of accuragposting in
Varrier is approximately 4% and it has been showat the ghost level is directly related to the aacy of the

barrier period.

In Dynallax, there is no need for registerihg physical and virtual barrier periods becaudé barriers are
produced the same way, through software. Provithed the front and rear displays are constructed fro
identical LC layers, the barrier period registratiproblem disappears because the time-consuming cfte

finding the virtual barrier period is eliminated.

5.2.2 Reduced color shifts

Color shifts in a static barrier AS system areommon occurrence, as in the Varrier systemoBeGPU-

based modulation algorithms, the solution was amdationally expensive one. The algorithm was nexglito
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execute three passes per eye, with a sub-pixel Bbtfiveen each pass. This increased rendering aimie
reduced frame rate threefold. The user or systesigder was forced to make a choice between faginmesince
with poor quality and slow performance with gooalify. Dynallax produces little visible color shifg without
multiple passes. Pictured in Figure 21, a crossphstern is rendered in Dynallax on the left andria on the
right. Both are executing single-pass mode, andptitern should be pure gray-scale. The Varrietepat
contains color shifts. The cross-bar pattern istarocalibration pattern similar to the color cedition pattern,
except that now orthogonal lines are used for freeahannels, rather than colors. Again these phapdg are

taken from beyond the COP, so that both channelbeaviewed simultaneously.

Figure 21. Lack of color shifting in Dynallax (Igftompared to Varrier (right)

To explain the elimination of color shifts,nsider Figure 22, which illustrates the differerfmtween the
ways that light is transmitted in the single passriér, 3-pass Varrier, and Dynallax. In this dssion, it is
convenient to ignore the fact that LCD pixels attjuransmit light originating from a backlight; sisme for the
moment that the rear screen pixels are light seuirtéghemselves. No loss of generality resultsednh of the
three cases, three different light sources genghatdight of a single rear screen pixel: a recegr, and blue
source. In the 1-pass Varrier, these light soudbesrge as they pass through a slit that is 3cesuwide. In the
3-pass Varrier, three light sources send light ithysugh a slit that is still 3 sources in widet ktus shifted
three times so that its center aligns with the seuthereby maintaining relative parallelism ohligays. Finally,
in Dynallax, three light sources send parallel ighys through three different slits, the frontesar sub-pixels.
In the first case, the divergent light rays resultolor separation, while in the latter two cates parallel light

rays result in color cohesion.



55

Figure 22. The exacerbation and mitigation of calufts by various algorithms

5.3 Sub-pixel barrier

Dynallax inherently utilizes a sub-pixel bartiboth in terms of the physical barrier in thenfrscreen and
the computational barrier used to interleave imamgeshe rear screen. Static barrier displays sscWarier
contain a physical front barrier, so there is ntamof sub-pixels or pixels in the front barridrsuch a display.
In a static barrier display, the rear screen iptaring may occur in sub-pixel resolution, dependimgthe
algorithm used. For example, in Varrier the 3/8l &lne Varrier Combiner algorithms (Kooima et al002)

operate in sub-pixel precision, while the 1/1 aildpon does not.

In general, sub-pixel resolution is desiredthe rear screen interleaving algorithm becausinafeased
spatial resolution and reduced color shifts, arel ghb-pixel nature of Dynallax’s front barrier ai® these
advantages to be gained with no or little perforoeapenalty. Aside from the physical nature of tioaf barrier
hardware, the underlying sub-pixel virtual bargemputational model can be either discrete or nontis. Sub-

section 5.3.1 demonstrates with three examplesaldiscrete, image-based barrier model is inapatgfor
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Dynallax and results in extreme aliasing artifaaftshe final image. This motivates the definitiohtlee correct,

continuous model in 5.3.2, and the final imageriateving algorithm based on this model is developes 3.3.

5.3.1 Discrete barrier model

Several published works cite the use of a-gtisp front barrier composed of discrete red, green blue
“windows” or sub-pixels (Mashitani et al., 2004%chmidt and Grasnick, 2002). In most cases, theeas still
static, but it is a natural extension to attempteplicate the same concept with the front LCD aoreThe
pattern shown in Figure 23 can easily be renderethe front screen using openGL, either as an iniexfeire
or as a procedural texture using the openGL shaldinguage GLSL. Three examples follow where such a
discrete texture serves as the barrier model.l lthi@e cases, severe aliasing results despiterdift attempts to

eliminate or reduce the effect. The final concluasis that such a discrete barrier model is not ayppate for

Dynallax.
Figure 23. Step-wise discrete barrier
Example 1

A GLSL fragment shader produces the image shiawrigure 23 on the front screen while a secaagrhent
shader modulates image channels on the rear sb@sed on the visible sub-pixels of the front scrasn

follows:
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For each eye {
For each pixel in rear image {
Cast a ray from tleenterof that pixel to the eye and compute the corredjmenfront pixel location

Multiply the rear pixel image color byetfront pixel color

}

composite the two eye images with an add operation

Algorithmic correctness is demonstrated by fillowing argument: Each front pixel contains etkaone
illuminated sub-pixel, so multiplying a rear piXay a front pixel illuminates exactly one sub-pixdélthe rear
pixel as well. The final addition operation seleai® of the two images since illuminated sub-pixélghe two
eye channels form disjoint sets, provided thatibeer is within the usable range of the systene @tdition of

the channels does not disturb either channelmiplsi composites both into one final rendered image.

Although theoretically correct, a severe blpckioire interference pattern is visible, consisting
approximately 2 inch square blocks. Figure 24 sha@awtest of just one green channel modulated by thi
algorithm, and the discontinuities are apparenheWthe system is viewed from a normal viewingadise, the
discontinuities are overpowering to the extent i@y become the single most distinguishing featfréhe

image.

The pattern is a classic Moire interferenceved discrete grids, the front and rear displaygjilgted in
square blocks because of identical interferenceeitical and horizontal directions. The pixel paités square
and therefore so is the magnified interferenceepattThe problem can be explained in one dimenai@hthen
the extension to two dimensions is trivial. Loakiat one horizontal scan line of pixels, a discuarity occurs

wherever a front pixel needs to skip over one #althll pixel to map to the rear pixel, as shown igure 25.
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The situation is unavoidable because a perspeptijection causes a slightly larger period to odouhe rear

screen compared to the front.

l break l break

<+«——— break

<«— break

Ibreak

Figure 24. Discontinuities magnified (below) frohetimage above
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Figure 25. Discrete computation in projecting onie gnto another

Example 2

The all-or-nothing binary algorithm in Examgdlecan be modified to sample a 1-pixel size aretneffront

screen and to mask the rear screen according twtbes covered by this area.

The rear pixel is still multiplied by the réisng mask, but now the mask is computed as a viethhverage
of the colors covered in the front screen, weightedheir percentage of coverage. The left andt iyle images
still computed separately and then added. The trésuhat the sharp discontinuities have been oegplaby

softened brighter and darker regions, as showtguaré 26, but they have not disappeared.

Figure 26. Smoothing of artifacts by area averaging
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Example 3

Rather than smoothing as in Example 2, théutexis projected from the front plane to the batk an
openGL texture projection and the result is sampledpenGL. Then, the scene projection is maskedrding
to the projected texture with a similar multiplyesption as before. Figure 27 shows screen shdteatsulting
projected barrier rendered on the rear screemuwththe problem is more severe when viewed betiee The
sharp square pattern that results as pixels slép ane in the hard pattern in the left image carsdftened in the

right image by filtering using openGL linear intetation.

l break l break

Figure 27. Results of sampling using openGL texfumgection with (right) and without (left) filtemg
Conclusion
The problem is not in the algorithmic detallat in a common underlying fact: an image-basédiiyethat has

already been discretized is being re-discretizethdithe projection from the front screen to thelbaEach of

the three examples accomplished this re-discratizat different way (binary, weighted average, apeénGL
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texture projection) with a similar result. Aliagitaused by the projection of one discrete imade arsecond

discrete grid can be mitigated by filtering, but ebminated.

The solution is to avoid re-discretizatiorogkther. The barrier computational model must rarnantinuous
and be rasterized only once, by the graphics haalatthe end of the rendering pipeline. This iy We static
Varrier works correctly. There, a continuous flagtipoint polygonal model of a barrier is maintairsdl then
projected onto the display only once. This is auable finding and bears repeating: image basededésc

barriers are incompatible with Varrier and Dynallax

5.3.2 Continuous barrier model

The model of the barrier is continuous in filog point space in order to maintain the singlecditization

principle described above. A barrier is definedtoy following continuous parameters:

a. Barrier period or line spacing in lines per f@pf)

b. Angular orientation (line tilt) in degrees framartical

c. Duty cycle, or fraction of opaque to total pério

d. Lateral shift (left-right) along the plane oftldisplay screen from some reference point sudheascreen
center

e. Optical distance that the barrier is locatefitant of the rear display screen

The last two parameters can be considereteapdsition of the barrier in 3D space, and thaskrrier is
defined by its position, orientation, period, andydcycle, all in continuous floating point worlgiace. This is

similar to the Varrier 1/1 and 3/3 barrier modelith the following key differences:
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a. In Dynallax the same model is maintained for phegsical front barrier and for the virtual barriesed to
modulate the scene of the rear display, where&airier the front barrier is physical and has napatation
associated with it.

b. The barrier model in Varrier 1/1 and 3/3 is nt@iimed as a collection of polygons within the \aituvorld
because of the depth buffer algorithm used to naduhe scene. In Dynallax, no such polygonal sists
because modulation occurs using a fragment shdderitam (see algorithm below). The computational
modelis the set of five parameters above.

c. The Dynallax computational model permits (andoemages) the dynamic modification of the barriedel as
it is being used in order to maintain optimal peariance and expand the capabilities of the systam, a

compared to Varrier.

5.3.3 Final algorithm

Based on the above model, the final algoriterexecuted partly in openGL and partly in a GLRot,
2004) fragment shader. One shader program hartdesatse of two eye channels (one viewer) and aaepa
shader program handles the case of four eye clmiftved viewers). The algorithm for either case ten

generalized as follows:

For each eye { /I performed in opengl application
render the perspective into a separate offsceseare buffer
}
For each pixel { /I performed in fragment shader
Mask each eye view by a perspective projecteddrann a sub-pixel component basis
Take component-wise maximum of the masked eye @isrand assign the pixel to this set of 3

components
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The perspective projection of the barrier frtme front screen to the rear can be computed avithmple
scaling of the period and a translation of thererpattern. In the general case, perspective gfiojeis a non-
linear function. However, in the special case tiatprojected points originate at the same distanom the
display, the function is conveniently linear. Tlishe case in a parallax barrier. The scaling taautkslation are

computed as follows in Figure 28:

, (d+1)
d

p'=p
where

p = front screen period
p’' = rear screen period

LR ’t
X=X —=
d

where

X = eye position x coord.
X' = pattern shift

Figure 28. Derivation of scaling and translatiae do perspective projection of front barrier tarre

Figure 29 continues the derivation of the iearfragment geometry. The lower half of Figure 2tbws a
given horizontal scan line within the space ofsheeen, and the line tilt angle An offset of the pattern at the y
coordinate of the scan line is computed by simpdphometry ay * tan . The horizontal period of the pattern

is computed by dividing the periqad of Figure 28 by cos, as shown in the upper half of Figure 29. Then fo
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any fragment coordinate within that scan line, filaetion of the(fragment x coord + offset) / ( p’ / co3 is
computed. This maps the fragment x position taréimge of [0,1], and then the step function showthéntop of
Figure 29 is applied with the edge of the stefhatduty cycle (eg. .75) to decided whether thenfraxgt is white

or black (barrier is transparent or opaque).

The above idea is then expanded to addrespigels in both the drawing of the front barrierdathe
modulation of the rear barrier. The perspectivdese@ad translate functions remain the same, buttéke
whether to draw a pixel in the front screen or wdmate a pixel in the rear screen is replaced t®s® for the

red component, green component, blue component.

4 P
cosg)
pI
cos@)
where
p’' = scaled barrier period
q d = duty cycle (eg. .75)
= barrier line tilt angle
y~ tan@)
y

Figure 29. Derivation of barrier step function
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Next, the concepts from Figure 29 are usembtopute constantsl, k2,andk3, which are the interface to the
fragment shader programs. In the following equatistreen space is defined as the right handedlicats
system whose origin is in the center of the froatrier screen, whose x direction is along the loortal
direction of the screen, whose y direction is altig vertical direction of screen, and whose zdtiioa is

normal to the plane of the screen. The units afestispace are pixels. Given the following systarameters,

d = duty cycle
p = barrier period in world units
shift = barrier shift in world units

= line tilt angle
opt = optical thickness in world units
width = screen width in pixels
w = screen width in real world units

norm_dist = normal distance from eyes to front barrier planworld units

eye, eyg = X,y location of eyes in screen space

Let us define the following inputs to the fragmehader programs:

k1 = tangent of line tilt
k2 = shift in the x direction of screen space
k3 = horizontal period p in the x direction of sarespace

The inputskl, k2,andk3 are computed as follows for the front and rearibes. For the rear barriek2 andk3

are actually a vector, one value for each of theg(as eyes.
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Front barrier parameters:

kl=targ
k2= shift” Wdth @)
w
k3= p . width
cosg W
Rear barrier parameters:
kl=tang
. . i
Ko = norm_dlst. opt 1 (eye- ey’ k1)+ norm_dlst_ opt . Shift width
norm_ dist norm_ dist w (3)
k3= norm_dist+opt , p ., width
norm__dist cosg W
Results

The front barrier is shown in Figure 30. Theamnel width is approximately 2 sub-pixels, althotige screen
capture shows only pixel resolution, hence thercodonbinations. For example, a cyan pixel actuafyresents
a channel covering the green and blue sub-pixetarMhile, Figure 31 is a screen capture of the se@en
during cross-bar calibration mode. This screen shots sub-pixel modulation of white cross barstica for
the left eye and horizontal for the right. Where thars cross, both eye patterns are visible sidedr; A 1-
pixel guard band exists between pairs of chanaeld,a smaller guard band exists between chanmeratwo

sub-pixels, although the pixel-resolution screest stoes not capture such fine resolution.



Figure 30. Sub-pixel channels illustrated in freateen capture

Figure 31. Cross bar pattern in sub-pixel scaléuwrad on the rear screen

67
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5.4 View distance and channel separation

Two problems are addressed here. One is tation of static parallax barrier systems in geheramely that
the near viewing distance is limited to some preaeined value. Often users desire to be closer ttia limit,
in an attempt to view some detail of the VR sceeentlosely or to have the VR scene encompass aidheir
field of view. The second issue is particular tonBNax, namely that the usable view distance rarfd@ynallax
is limited compared to other systems such as faiiew distance is the z distance in the directimnmal to
the display plane. Fortunately, both challenges temetable and have been solved in the final Dymall
implemenation with an elegant, simple method. Sbaekground information on the view distance — clghn
separation problem is presented in Section 5.4hk froblem is defined more rigorously with equadion
Section 5.4.2, and the optimal view distance equakeads directly to the algorithm in Section 5.4/8w

distance results are presented in Section 5.4.4.

5.4.1 The effect of view distance on channel output

The scene that is rendered on the rear sesemymposed of interleaved strips of eye chanegsume for
this discussion that one viewer, two eye channelssaployed and the left eye scene consists of argyeen
background and the right eye scene consists of afilue background, the usual green-blue colorpatéern.
No loss of generality is imposed on the numbertanmels or their content by these assumptions; oimdy
frame the discussion in practical terms. Withinreagcle of green-blue content rendered on the sesren,
some additional black region(s) also exist. Thdaekoregions are called guard bands, and servelioedte the
two eye channels and help prevent cross-talk ostgig In fact, the Nyquist sampling theorem reegiitheir

existence and further requires that the minimumuarhof guard band is equal to the amount of greehtdue.

The relative location of black guard band limebgreen content changes with view distance fgivan barrier
period. See Figure 32, which depicts the rear scremdering at different z distances of the viewghen the

viewer is at the minimum usable view distance efskistem (the near distance), the entire guard isesitbated
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between green and blue channels and no guard béstd between adjacent cycles. This is the caskeeft
image. When the viewer is at the optimal view dista(the sweet spot), guard bands are equallyildistd
between the channels of one cycle and adjacentxythis is the middle image. Finally, when theméeis at
the maximum view distance (the far distance), althe guard band exists between cycles and norgsexi

between channels of the same cycle, as in theintge.

100% inter- 0% inter- 50% inter- 50% inter- 0% inter- 100% inter-

channel l lcycle channel l lcycle channel l lcycle

Figure 32. Distribution of channels and guard baatdsear (left), optimal (center), and far (rigthigtances in
static barrier display
Figure 33 illustrates the same re-distributddrthannels and guard bands, but this time aptsition of the
viewer. At the near distance, the entire guard basks between the viewer's eyes and none of taedgband
is between adjacent lobes. At the sweet spot, gbandl is equally distributed between the eyes aljacant
lobes, while at the far distance, none of the gurmad exists between the eyes and all exists batad@acent
lobes. Clearly, in a static system, once the viemeves closer to the display than the near distagioesting
results as channels begin to overlap. The amoursicden “real estate” for channels to occupy isiractl

function of the barrier period. Larger barrier pels permit more space for channels to approachataeh, and

hence permit the user to move closer to the display
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In traditional Varrier, the usable Z viewtdisce range is at least 2-3 feet, usually limitgdracking rather
than the Varrier optics. However, the observed Zkimg range of Dynallax is much tighter, approxisigtl
foot. When moving beyond this limited range, Dyaalis observed to produce channels with incorrect
separation; channels are no longer separated bytdw®cular distance from which they were compuiBuds
occurs sooner than predicted by equations 3 anelawp in both the near and far limits. In fact, ttteannel
separation linearly increases from approximateB6260 narrow to 25% too wide as the user moves ftdoot
in front of the sweet spot to 1 foot beyond it. the same time, the pattern of guard bands doespuaar
distinctly distributed. Rather than guard bandalisy” from between the lobes to between channelsh@wn in

Figures 32 and 33, they encroach upon the greendtiannels and affect channel separation andyclarit

When screen shots of the rear screen are t@dilseng these conditions and are compared to steicer
conditions, one confirms that Dynallax is computaéilly correct. It is hypothesized that the colosetb-pixel
nature of the front barrier is incorrectly steericttannels, with an error that is linear in the atise from the
sweet spot. As will be shown in Section 5.4.3 hasvethe cause is inconsequential because the Rynall

algorithm is designed to always maintain optimaditythat every position is the sweet spot.



Figure 33. Distribution of guard bands and chanattke viewer location for a fixed barrier system
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5.4.2 View distance equations

Sandin et al. (Sandin et al., 2005) derives fllowing view distance equations for a staticriea display

with pixel-scale channel resolution:

Zax = Y A3)

Wheree is the interocular distance,is the barrier periods is the pixel pitch, and is the optical thickness.
Equation 3 proves that Dynallax has no minimum vidistance because the minimum view distance is a

function ofp, andp is variable in a dynamic barrier system.

The equations in (3) can be converted to thepxel scale barrier by replacing the pixel widthy the
channel width. The channel width, or width of thensparent portion of a cycle, is generally ¥4 eftttal cycle,

and substituting/4 for s yields the following:

P 4)

In Sandin et al., the optimal view distanceswamputed as the mean of the two extrema. Howeteer
criteria exist to define optimality and the optimwew distance may differ, since the equationsreme-linear.
An optical definition of the optimality is the viewistance where channels and guard bands are wyquall
distributed, as in the center image of Figures 8@ 33. Figure 34 formulates the necessary geonfietrthe
optimal view distance:
_2(e- p)

Zopt=—— 5
P 0 (5)
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Since2e>>p, andd >>1t, p is approximately proportional @e by the factod / t, or

2; » % (6)

p since d >>t

p/2 pl2

Figure 34. Optimal view distance derivation

5.4.3 Optimal view distance algorithm

Given the narrow range of view distance in 8llax, the desire to eliminate the minimum viewtaice

limitation of static barrier systems, and the optirview distance equation 5, the solution is a ratane. The
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barrier period is always maintained to produce piin@al condition using a real-time controller algom. In
practice, the barrier period is computed at eveayné, but only changed when it differs from thevpes
period by some threshold amount, eg. 10%. Thisaeslthe amount of visual flicker seen by the vietaing

period changes. When 2 viewers are present, thrediitance of both viewers is averaged.

The closer the viewer approaches the dispteeylarger the barrier period becomes. In thedwte is no near
limit on view distance, however at very near dists) the barrier period becomes large enough tmtieeably
distracting. Two solutions exist. First, the phgsiseparation between front and rear panels caaceed. The
separation is a static physical parameter of tisggdeand construction of the system rather thaadjmstment to
be performed during use. Reducing the physical esfitween screens also reduces the far viewingndist
The other approach is to clamp the dynamic rangbebarrier period to some maximum value, and wthen
user exceeds this value, the channel quality beirdowly deteriorate as explained above. In jicactthe
dynamic barrier period controller increases thekivay range of Dynallax from 1 foot (without dynangiontrol)

to 3 feet (with dynamic control), a 300% increasthowut the barrier period becoming noticeably large

When the controller module instructs the frantl rear display nodes to change barrier perfe), must do
so in synchronization with each other, in ordemiaimize distraction to the viewer. The barrierdered on the
front display must be identical to that used to pata the rear display image. If synchronizationads enforced,
a visible flicker in the display is quite noticealllecause the two displays have dissimilar barfogra fraction
of a second. Screen synchronization is enforcetl wibarrier command that is part of the messagsinps
architecture. The MPICH-2 (MPICH, 2005) messagesipas scheme employed in Dynallax has such an
MPI_Barrier() command. Processes block when regcthiis command until all processes have reacheti#;
rendezvous mechanism is a common tool in distribwdechitectures used to synchronize processes. This

command is placed the end of the drawing functioeach slave node.

As the controller modifies the barrier perxtording to equation 5, it maintains the sameidraduty cycle,

eg. .75. Hence, the physical width of the transpapertion of the period changes with the totalriearwidth.
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This is an important point to note; in contrastestimodes such as the two-viewer mode will modifthbibe

barrier period and duty cycle in order to maintdi@ same physical transparent width.

One other barrier parameter that does neellange with the barrier period is barrier shifthaligh this may
not be immediately obvious. Shift is the horizond&@placement of the barrier pattern, in the x atiom of
screen space, measured in world units. It is géperan-zero in order to adjust for non-exact plaeat of the
two LCD screens with each other, as well as a teduhe rapid view steering controller module (Sstion
5.5). At first it may seem that barrier periodnsiépendent of shift, but the two are actually Iheeelated. The
visual output of the shift is modulo the barrieripd; ie, the shift repeats in multiples of thearperiod. The
shift (in world units) corresponds to some fractiha barrier cycle, and when the view distancetrotlier

reduces the barrier period by some factor, the shikt be reduced by the same factor:

period
X NEW

new

shift = shif
tnew 1‘t)ld periOdO,d (7)

While there is no theoretical near limit tee thystem, there is still a far limit. It occurs wha channel
becomes narrower than a front screen pixel or &#i;pdepending on whether the front barrier isocetl, as
explained in Section 5.3.4. Assume for this disitusthat the front screen is colored, limiting gfennel width
to one pixel. The barrier period is 4 times thercied width (for .75 duty cycle), or 4 pixels at tfa limit.
Equation 1 assumes that channels are adjacere &rtfimit, but Dynallax’s increased sensitivity dptimality
requires that a one pixel guard band be maintaisedpecifically for Dynallax, the far limit is fteisted by a

factor of 2:

Zoe = €%— (8)

where s is the width of a pixel or sub-pixel, defieg on the makeup of the front screen. With theresu

colored front screen, Equation 8 results in aifaitifor Dynallax of 34 inches.
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5.4.4 Results

The ghost level in the vicinity of the neamili can be measured with a photometer. One eyenehas
rendered completely white while the other is reederompletely black, and the difference in ligivells read by
the photometer is converted to a percentage obtalbs or ghost level. In a static barrier systém, ghost level
is a minimum at the optimal view distance defingdeljuation 5 and increases non-linearly as the limadris
approached. This is a limitation of the static lmarsystem, as viewers often desire to be neasdteen to view

details of the VR scene content.

Figure 35 depicts the improvement in ghostleat near distances in Dynallax compared to ostatic
barrier implementations such as the 35-panel CxiatiVVarrier (Sandin et al., 2005) and the PerkMaarier
(Peterka et al., 2006). The Personal Varrier isatexl display whose static barrier is tuned toeclostances
than the Cylindrical Varrier, but the pattern im#ar for both static displays. Both curves spikavard at near
distances. Dynallax, by contrast, maintains optim@ahditions over a range of distances. In fact, digx
actually improves at near distances, as seen iar&ig5. The larger barrier period imposed by thetrodler
algorithm steers channels more accurately becaase pixels are covered by each channel, reduciiagiag
due to sampling errors. Moreover, the shorter viistance leaves less distance for any steeringsetinat do

exist to deviate from the eye positions.
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Ghost level vs. view distance
80

70 + —e—Cylindrical Varrier ghost
Personal Varrier ghost

60 1+ —e— Dynallax ghost

50 +
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View distance (m)

Figure 35. Dynallax ghost level improvement at ngaw distances compared to static barrier systems

5.5 Rapid channel steering

Fixed barrier AS systems are overly sensitiveapid, or even moderate-speed head movemers.|dteincy
has several components, for example frame rendénegand communication time. In (Sandin et alQ20end
to end latency has been measured to be on the aff@8rmsec. This is the time from which the usewes his
or her head until that movement is registered bygdated image on the display. The error thatsible during
head movements in static barrier displays is rdledghe distance a viewer can move the head dtinisg0 ms
interval, before the system can update the disptagveryday contexts, this may seem inconsequgetian
negligible. Even in field sequential VR such as @VE (Cruz-Neira et al., 1992, 1993), similar lat&es have
been reported (He et al., 2000). However, lateaapdre noticeable to the viewer in parallax barfi€rthan in
other VR methods. Since channels are spatially iphetted, both channels are visible in differentatans
within the same image. When head movements outhisystem, the eyes will perceive the incorreeinciel

or the black guard bands that separate channeis.r@s$ults in dark flickering, ghosting or even y@-scopic



78

vision. These effects are visually disturbing, @ad dominate the VR experience. There is no renfedthis

phenomenon in a static barrier system.

Fortunately, the dynamic barrier presents @poaunity to mitigate the sensitivity to AS latgnén general,
scientific visualizations and other VR content &adheavy and it is difficult to maintain interagtiframe rates
of 60, 30, or sometimes even 15 Hz. Data setsa@rgntiously increasing in size and complexity, gnabhics
hardware advances are always met with even grdateand for even more capacity. This is the nattiNeRy
and computing in general. Frame rate is usuallyifsaed for complexity and image quality. The gooews is
that Dynallax contains two addressable image ssreamd the aforementioned loading (often over-logidi
applies to only the rear screen. The front scredy i@nders the barrier, and has a constant cortipuigh O(1)
complexity. The front screen can easily run at #l@Grame rate on modern graphics hardware, regssdif the

graphics load on the rear screen.

This unequal load on the two screens permitapad steering mode to mitigate the sensitivitylatency.
While the rear screen continues its slower rendepirocess, the faster front screen shifts the dratoi steer
channels to the viewer’s location at 60 Hz. WHils is occurring, the perspective being rendesatbt current,
but the steering of channels is. As soon as a meesppctive is available on the rear screen, it inesovisible to
the viewer. In practice, the interlacing of steeoddi and new perspectives is seamless and theffaet s that
fewer artifacts are visible. In rapid steering matthe front and rear screens are de-coupled andianing in an
asynchronous communication mode, both proceedinbeat fastest possible rates. The rapid steerorgrol

module monitors this behavior and sets the shitheffront screen according to equation 9:

s=e x ' ©)
t+d
where:
S = barrier shift amount
€ = horizontal head movement distance
t = optical thickness between front and rear screens

d = normal distance from eyes to front screen plane
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Table VI presents frame rate performance ftatéhe front and rear screens for various scemeptexities,
both with rapid steering mode enabled and disalifedges of the three datasets in Table VI, "Mangerg
“head,” and “skull,” appear below the table. Witpid steering disabled, both screens operate ksiep at the
same frame rate. However, with rapid steering esthldach screen runs at its fastest rate, rendetiagever

data is currently available at the time. The fraereen pattern shifts left and right accordinggoation 9.

TABLE VI

FRAME RATES WITH RAPID STEERING ENABLED / DISABLED

Scene model single Mars head skull
polygon | rover
# vertices 4 15K 130K 220K

front screen

frame rate, 30 Hz 30 Hz 10 Hz 3 Hz
synchronous

front screen

frame rate, 50 Hz 50 Hz 50 Hz 50 Hz
asynchronous

rear screen 30Hz | 30Hz | 10Hz| 3Hz
frame rate

To analyze the data in Table VI another wane may compute the maximum head velocity permissilith
and without rapid steering mode. The result isasotlramatic as the frame rate increases in Tablsinde now

other communication overhead must be added thairistant in both modes. Assume this constant oadrise
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65 ms, as in (Sandin et al, 2005). Further, asghatehead velocity is limited by a maximum movemaibne
half the interocular distance, or 32 mm, during tinge that a frame is displayed. This is a realisfiterion,
since at that point the eyes have moved complatayblack guard band regions before the systenupdated
the graphics. So, if the time taken to render anfraaccording to Table VI is added to the commuidnat

latency, the resulting permissible head velocity is

with rapid steering: v=32mm/(65+20ms .38 m/s

without rapid steering: v=32mm/ (65 + 333 msP8 m/s

The resulting increase is a factor of greater théimes.

5.6 Two viewer mode

Another feature of a dynamic barrier is théighto support two tracked viewers simultaneoughat is, to
spatially multiplex four channels instead of twdnid'is impractical or impossible with a static liarifor two
reasons. The period of the barrier needs to beaat twice as large compared to a single viewestafic barrier
could be designed with a larger period, but if @rgg'sometimes used with only a single viewer, disd<ase in
Dynallax, then half of the available screen resofutwould be wasted. Screen resolution is a vawabl
commodity in any VR display, but especially in agiax barrier display. While this first problemirgefficient,
the second problem is intractable. When two vievireiad positions vary, a static barrier will prodeoaflicts

between channels. Only a dynamic barrier can aaise conflicts by varying its period in real time.

The controller module that already monitorgrilea period due to view distance and barrier sthifé to rapid
head movements takes on a third function now: taitoothe barrier when two viewers are presentsBeiction
explains how this is accomplished, presents thér matlerlying the algorithm, and analyzes the resolttwo
viewer mode. To motivate the discussion, FiguresBéws four channels efficiently multiplexed foigaen

fixed pair of viewer positions. This is an extemsif the familiar green-blue color test pattern thes appeared



81

in numerous figures before. The screen is agaitoghaphed from a far distance, much farther thenGRDPs,
so that all channels are visible. However, now foolors are used to represent the stereo chanheigoo
viewers. One viewer is receiving yellow and mageitannels in left and right eye, while the othexwer is

receiving green and blue, respectively.

Figure 36. Demonstration of two-viewer mode atdix@ewer positions

Section 5.6 is a rather lengthy and detailed pf the dissertation, and is organized as faloub-section
5.6.1 begins by introducing the main problem tosbk/ed in two-viewer mode: avoiding conflicts beéme
virtual lobes. Next, a general minimization algomit is presented in 5.6.2 for n viewers locatedriiti@ry
positions in 3-space. However, the solution casib®lified in the restricted case of two viewers,ia 5.6.3.
To conserve screen resolution, a dual period bagismtroduced in 5.6.4 that can be applied atabeiewer
positions, and the algorithm for doing so appears.6.5. Finally, analytical results are preserite8.6.6, with

some thoughts on future optimizations using anllasicig barrier in 5.6.7.

5.6.1 Repetition of virtual lobes

Usually, the barrier period must expand byerthian a factor of 2 when two viewers are preserdrder to

prevent a conflict between virtual lobes. To clatifis concept, consider Figure 37. Any parallaxiba AS
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system, whether static or dynamic, does not prdgmised channels to only the COPs. Rather, thesenels
repeat horizontally outward in both directions,gghat regular intervals. The period of repetii®ocomputed
by equation 10. In this discussion, the term “@ttlobe” refers to this repetition of a channeldoations other

than the physical COP. Each virtual lobe repetitnoving outward from the primary channel decredses

intensity.
Figure 37: Repetition of primary eye channels gularly spaced virtual lobes
+
s=p x% (10)
where:
S = lobe spacing
p = barrier period
d = normal distance from eyes to front screen plane
t = optical thickness between front and rear s&@een

In a single viewer tracked display, the viltisdbes can be ignored for all practical purpodéwy exist, but
the viewer cannot see them since they occur aveay the location of the eyes and so are invisildenfa first

person perspective. However, that is not the cagetwo viewers, because it is probable that orever will
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stray into the virtual lobe of another. When thizurs, the viewer sees incorrect imagery, whichioalude
ghosting, guard bands, pseudo-stereo, or steramafompletely different perspectives. All of theséfacts are
extremely disconcerting, and the probability of theccurring is high, because an efficient systerokpa
channels and virtual lobes together as tightly essible. Clearly, this is a situation that mustpboeactively
controlled with the dynamic barrier. The next settformulates a theoretical basis for computingoptimal
barrier period for any number of viewers. Latertiggs present optimizations specific to the twowee

situation.

5.6.2 General optimization algorithm

In the general case of n viewers at arbiti@ry,z) locations in space, no direct formula exifr the
computation of optimal barrier period in O(1) tintestead, the problem is cast as a minimizatiooritlym as
follows. First, let us define the terrosnflict andconflict energy A conflict between an eye and another virtual
lobe exists when the two are closer together tharirtterocular distance (63 mm on average, or ajpedely
2.5 inches). For example, in a perfectly tunedlsimgewer system, virtually lobes are spaced atrberocular
distance; this is the nearest that they can beowithausing ghosting. Moreover, the degree of @inftalled
the conflict energy can be quantified as the amdhagit the eye and virtual lobe are nearer thanttiisshold

distance. Mathematically, conflict energy is expegkin equation 11:

|e-d;[; fordj<e
Ei,j = { (11)
0; ford;>=e
where:
Eij = conflict energy of eye i with respect to eye |
di = distance from eye i nearest virtual lobe freye |

e = interocular distance
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Equation 11 defines the energy of a single conflict the total conflict energy of the entire systima

straightforward summation of the individual cornfl@ergies:

Etotal = . Ej (12)

In other words, a conflict exists wheneveridual lobe and an actual eye position are nedran tthe
interocular distance. The closer they are insid#higfthreshold, the higher the conflict energwesal conflicts
may exist within the system for a given barrieriger and the total conflict energy is the sum & thdividual
conflict energies. The object of the two-viewer troler module is to set the barrier period suchttho
conflicts exist in the system, or the total confiémergy is below some minimal threshold at whiompit is
negligible. Equation 12 contains many local miniraad a linear search is the only method to findglobal
minimum whereE,, = 0. However, the search range and step size piimiped to keep the number of

iterations small; usually less than 50 are requioecbmpute the period within sufficient accuracy.

5.6.3 Two viewer optimizations

The previous section outlined the general mhéar minimizing conflicts fom viewers at arbitrary locations.
Fortunately, for the special case of two viewera astricted subset of locations, a direct O(Ihmatation can
be derived. Then, with a few minor extensions, #gsiation can be relaxed to accommodate two vieaters
arbitrary locations, including different distandesm the screen. This is the approach used initia ¥ersion of
Dynallax, and those equations are derived in tHeviing sub-sections. Sub-section 5.6.3.1 develtps
solution for one degree of freedom, that is, twewers separated only in their x location. Subsettyetie

solution is extended to viewer separation in tlaag z location, in 5.6.3.2 and 5.6.3.3, respegtivel
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5.6.3.1 One degree of freedom direct barrier pec@dputation

The derivation begins with the most restrietoase for two viewers, that is, to permit only olegree of

freedom, their x or horizontal displacement. Orfue tase is derived, extensions to two and thregeds of

freedom will be added. Let us adopt the followdogventions:

X = left, right location in world units, from somerld origin

y = up, down location in world units, from some igdoorigin

z = distance from front display screen, in worldtsin

p = barrier period in world units for the singlewier case

p’ = barrier period in world units for the two viewease

d = x displacement between viewers, in world units

S = period of repetition of lobes at viewers’ ztdigce, in world units
e = interocular distance in world units

= barrier tilt angle

To begin the derivation, note that in the Engewer case the system is optimal when the &apériodp
causes virtual lobes to repeat in space (atztléstance of the viewer) by the spaciBg wheree is the

interocular distance. See Figure 38:
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2e

Figure 38. Optimal separation of virtual lobes

With two viewers, twice as many channels nedaok interleaved on the rear screen, requiringwioeviewer
barrier perioch’ to be at leas? * p. This is the optimal two viewer condition, buseldom attainable unless the
viewers are at the optimaldisplacement. The top image of Figure 39 demonstrates thatobtisnal condition
occurs wherd = 2 * e, This is the minimum that can be, since the two viewers would physicallyidelif it
were smaller. In Figure 39, solid cyan and mageintdes depict eye positions of one viewer whaédsgreen
and blue circles represent the eye locations o$#fvend viewer. Outlined-only circles of the samiercindicate

virtual lobes of the same viewers, respectively.
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d=2¢ €
4e
d=4e €
6e
d=6e €
4e

Figure 39. Several examples of viewer separatioirasulting barrier period

Continuing with Figure 39, gs increases proportional th efficiency decreases as shown in the middle image
by the gaps between lobes. This pattern continotlsaumaximum value gb’ = 4p, or as d approachés* e in
the limit from the left. At exactlp’ = 6 * e, there is room for a second virtual lobe to elzetiveen the two

physical viewers, permitting’ to reset back to its optimal value2y, as in the bottom image.

A pattern begins to emerge: the two viewerigqaep’ is proportional to a periodic function of the
displacement between the two viewers. In fatfpllows the sawtooth non-continuous functionddh equation

13 and plotted in Figure 40. Note that the singlgrde of freedom restriction is still in place.
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Figure 40. Sawtooth form of two-viewer barrier perfunction

d- 2e

p'=2p+ 2p xfract( ) (13)

where

fract(x) (0.0, 1.0] and is the fractional part of a redlued x

Note that equation 13 does not include atgyms indicating the distance of the viewers togbreen,
because this information is already encoded irgcsthgle viewer base perigal, The periog has already been

optimized for view distance according to equation 5

5.6.3.2 Extension to two degrees of freedom
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Next, the derivation is extended to permit tlegrees of freedom, specifically non-equpbsitions of the
two viewers. The idea is to convert the actuséparation of the viewers (at differgribcations) to a theoretical
X separation as if the two viewers were at the satoeation. One viewer is translated to §heosition of the
other viewer along an angle equal to the barriearnigle . The newx position is used to compute andp’ is
computed from equation 13 as before. The transfoomaf one viewer to thg location of the other viewer and

the effective value ad is computed for non-equgllocations from equation 14.

| eyg|+ eyg tan for eyg tan >0 (14)

| eyg]| for eyg tan <O

Equation 14 expands the barrier period acogrth the first case when the difference in viewéscations
brings one viewer nearer to the virtual lobe of dliger viewer, but does not reduce the barrieropenihen the
opposite seemingly is true. According the secorst e equation 14, the period is unchanged whappears
that it should be reduced. This is safe behavicabge it is possible for virtual lobes to surroandewer from
both sides, and although reducing the barrier demiay be appropriate in certain special situati@ns, not in

the general case.

5.6.3.3 Extension to three degrees of freedom

Finally, the last step is to permit all thréegrees of freedom of viewer movement, allowing-aqualz
locations. As in the previous extension, the stpais to compute an equivalent value of viewer sa&jian, d, as
if the viewers were at the samalistance, and then to re-use the previous devivatirom that point onward.
The requisite geometry appears in Figure 41. érlaft hand side, two viewers are shown at differdacations
with their corresponding virtual lobes. The virtlabes are focused at the sameistance as the physical eye
locations, and the width of the lobes expands adahes grow out of focus both in front of and Inehthisz

location. The right hand side of Figure 41 magsifthe area of interest. Thetkrepresents th& distance
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between viewers which is implicitly computed at theerage of theiz distance. The additional distance due to

unequak locations of the viewers is denoted hyin the right side of Figure 41 and computed byatign 15.

Zmin

Zavg
Zmax

Figure 41. Geometry for non-equal z locations af tiewers

D
Dd=d>% (15)

avg
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The quantity d behaves as an addition to the viewer separationpated previously by equation 14, which
forces the barriep’ to become even larger when viewers are not asdhee distance from the display. This is
true except for the case when a larger valud oauses the barrigr to reset to its optimal value @p. To
prevent d from re-setting the barrier periodd is added into equation 13 after the modulo teather than
before it, leaving equation 14 unchanged. With tfiange, equation 13 now becomes equation 16, lasd t

completes the derivation pf for the generic, unrestricted viewer locationshiree degrees of freedom.

p'=2p+2p fract(d_ 2e)+dv Dz (16)
4e 2

avg

5.6.4 Dual period barrier

Figures 39 and 40 illustrate how the two viewarrier period grows in size as two viewers beedurther
separated in horizontal location. As the barrigramds, the system’s effective resolution decrebseause the
barrier causes larger regions of the screen toirelohack. It should be clear from the previous ecthat this is
necessary in order to prevent conflict betweerualrtobes and viewers, but the large barrier perib@t can
result are problematic. First, screen resolutiom jgecious resource in AS VR, and algorithms muaste every
attempt to maximize their use of it. Second, ldrggier lines are visible to the viewer, occludaaority of the
VR scene, and diminish overall brightness conshldgrdortunately, one more improvement to the athor is
possible that increases screen efficiency by 50%ome cases, depending on viewer locations. Theiglé
change the barrier pattern from a simple repeghegod to a dual period as shown in Figure 42. sTiki
possible only during the second half of the sawWtowmave form in Figure 40, when the barrier perjpdis

greater than or equal to 3 times the single vidvegrier period.
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Figure 42. Dual period barrier pattern

The following progression of diagrams illusés how and when the dual period barrier can bd, ugeen
certain viewer locations. The various color raysresent physical channels for two viewers, whilecklrays
represent virtual lobes. In each case a top vieth@Eystem is presented, with an overall viewhanright and a
close-up view of the barrier area on the left. He tmages, the uppermost horizontal line represimtgear
screen, while the next lower horizontal line repras the front barrier screen. Viewer locations regar the
bottom of the right hand image. In the left handg®, transparent slits are represented with iefinismall
points, ie, duty cycle is not considered in theégarés. Figure 43 is the optimal two viewer coruditiwherep’ =
2p. A single period barrier is most efficient in texraf screen usage, so no further improvement isssacy.
The left hand image of Figure 43 shows that the seeseen is efficiently utilized, with channels fanmly

spaced.

Next, Figure 44 illustrates the situation whibe viewers are slightly further apart, whgn= 2.5p. Note in
the left hand close-up that the channels in the seseen are less densely packed, with larger spaeveen

sets of four channels.

However, once the two viewer barrier period¢dmes greater than or equal to 3 times the sinigheer
barrier period ' >= 3p), there is enough space to incorporate a dualdbass shown in Figure 45. This
corresponds to the second half of the sawtooth fwavein Figure 40. Screen usage returns to an @btim
condition as in the left hand side of Figure 45tidin the left hand side that now the barriecasnposed of

two periods; the larger period3p and the smaller period ji5 wherep is the single viewer period distance.



Figure 43. Optimal two viewer condition, with tojgw (right) and barrier close-up view(left)

Figure 44. Non-optimal viewer condition as viewetsve further apart
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Figure 45. Optimal dual-period condition

Finally, Figure 46 shows the situatiorpat 3.5p. The dual period barrier remains, and like thelsiperiod
barrier atp’ = 2.5p, screen efficiency is reduced as the rear scregm$ to display larger gaps between sets of
channels. Beyond that, pt = 4p, the entire process repeats, reverting back tcitigle period barrier at the

optimal condition, as ip’ = 2p.

In order to compute screen usage due to tlé mkriod barrier, let us define the screen efficieas the
fraction of rear screen pixels that are used topms® viewable channels. Dynallax, like Varrierigglon guard
bands to separate channels. (Sandin et al., 200%)el most efficient, optimal conditions, guard d&rand
channels are equidistantly arranged such that @isémum possible efficiency is .5, or in other waqrtalf of
the screen is used for guard bands. Table VIl coespte efficiency of the single period barrier &ne dual

period barrier at various barrier periods, simifarthe progression of figures presented earliee &fficiency
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gain in the far right column is computed as théoraf the single and dual period barrier efficieas;i and

represents the improvement in using a dual peréddry over a single period barrier.

Figure 46. Non-optimal dual-period condition, witlewers further apart

TABLE VII

COMPARISON OF SINGLE PERIOD AND DOUBLE PERIOD EFRENCIES

p' Single period efficiency Dual period efficiency Efficiency gain
2p 0.5 NA NA
2.5p 0.42 NA NA
3p 0.33 0.5 15
3.5p 0.29 0.44 1.55
3.999p 0.25 0.4 1.6
4p 0.5 NA NA
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5.6.5 Dual period algorithm

The final algorithm for the two viewer dualrjpel barrier follows. Recall from Section 5.3.3¢tterivation
of the single barrier mathematics including thenfation of a step function, shader implementatiowd mput
variables between the application program and Hagler program. That mathematics still applies targe
extent, and is not repeated here. Rather, thewwllp extensions are added to that algorithm to asepa

complete solution for all cases. Five shader pmograomprise the final implementation:

1. Front screen single period barrier

2. Front screen dual period barrier

3. Rear screen single-viewer (2 channels) singiegdarrier interleaving
4. Rear screen two-viewers (4 channels) singlegdrarrier interleaving

5. Rear screen two-viewers (4 channels) dual pdréwder interleaving

Shaders are enabled / disabled dynamically fiaene, depending on whether one or two viewees ar
selected, and in the case of two viewers, whgthés less than or greater th8p, as explained in the previous
section. Earlier, the geometry of a single perimg $unction was developed using Figures 28 and-Rfure 47
extends that geometry to the dual period casebefare,p represents the original single viewer period, ajll

is the two viewer period. The duty cycles drandd’, respectively.
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p+p

dp

@-d)p'=@-d)p
dp
@-d)p

Figure 47. Dual period step function parameters

The algorithm for modulating a sub-pixel fragmhin the rear screen follows from Figure 47, sngiven in
the pseudo-code below. First, a determinationasenwhether the fragment falls into the largemeagjion, or
the smaller, p region. Then, a mask is computedse/hesult is either 0 or 1. The mask is used tdiphylthe
incoming color fragment of the scene, making iheitvisible or not. The step function used in teeyalo-code

is equivalent to the GLSL step(edge,x) functiort teturns a 1 if x >= edge, and a 0 otherwise.

let f = phase fraction within (p’ + p)

if step(p’/(p +p),f) [/ ffallsintop regn
mask =step([d, f* (p'+p) —p']/p)

else /I f falls into p’ region

mask =step(1—-(1-d)*p/p,f* (p +pp)
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5.6.6 Results

With the two-viewer controller module, two wiers can each see their own perspective of theabivrorld.
The controller dynamically sets the optimal bargeriod given the positions of the two viewers igg&ce, and
optimizes screen resolution by utilizing eitheriregke period or dual period barrier. Figure 48 skam actual
test of the barrier period for several differenewer separations. This test was conducted prioth&
development of the optimizations in Sections 5&h8 5.6.4, but the form of the plot in Figure 48embles the
sawtooth waveform of Figure 40. This helps to aonfthe validity of those optimizations. The photagns
underneath the graph in Figure 48 are the usualr qmttern using four colors to represent the faiemw

channels, photographed from much further back tharCOP in order to see all channels simultaneously

Figure 48. Output of two-viewer search algorithistée under various viewer separations
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The purpose of the next experiment is to eatalguality in two-viewer mode. Two video camerasumed
on a jig, separated by the interocular distancepetse the apparatus shown in Figure 49. The drvasgattern
is rendered on the Dynallax display. In two-viewarde, the cross bar pattern consists of verticalzbntal, 45
degree, and -45 degree angled bars to represefuithehannels. Figure 51 shows the resulting ireaggtured
by the video cameras for two fixed viewer positiofithe cameras are manually re-positioned for dwisd

viewer location.)

In Figure 51, the left column shows the lgfé iew and the right column shows the right ey@awiln (a)
and (b), single viewer mode is enabled so that weitical and horizontal bars are visible. The dinost image
of the opposite bar corresponds to a ghost valteo$ystem of approximately 7%. These images lyf single
viewer mode are compared with images (c) thruh@ show vertical, horizontal, and angled bars wives
viewer mode is enabled. Images (c) and (d) cormesgo the first viewer while (e) and (f) are segntbhe

second viewer.

Figure 49. Experimental apparatus for capturingestémages in Figure 50
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Figure 50: Left and right eye views under singld amo-viewer modes captured by cameras

5.6.7 Future barrier oscillation

Despite the dual period barrier improvementm&lax in two-viewer mode is still a low resolutidisplay.
As Section 5.7 will show, horizontal resolution imped with a different configuration of front baari
However, parallax barrier AS resolution is suchaluable and scarce resource that every attemptmeustade

to maximize its use.

Moreover, scientific research should not aroysider current tools to solve problems, but néedsok one
or more years down the road for future solutiongrmblems. The only way to keep from falling behihe
curve in this rapidly changing field is to look aldeat future trends and plan for the use of teduies$ that do

not exist yet but can be predicted with some reasierprobability.
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One such trend is the increasing refreshinat€D display monitors. Standard LCDs currentlfresh at up
to 85 Hz, up from 60 Hz just a few years ago. Assaumber of manufacturers such as Hitachi, NEG atiners
are now introducing flat panel LCD monitors with&millisecond response time (NEC, 2007). The ptaldiC
decay time has not changed; rather the LCs areriy a waveform of double the frequency. In orer
accomplish this, a blanking interval is introdudetb each cycle, and each high voltage portiorhefaycle is
shorter than before. It is not clear yet whethé tigher refresh frequency will one day suppoi® x input

data; currently these monitors still support inpahdwidth at only up to 85 Hz.

On a related front, the ferroelectric pi-dslla natively rapid switching LC element that hagrb used for
many years in LC shutter glasses because of itsdagonse time and binary operation. Until now &esv, pi-
cells have been limited to monochrome micro-stefements rather than a matrix of fully addressaioler
pixels. Currently, 720 Hz ferroelectric liquid-ctgson-silicon (FLCOS) elements are beginning tpesgy in
color matrix form, although their size is limited &pproximately 1 inch x 1 inch (Lee et al., 200)ese two
trends, the use of rapid LCD switching cycles drdxpansion of inherently fast-switching FLCO&gdlene to

believe in the future flat panel monitors that supframe rates of a least 120 Hz will be commoogla

The background material in Chapter 2 enuredrahd variety of AS systems, demonstrating that&she
accomplished using time multiplexing, spatial npléking, or a combination of the two. Dynallax isatial-
only multiplexed method, but future fast switchidgsplay technology would permit a hybrid time-space
multiplexing method. The left-right position of frobarrier (and corresponding rear scene) couldabpally
alternated between at least two locations at amim of 120 Hz, in order to be invisible to the eyéis
concept is similar to the NYU display (Perlin et &000, 2001), where a DLP projector engine in lzioation

with a pi-cell barrier accomplished a similar résul

In theory, barrier oscillation would mitigattee visibility of the barrier lines, particularlpif the large barrier
spacing in two-viewer mode. A preliminary experim&ras conducted during the early Dynallax two-viewe

research whereby the visible barrier was shiftetivben two positions for every frame. Results were
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encouraging in that barrier line visibility was uegd substantially, however flicker was quite rediole because
of the switching speed limitation of the displajieTmaximum 60 Hz frame rate of the display with tlifferent
barrier positions results in only 30 Hz at eachitpos At least twice that rate would be requirdRerlin
indicated that three barrier positions can furtihgsrove quality. Current LCD display limitationsgatude the
use of the oscillating barrier technique, suspemdiiis thread of research in Dynallax. Howeveg, tdchnique
can and should be re-visited when faster switchémfpnology becomes available in a general purpgday

device.

5.7 Alternative stacked display solutions

Since the front barrier is colored, light dendirected in undesired directions because a salilight must
exit through a front screen filter of the same colghich may not be collinear with the light rapfin the rear
sub-pixel to the eye. This situation is illustratadrigure 51, and effectively nullifies the advages gained by
scaling the barrier down to sub-pixel size chanrsige the colored front screen quantizes ligirigmission to

single pixel resolution.

A monochrome sub-pixel LC screen is the idigadice for this algorithm, ie., an LC panel witk dolor filter
removed. Unfortunately the color filter is an intelgpart of the LC layer, added during the manufaog
process. In discussions with Dan Evanicky, chiehtecal officer of Pure Depth (Pure Depth, 2006appears
possible in theory to omit the color filter applicam step during the LC panel assembly processhich an
LC panel, 3X horizontal resolution would be gaingde to the sub-pixel LC sub-structure, with optical
guantization at the same sub-pixel resolution. TWasild be the best of both worlds. To date, a aatdi front
display panel has been identified by Mr. Evanickyd discussions are ongoing to procure a protaipitefrom
PureDepth. However, before that can occur, variegal paperwork such as a memorandum of understgndi
and non-disclosure agreement needs to be agreed lupdhe legal departments of the respective mrtie

PureDepth and the University of lllinois at Chicagbat paperwork is currently pending.
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Figure 51. Quantization of light rays to nearesélpby colored front LC panel

In the meantime, a practical solution that éamd some insight into this concept is to emplokigher
resolution high contrast monochrome LC displaythar front barrier, such as that used for medicalgimg and
diagnosis applications. The construction of sudysiem was introduced in Section 4.1.2. Two di#gimh.C
displays increase construction complexity somewlatexample the physical size of the LC panels matybe
identical. However, there is no theoretical requieat within Dynallax that the displays be identic&ecall
from Section 3.4 that the polarizer on the fromeea is orthogonal the rear. In the first prototypesion, this is
accomplished by simply mounting the entire front p@nel orthogonal to the rear, ie, in portrait ot@ion
instead of landscape. Likewise, electronics fowidg the front panel is simply located on the algsof the
display at convenient locations in terms of cablegth. In a production version, these details wingdefined
so that both LC layers and all electronics are Inesicased inside of a single housing, as in theePepth
display. The front screen is 2048 x 1536 pixel hgsan, 21 inch diagonal, with a dot pitch of .2Iwhile the

rear screen is 1600 x 1200, 20 inch diagonal, aitlot pitch of .25 mm.

Tests of this custom configuration were susitésn that separation of the image into disticicinnels was
achieved, similar to the PureDepth display. This isignificant result, as significant as when AStfiwvas

produced in the PureDepth display. This is thet finmt a display of this type, custom built withssimilar
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screens including a monochrome front barrier hagigeed parallax barrier AS. The green-blue andschar
test patterns as well as a scene were tested,cwitiparable output to the stock display. Ghost evetre
similar, in the 7% range. Brightness is diminishledt that is a function of the backlight intensitfythe rear
display. No attempt was made to increase the iitjen$ the backlight and the 250 cd A mear display is

relatively dim by today’s standards, even befordirzglithe front layer.

Figures 52 and 53 document the function ofctietom display in single viewer and two-viewer e®dSince
the front and rear screens are oriented orthogoitaleach other, correct imagery appears only wherdgwo
panels overlap, a region approximately 12 inched®yinches at the left of the display. In Figure Balor
calibration mode, test bar calibration mode, andrmad VR scene mode are shown from left to right.u&sal,
images are photographed from “far away”, in ordesde both channels simultaneously. The custontegisiso
can be used to display two-viewer mode, as showigare 53. Here, four channels are shown in difier
colors, again photographed from far away. For caiapa, the custom display is shown at left andstdame test
is performed on the stock display at right. Visgablity is comparable between the two units, as $Bethe

similarity in the test pattern results.

Figure 52. Tests of custom display in single viemede
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Figure 53. Test of custom display (left) compaiedtbck display (right) in two-viewer mode

As explained above, monochrome pixels comptisefront panel of the custom display, not monoote
sub-pixels as in the ideal solution. However, itifl instructive to compare the stock and custliaplay to see
what if any advantage is gained in resolution. pragression of static barrier displays outlinedReterka et al.,
2007) demonstrates that the way to improve reswiutind visual acuity is decrease the barrier petibiike
static barrier AS however, Dynallax controls therlea period in real time according to equatiortcomaintain
an optimal viewing condition. Equations 5 and 6 lynhat for a given view distance, the barrier pdrthat
Dynallax selects is approximately proportional ke toptical thickness. Since optical thickness iBnear
function of the spacing between the two screendplibws that the way to decrease barrier periodois

physically mount the two screens closer together.

The screens cannot be arbitrarily close howeds the viewer moves further from the displaye tharrier
period decreases, and the minimum limit on theidaperiod is one minimum resolution unit, or oment
screen pixel in this case. The spacing of the ssreletermines where this far limit occurs. The omgy to
reduce the spacing between screens and maintailarsmaximum view distance is to have smaller Exé&o,
the advantage of the custom display over the stiigfday in terms of resolution should be proporioto the

difference in their dot pitch, and the tests of tstom display bear this out. The comparison betvibe two
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displays is summarized in Table VIIl. The overaliprovement in dot pitch and barrier period of tlhistom
display over the stock display is approximately 25%e various deviations from this average valu&able
VIII are due to the only approximate linearity afuations 5 and 6, and to the fact that the spduatgeen the
screens of the displays is only approximately lin@atheir dot pitch. These minor deviations aress by

physical mounting constraints only, not by the uhyieg theory.

TABLE VI

COMPARISON OF CUSTOM AND STOCK DISPLAY

Stock Display Custom Display
Dot pitch .25 mm (.010 inch) .21 mm (.008 inch)
Optical thickness .25 inch .18 inch

Barrier pgnod @ 12 inch 10 inch 07 inch
distance

Barrier pgnod @ 24 inch 05 inch 04 inch
distance

Maximum view distance 31linch 28 inch

5.8 Net effective resolution

Net effective resolution is a parameter tadften reported in an attempt to describe theutudp parallax
barrier AS systems. Unfortunately, this computaticam be confusing and misleading because several
approaches are possible, depending on how thereswiutionis used. For example, it can mean anything from
a simple pixel count to a physiological measurevistial acuity. Here, it is intended to count thember of
minimum resolvable units (MRUSs) that the system paoduce. This is consistent with the approachPietérka
et al., 2007), where the MRU is equal to one bap@riod horizontally by one screen pixel vertigallhe net
effective resolution then is the product of the bemof barrier lines and vertical pixels. In a kel barrier
algorithm, the MRU is often some fraction of a pjyand the purpose of a sub-pixel algorithm is éordase the

size and increase the number of MRUs, thereby &simg net effective resolution. However, Dynallanicot
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arbitrarily reduce barrier period since it is gowet by the controller module that needs to satisfystraints

such as optimality and two-viewer conflict avoidanc

Table IX demonstrates the effect of barriee $in net effective resolution under various Dymatonditions,
including single and dual period two viewer coratis. These values are reported as “per eye”, athdus not
valid to multiply by the number of eyes in an atpénto double or quadruple the net effective resofut
Compared to static barrier systems in (Peterkd.e@07), the net resolution of Dynallax is relaty low.
Although Dynallax is currently a single panel ptgfe and the resolution is scalable by adding gafable IX
indicates the need for higher resolution stackegldys to be produced in the future. In particulais is another
argument for the monochrome sub-pixel front barfler place the net effective resolution into cohtéxe base
resolution of the display is 1280 x 1024, or apprately 1.3 Mpixel. The results of Table IX indieahat the
most efficient use of this display, solely in terofsresolution, is in the single viewer mode atdairxch view
distance, or approximately 20% efficiency. By congxan, the newest generation of Varrier displaysrafe at
44% efficiency, computed as the ratio of net effectresolution to base display resolution. Thistasbe
expected since sub-pixel size channels are empioyedrrier, and it simply reiterates the earliegament for a

front barrier architecture that permits sub-pixeéshannels to become a reality in Dynallax.
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TABLE IX

NET EFFECTIVE RESOLUTION FOR VARIOUS BARRIER SETTG6

Condition View distance Net effective resolution
1 viewer 12 inch .13 Mpixel
1 viewer 24 inch .26 Mpixel
2 viewers
single period 24 inch .13 Mpixel
optimal separation
2 viewers
single period 24 inch .09 Mpixel
worst-case separation
2 viewers
dual period 24 inch .13 Mpixel
optimal separation
2 viewers
dual period 24 inch .07 Mpixel

worst-case se paratior]l




6. CONCLUSIONS

A dynamic barrier is a unique and powerful {@atform for studying parallax barrier AS. Withweorking
prototype setup such as Dynallax that includes Hwhhardware and software for controlling the iearin real
time, a number of noteworthy findings have beeralisred. Some have immediate practical advantabéde w
others are more theoretical and can lead to fytuaetical gains with improved hardware or otherieegring
improvements. The dynamic barrier is the culmoratf the last six years of parallax barrier ASsash by the
Varrier group at EVL, of which the author has beemember for the last four years. An application do
provisional patent for Dynallax has also been filgdthe author in December of 2006 with the UICi€ffof

Technology Management.

This chapter is divided into two sections. titer6.1 presents findings while Section 6.2 exasinngoing

and future work in the field of dynamic parallaxtier AS research.

6.1 Findings

Section 6.1 summarizes results and appraisesisefulness of each result in terms of presedtfature
importance, both practical and theoretical. Thdofeing is a list of those findings and the appratei sub-

section number.

Switchability between stereo, mono, and mixed md@éeks1)

Elimination of color shifts (6.1.2)

Implementation of sub-pixel barrier algorithm (&)1.

Expansion of minimum view distance and producenoglticonditions over view distance range (6.1.4)
Development of rapid view channel steering mod#&.5%

Generation of 2-viewer mode (6.1.6)

Experimentation with improved stacked display soha (6.1.7)

109
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6.1.1 Stereo — mono modes

This ability to switch between stereo and momade is extremely practical, if not groundbreakfram a
theoretical standpoint. Since the front screen bacome completely transparent by rendering a white
background only, the display behaves as a singeaanonoscopic system. A single VR scene canrimered
onto the rear screen in monoscopic mode, elimigdtie need for a separate AS monitor. The samermyst
used for rendering AS and mono applications, dngle application that is convertible between moddss is
one solution to mitigating eye strain, a common plaimt of AS users: AS is simply disabled when weded.
Moreover, since the front screen is completely aslstible, an AS barrier may occupy only a substteofront
screen, leaving the remainder transparent. Invthig, the display can be spatially partitioned ibtih AS and

mono modes simultaneously.

6.1.2 Elimination of color shifts

Section 5.2.2 demonstrated that color shiftssent in some static barrier algorithms such asi&f 1/1, are
eliminated in Dynallax by virtue of the sub-pixéfusture of both the front and rear screens. Thithé case
even when a similar depth-buffer based single pigarithm is tested in Dynallax. Before the advehsub-
pixel GPU rendering algorithms such as Varrier Covab (Kooima et al., 2007) and the Dynallax subepix
algorithm, the only way to eliminate color shiftsasvto render each eye channel three times, atasuiasdt
performance cost. Now that the state of the alidth static and dynamic barrier modulation is tplagsPU
sub-pixel approaches that eliminate color shifta@additional performance cost, the preventiooaddr shifts

by virtue of Dynallax’s construction has becomedundant feature.
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6.1.3 Sub-pixel barrier computational model

The Dynallax sub-pixel computational model sists of three sub-parts.

Continuous, variable, floating point barrier contcep

The sub-pixel barrier concept, discussed icti8e 5.3, shares a number of ideas with the Via@@mbiner
model (Kooima et al., 2007). The author is indelite¥arrier collaborator Robert Kooima of EVL foisthelp
and permission to apply those concepts within DgmalSpecifically, the GLSL shader implementatidrtiee
step function representation of the barrier moael the RGB component-wise application of that mddehe

modulation of two off-screen buffers (for a singlewer) are credited to Mr. Kooima.

During the search for a suitable algorithime tauthor first investigated several image-basdupsxel
algorithms, and eventually discovered that an iramged barrier, even though it is sub-pixel bassd,
inappropriate for this application. This is a sfgr@nt result, as it led to a completely differaearch direction
for a continuously variable floating point-basedrlga. This, coupled with a GLSL implementation,retided

with Kooima’s work with Varrier Combiner.

Single / dual barrier GPU shader implementation

There are several concepts that are uniquketd®ynallax sub-pixel algorithm. Because of the twiewer
feature, the algorithm manages twice as many vieangels, modulating four channels instead of tvinceéthe
front barrier must also be rendered, multiple fraginshader programs exist, for front and rear sstee
Moreover, Section 5.6.4 formulated the motivatiowl anathematics for a dual period barrier, dependimghe
relative positions of the viewers. Ultimately, tBynallax implementation consists of five GLSL fragmb

shader programs that are automatically selectéallass:
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Front screen single period barrier

Front screen dual period barrier

Rear screen single viewer (2 channels) single geni@rleaving
Rear screen two viewers (4 channels) single pénigdleaving

Rear screen two viewers (4 channels) dual peritati@aving

Barrier operating equations

The third part of the barrier model consistsacset of operating equations or theorems thaegothe
operation of Dynallax and dynamic barrier AS in geh. This set of operating principles comprise &guns 1
through 15 in Sections 5.4.2 through 5.6.3, andcecawoncepts such as view distance, optical thicknesrrier
period, rapid steering, and two-viewer mode. A @rgoal of research is to understand how and weinyeshing
works, in other words, what governs it. In sciertbe, way to express the how and the why is by dfyarg or
modeling the behavior, in this case through a seqoations. Only when the model is complete anchdacan
its behavior be codified in a computer program. €hsily variable nature of the dynamic barrier &isrded

the ability to conduct numerous experiments by Whie barrier operating principles were discovered.

6.1.4 Optimal view channels over large distances

By constantly controlling barrier period iratéime, Dynallax always maintains an optimal ogitticondition
for any view distance. In contrast, the qualityaodtatic barrier display degrades with distancenftbe “sweet
spot”. This optical quality is measured with ghtestel. Figure 35 demonstrates that Dynallax permitser
viewing distance than previous versions of statiribr displays. This has practical importancecesimiewers
often prefer to move close-up to a display to setail$. There is a maximum view distance in Dynaltfictated
by the distance where the transparent portion eingle barrier period is as small as a single MRUhe
display. This maximum distance is the same asstatic barrier display, so nothing is lost at the énd, and

view distance is gained at the near end.
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This feature has a two-fold practical advaetager the static barrier display. Not only is vieligtance

enlarged, but view quality is maintained at optim@ahditions throughout the viewing range.

6.1.5 Rapid channel steering

By de-coupling the synchronization of the framd rear screens such that they each updateiatfalstest
rates possible, and by translating the front barpattern as a perspective function of the vieweead
translation, Dynallax provides a rapid channel ritgefeature. The practical applications of thisnpiple are
useful, as tracked parallax barrier AS is extrensagsitive to system latency. Since a parallaxidrasystem
spatially multiplexes the view channels, movingdashan the system can respond results in viseeascopic

errors such as banding, ghosting, and pseudostenqg@osvision, all very distracting.

Latency consists of frame rendering time gloisimunication time; rapid steering can only mitiggtete frame
rendering portion of the total latency. Therefares advantage of rapid channel steering for smahes of a
few thousand polygons is minimal, as the commuidnaiatency is the bottleneck. However, the improeat
for large scenes of several hundred thousand po$y/gosignificant. In fact, it was demonstrated tha average

head velocity could be up to four times fasterddarge dataset with rapid steering enabled.

6.1.6 Two tracked viewers

In the past, parallax barrier AS existed itydwo variations: an untracked multi-view panoraram that is
viewable by multiple persons or a tracked two vestem that is viewable by only one person. Thertteal
implications of the tracked two-viewer mode are rapfable because it affords a third parallax barrie
methodology. This research is the first exampléwaf tracked viewers who each view their own indejsar

AS perspective of a VR scene.

Since the barrier period is adjusted dynaltyita avoid conflicts between viewers’ real andtwal lobes, it

is possible for the size of the barrier period éxdime up to four times that of a single viewer. Tésult is
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diminished brightness and visual acuity, sincergdgortion of the screen is black for any one @yannel. To
mitigate this situation, a dual-period barrier viiscovered. This is also the first time such aibapattern has
been used in parallax barrier AS, and highlightstiaer advantage of a dynamic barrier: the abibityary not
only the size of the pattern but its character eff. vhs an aside, the original meaning of the t&fawrier was
intended to be “variable barrier”. Through the wedahe meaning was changed to “virtual barrier"guse the

variable nature of a parallax barrier was nevelizea. That is, until now with Dynallax.

Unfortunately, the practical usability of th@o-viewer mode is still limited, mainly constrathdy LCD
resolution. This is especially true given the pigaantization of colored front screen, as explaineSection 5.7
and Figure 51. Clearly, a finer LCD resolution,particular in the front screen, results in smagiermissible
barrier periods. It follows that a smaller startisiggle viewer barrier period produces a smalles-wewer
barrier period. The current LCD availability comsitrs the two-viewer mode to a theoretical contidutather
than a practical ready-to-use feature. Howeverthberetical structure is in place, ready whengh mesolution

monochrome LCD front screen is available and cfistg&ve.

6.1.7 Improved stacked display solution

According to officials from the manufacturdrtbe current stacked display used in the Dynafieototype, a
sub-pixel LCD screen with the color filter omittézla realistic possibility. This is the ideal haate for the
front screen. While waiting for this display to mahlize, the author has designed, built, and deateustom
stacked display solution. The front screen and@atal electronics originated in a monochrome naddicade
LCD monitor, and the rear screen is a conventiaoédr LCD monitor with some modifications to become

stacked display.

Tests of the custom display were successhdther first in AS research was achieved by theusdipn of
channels using a custom display constructed from-hwmogenous LCD display panels. This display had
modest resolution gains of approximately 25%, gpoading to its proportionally finer pixel pitchh& overall

viewing experience was comparable to the stockalsmlbeit dimmer since no modification was maolehte
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backlight intensity. However, this is still not tldeal display architecture as explained earlidrisTinding
demonstrates that there are no impediments to wsingpnochrome front screen or to using disparateesc
architectures, and shows the advantage of incrgasisolution of the front screen. In short, it agdor the

eventual application of a sub-pixel front screethait a color filter.

6.2 Ongoing research

The procurement of a sub-pixel monochrometfpamel and the manufacture of a prototype stadigulay
incorporating the same is an ongoing task. PurdDepe manufacturer of the current stacked dispheg
agreed to provide this unit once the requisite lleigaumentation has been approved. This processresgthe
legal departments of PureDepth and UIC to agrdartguage in a memorandum of understanding and a non
disclosure agreement. In a related matter, thecgijn for a provisional patent is pending so tH&€ and the
author can protect their intellectual property. Tinge frame for such legal matters historicallpisthe order of

6 months or longer.

In terms of research and technical details, dhly impediment to the practical application ofnallax is
better display technology. Certainly the aforenmmad display is vital. Other desired display tedbgp
improvements are higher contrast, higher brightnessl better saturation. These factors are comgtant
improving however. Since the start of this reseaRilreDepth has already released a newer versiarstaicked
display with a 2X factor of improvement in brightseand contrast. As LCD technologies continue tavgn
popularity, it is expected that resolution, brigkgs, contrast, and saturation will continue to mwpr
Additionally, the evolution of faster response-tili@D technology may make a hybrid time-space migking

concept viable for Dynallax. This would mitigaterfer line visibility, especially during two-viewanode.

Once an ideal display solution has been coastd and tested, scaling up to a tiled screengunattion is a
straightforward extension. The current multiple qgass architecture is designed with scalability imdnand

there are no technical barriers to extending Dyatb a tiled wall form factor. The porting of tib/nallax
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software from a 3-node cluster to a single machicecased cost-effectiveness, especially impoiitaat tiled

context where the cost savings are multiplied leyrthmber of tiles.
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