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Abstract—In order to demonstrate the Wedge as aghiet optic
we have built a flat panel multi-projector autosewscopic 3D
display. The bulk otherwise inherent in such disgt has been
eliminated by use of a wedge-shaped light-guide oT280mm (11")
diagonal VGA resolution views were formed on a 406n(16")
diagonal screen by pointing a pair of LED-illuminad pico-
projectors measuring 115x50x22mm into the 20 mmckiinput
face of a 710mm long acrylic wedge. Distortionsrimduced by the
Wedge were reduced to less than 2% by predistoradgorithms
and distortion between views was less than 0.4%etwRen the
projectors was placed an infra-red camera which ige objects
placed directly in front of the 3D screen.

Index Terms—flat
interactive.

panel, 3D display, multiprojector,

I. INTRODUCTION

Autostereoscopic displays are designed to givevibeer
the illusion of a 3D object or scene without thes ug any
headgear [1], [2]. This is useful in a number dlaions;
where a headset or glasses are not feasible amaractical,

such as cockpit displays or mobile displays; or nghbere are
large numbers of passing viewers, such as advegtisi

displays.

Autostereoscopic displays function by subdividinige t

viewing space of the display into multiple ‘viewingndows’
and then presenting a different 2D projection toheaindow

[1], [3]; see Fig. 1. There have been numerous aush

proposed for creating such displays, and they @abrbadly
broken down into three categories; time-sequentia@w-
sequential and multiprojector [3].

In recent years, research in the field of 3D digplaas
focused heavily on time-sequential autostereoscdjsplay
systems [4]; utilizing single, high-speed displagvites to
scan through all of the desired perspective vievesyeframe.
Such systems include many of those developed atbGdge
University [1], [3], [4], based on the time-sequeahprinciple
described by Travis [5].

Multiprojector systems operate by using a singlejgmtor

Fig. 1. (a) A real scene as seen by the viewer;indinite number of
perspectives are viewable. (b) To make it feadibleproduce the scene via a
practical display the number of possible perspestivs reduced, with
different perspectives visible in each ‘viewing daw’; as described in [3].

The main issues that affect multiprojector displays the
cost and size of the display devices and the diffjcin
aligning them. Multiprojector systems also suffeonfi the
high data bandwidths normally associated with time-
sequential displays [4].

In the past view-sequential displays have beerfdbes of
much research; subdividing the horizontal resotutad the
display to interlace multiple perspectives. Thiswaresult of
the advances in 2D display devices; being bettibedtio this
method, displays could be constructed using orfihef-shelf
components [4]. Only recently have display devicgsye
electronics and computer graphics hardware advatwehe
state that larger multiprojector and time-sequésiiatems are
feasible to construct.

The use of an optical Wedge means that a flat panel
multiprojector display can now be constructed.

II. PRINCIPLESOF3D

The principle behind the constructed display isilsimto
that behind the Cambridge displays [1], [3], [H].[If a point
source is placed behind a lens then moved off #fsdsmage
of that source moves proportionally. If two imageises are
used projecting perspectives that match the soposiion,
and arranged such that each image is projectecbimgmf the
viewer’s eyes, the viewer will perceive a 3D imdnemeans

to display each perspective view. This means tinaiges are of retinal, or binocular, disparity [7]; see Fig. 2

bright and can be displayed at the display’s natéesolution
and color depth, without compromising the frame rat
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The Cambridge displays [1], [3], [5], [6] achievast effect
by sequentially projecting each perspective through
transmissive Ferroelectric Liquid Crystal DisplaFLCD)
optical shutter; mimicking multiple image sourcesThe
multiprojector display constructed operates by aejplg the
point sources with individual pico-projectors.



(a) (b) ()

Fig. 2. lllustration of the principle of the 3Dsghlay constructed. (a) Denotes
two point image sources; (b) shows a thin lens;(@hdepicts the eyes of the
viewer, with one perspective visible to each eye.

. THEWEDGE

The Wedge is a waveguide comprised of a tapereet sifie
optically transparent material;, PMMA or Acrylic widube
typical. When a ray is injected into the entrantéhe Wedge
it is internally reflected at each material-airgriace. Once the
ray reaches the critical angle of the material itse the
Wedge; see Fig. 3(a). However, note that the egteaof the
Wedge is small; therefore a turning film is reqdite turn the
rays towards being perpendicular with the exit acef This
results in at least one extra air-material intexfadthin any
Wedge-based system, and thus a slight decreasatrast.

The Wedge behaves like a lens. This is becausedint
source is placed at the entrance, each ray isgedasuch that
it exits at the critical angle of the material aada specific
point on the Wedge exit surface. As a result athefrays exit
parallel to one another. This behavior is analogoubat of a
simple lens; see Fig. 4.

As a consequence of being able to control the dinthich
the ray exits on the Wedge surface via the entramgge,
placing a projector at the entrance face, andfadiifg screen
on the exit surface, produces a flat panel reajeption
display; as depicted in Fig. 3(b). Further, as \Wedge is a
reversible optical system, placing a camera atehg&ance
face yields a flat panel imaging system.

(a)

(b)

Fig. 4. Analogous Wedge and lens behavior; (a)wshthe Wedge
collimating rays that have differing entrance argl®) shows a simple lens
behaving in a similar manner.

involve folding the projection volume using plandrnors.
However, the use of a Wedge optical waveguide alltiis
projection volume to be compressed into a flat pane

IV. THEWEDGEAS AN AUTOSTEREODISPLAY

The principle by which stereo parallax is achieved,
described in section Il and illustrated in Fig. i8, well
understood. The principle of a waveguide displagls® well
understood. The utilization of a Wedge display as
autostereoscopic display requires multiple images be
projected from the display surface at differentlasgThis can
be achieved in a similar manner to that illustraedig. 2;
separating the image sources, as well as tiltirgy thptical
axes, results in an angular separation of the pi@jeimages
at the Wedge exit face. This idea is shown in Bjgwo off-
axis projectors produce output images on the samiace, but
at different angles.

It is evident that this method will introduce compientary
keystone distortion into both views; both imagee &eing

Reducing the projection volume in most systems wdoulprojected onto the exit surface off-axis.

(a)
(b)
Fig. 3. (a) Shows the principle behind the Wedneay is injected at the

entrance face, and exits at the surface. (b) Showsa Wedge can be used a
a flat panel display using a projector.

As described in Fig. 4, the rays injected into adgéefrom
a point source become collimated at the output faberefore

Fig. 5. Producing stereo parallax using a Wedggeption display in a
multiprojector system. The ray (a) is associatetth wrojector (I), and the ray
(b) corresponds to projector (r). The small angletanded between rays (a)
and (b) is related to the projector separationthiy means that for any
required image separation a projector separatinrbeacalculated. Note that
the projectors (I) and (r) will need to presenttight and left eye images
respectively; the images are ‘reversed’ in the sasgas appears in Fig. 2.



if a viewer was to look at the idealized Wedge @ctipn
system shown in Fig. 5 they would simply see twaght
spots’ appear at the exit face. This is becausg anVery
narrow region of the collimated image is visiblegach eye.
To correct this, a screen assembly needs to beladde

To enable a viewer to see both images in theirregyti
requires the collimated rays to be focused into \tieaver’'s
eyes. This can be achieved by adding a Fresneltterse
system, on the exit face of the Wedge. This doesekier
mean that if the viewer is not exactly in the cotrgosition,
the stereoscopic effect would collapse. There ®so aho
compensation for variations in viewers’ inter-ocigdaparation
so many people may not be able to observe a stamgics
effect at all.

To account for this, a narrow angle diffuser cannotuded
in the ‘screen’ assembly. This gives a level oktahce for
both horizontal and vertical viewer position, asllwas
variation in viewers’ inter-ocular separation. Thigreases
the horizontal and vertical viewing angles. It skioe noted
that the horizontal diffusion angle should be Iéisan the
angular separation of the two images, so as toeptesross-
talk between views.

V. OPTICALSIMULATION

An optical computer simulation was set up usirg phofile
data for the Wedge to be used within the functigrégstem.
The aim of this was to demonstrate the parallaectff
achieved using this multiprojector set up, as waslbffer some
predictions about the behavior of the assembletésys
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Fig. 6. Two images showing the computer model sesimulate the
proposed system.

The modeled screen assembly consisted of a Friesredf
an appropriate focal length and a vertical one-dismanal
diffuser, modeled using a fine pitched lenslet arrdhe
simulation also included a turning film as requirky the
Wedge (described in section Ill). The simulatiomfaguration
is shown in Fig. 6.

From Fig. 6(a), (i) denotes the off-screen deteptane, (ii)
denotes the Wedge model constructed from CAD ddth,
shows the two separated point sources, and (ivesepts the
screen assembly used, which is further describ&iginé(b).

In Fig. 6(b), (i) denotes the detector plane on ithage
plane, (ii) represents the Fresnel lens used tasfothe
collimated Wedge output, (iii) shows a fine horitalrnenslet
array used to mimic a vertical diffuser, (iv) deg®the turning
film required by the Wedge, and (v) denotes the §éepanel
itself.

The results of the simulation are shown in FigT'fe traces
produced by the two detectors have been mapped theto
model's detector surfaces, and the ray trace dataleen
included. This model demonstrates that the imagghtiress
at the screen should appear uniform, and also shbess
formation of the viewing windows described previgus

From this theoretical display, we can now move on t
describe the construction of a practical display] avaluate
its’ performance.

VI. SYSTEMDESIGN
The following section describes the main componehthe
constructed system and the method in which theygiieed.
A. Projectors

The projectors used within this system are ‘off-shelf’
components. As a result they required no modificatEach
projector consists of an LED light source; an LGgiSplay

Fig. 7. The results of ray tracing the system nextien Fig. 6. The image
plane detector demonstrates an even illuminatiomwe as the Wedge
distortions introduced. The focal plane detectavghthe viewing window
separation with no horizontal diffusion. 100,009sravere traced.



element (Liquid Crystal on Silicon); projection wmst and

drive electronics. The projectors accept video inpia a Q
standard VGA connector up to WXGA resolution (12B6& \/ [\/1
pixels); however note that the native resolutionttef LCoS 5 3 _,_Jfk !.
display device is only VGA (640x480 pixels). Thevite is . el A
capable of a 60Hz refresh rate [8]. a) (b) (©) ' | (d)

These devices were supplied with a VGA input sign
(640x480 pixels) at a refresh rate of 60Hz, anarcdepth of  Fig 9 piagram showing the behavior of the imagigstem utilized to
24 bits; this corresponds to 8 bits for each RGBigonent.  detect touch events. (a) denotes the IR LED anay Fig. 8. (b) shows the
The color data was transmitted using a standarbit3@ideo rays being totally internally reflected along thawsguide. (c) illustrates that
format (padded with non-color information); thisresponds ~ the internal reflections are ‘frustrated” by themav diffusing film, a small

. . . portion of the light is diffused out from the sane@luminating objects. (d)

to a data rate of approximately 0.59 Gbits/s peeeisignal;  shows an illuminated object back-scattering raysicvare captured by the
approximately 1.2Ghits/s total. Wedge and transmitted back to the camera showigirlp.

One advantage of using pico-projectors is that they
designed to be very small; the projectors used were
115x50x22mm [8]. As a result the devices compronise C. Touch Event Detection
resolution and frame rate; the projector used bylevi@and  The screen assembly described in Fig. 8 contaiverake
Travis [4] was capable of 800fps at 800x600 pixelolution components of both the projection and imaging systeThe
(SVGA). The device was, however, housed in a 1x1xlimaging system components include the array of BD$, the
casing. glass IR waveguide and the narrow angle diffuserded to

this waveguide.

B. The Wedge _ The imaging system behaves in the manner showigirdF

The Wedge component used had a screen size |pfy is totally internally reflected along the giawaveguide.
244x325mm  (406mm (16”) diagonal, 4:3 aspect ratiohs one surface of the waveguide has been madesdiffa
approximately with a throw distance of 470mrI1, resglin @ small proportion of light ‘bleeds’ out at each irtetion with
projected image size of 178x229mm (7x9"). The bordgnyt interface, illuminating objects in front oktscreen.
around .the image was masked by the screen gssembly. To utilize the Wedge as an imaging system a Fimwir

The ideal screen for the system consists of a NORamera was placed between the two pico-projectsirsgua
symmetrical, ‘top-hat’ diffuser with strong vertlcdiffusion folding prism, as shown in Fig. 10. The camera leas fitted
and a horizontal diffusion angle equal to the arsglbtended \yith an IR filter matching the peak wavelength bé tLEDs
by the two image focal points. This means thateteould be used; approximately 880nm. The result of using foiding
a large range of vertical viewing positions, theja@dnt prism was that not the entire exit surface of thedge was
viewing windows would abut, and there would be SOM@isible, resulting in a smaller active area.
horizontal toleran(_:e for changes in position aneéwer Fig. 11 shows an image captured using the IR camera
interocular separation. _ _ system, showing several simultaneous touch ev&hts.input

The screen fitted to the exit face of the Wedgesmted of @ giream is subsequently passed through a thresiteld 4nd a

Fresnel lens with a focal length of 350mm (13.8W & glass «,|p’ detection algorithm is applied to extracetbentre point
infra-red (IR) waveguide with a 5° diffuser bondeml the  45i5 for each touch event.

outermost surface; see Fig. 8. The waveguide talfeantage
of the unique properties of the Wedge; allowing skistem to
be simultaneously used as an imaging system argpkag re ‘ _

The narrow angle diffuser that forms part of the IF T
waveguide also acted as the image diffuser. Whidelycing a
small vertical viewing window it preserved imageghtness
as well as touch localization.

(a)

(b)

(c)

(d) R

(e) N VYDV IVVP929999%9

Fig. 8. (a) Top diffuser bonded to infrared waviegu this is required to
‘bleed’ light out of waveguide (b). (b) IR wavegeidnade from a glass plate.
(c) Fresnel lens, which is a part of the Wedgeqmtipn system, rather than
the IR imaging system. (d) Wedge panel which ctdldzackscattered light
from touch events as well as operating as a piojedisplay. (e) Array of IR
LEDs. Note that there is an air gap between (b) @hdand (c) and (d). The Fig. 10. Camera and projectors at the Wedge ecgrfate.
Wedge turning film has been omitted for clarity.




Fig. 11. Raw image of touch events imaged thrahghNedge and screen
assembly.

D. Computer Hardware and Graphics Rendering

(a) (b)

Fig. 13. Camera model used to render the imadgégnl2(a). (a) denotes
the stereo camera pair, and (b) represents the oonmimage plane (also
called the stereo window). Note that the camera axe not perpendicular
to the image plane.

The computer used was a P4-based system with a o

output, dual GPU graphics card with 1GB of on-boar
memory. The use of such a powerful graphics desfitted a
significant load from the main CPU, which made finecess
of generating stereo graphics in real time less @GRéhsive.
Fig. 12 shows some of the images used to testydiern.

The graphics in Fig. 12(a) were generated usingoased

(a)

axis, non-perpendicular camera model. This meaas ttie
Image planes of the cameras were not perpenditaldhe
camera axes, but rather were coincident with om¢han (Fig.
13). This means that there was no significant iredat
geometric distortion between views associated wiis
method. The image in Fig. 12(b) was generated usirg
parallel axis camera method described by McAIli§tér with
the interaxial separation being user-definable adjistable
in real time.

A significant problem encountered during initial
construction of the display was the poor image ratignt
obtained solely via mechanical positioning of thejgctors.

As the projectors are both off of the Wedge axisyth
exhibited horizontal keystone distortion; this effewas
exacerbated by the image distortions inherent énWedge
itself.

To correct the keystone distortion in the imagesotiware

Fig. 12. (a) Frame from a pre-rendered video {l¢.Image capture from ¢
real-time generated interactive environment builthin a pre-existing
graphical programming tool.

Fig. 14. Screen images from the constructed disgi#g Shows the left channel
source image (left) and displayed image (rightyl @) shows a right-left stereo
pair of images captured, arranged for cross-viewing
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Fig. 15. The calibration grid as viewed on theeadsled display. The two
regions highlighted show where there is some radaistortion between the
two perspective views.

grid of points with a variable magnification in daaxis. This
method produced a value of approximately 9 pixelshioth
eye perspectives. This translates to 1.4% horit@md 1.9%
vertical distortion. This distortion could be minzad by
correcting the images to account for the distogiorerent in
the Wedge (i.e. barrel distortion); this shoulbde a topic of
further investigation.

The contrast ratio of the projectors was measucedbet

approximately 30.8, using the ANSI method. The same

method was used to measure the contrast of theemsyst
omitting the Wedge component; a value of approxayat
28.5. The contrast ratio of the whole system wasasguently
measured to be 12.9; this implies a Wedge-scresanasy

contrast of approximately 22.4. It can be seen thatWedge
itself is the limiting factor within the system, twian implied

contrast ratio of 23.9.

The two projectors were measured to match in bniggg to
within 7.5%. The two views also have an averagss:talk of
7.6% (6.7% for the left view and 8.6% for the righthis
infers that the two views have an average extinctatio of
4.7 (4.69 for the left view and 4.67 for the righffhe

based method was devised. Each perspective view Waginction ratio is defined as the ratio of the inamce of an

mapped onto a rectangular grid which was rotate®2Dirspace
to allow both images to be aligned on the screembyually
adjusting the grid corner points. This sacrificenng image
resolution but greatly aided the 3D effect by mgkithe
disparity between the views more uniform.

VII. 3DIMAGE QUALITY

Fig. 14 shows a set of images as produced by t@agi
Fig. 14(a) shows the source image, left, for thi# &ye
channel, and the same image projected through igpag,
right. (b) shows both the right eye channel (leftd left eye
channel (right) arranged for crossed stereo viewing

The images in Fig. 14(a) give a qualitative conguari of
the image quality of the display, whereas Fig. )4g¢baimed
at showing that the degradation in the images ptejedoes
not have a large effect on the perceived 3D effEloe images
also show some ghosting and other minor artifaets aire
caused by the Wedge.

The image in Fig. 15 shows a calibration grid thsts
incorporated into the display’s operating softwdrkis image
also illustrates the radial distortions introdudsdthe Wedge.
It was noted that this curvature had little effem the
perceived stereoscopic effect, but it did provestidicting’
when viewing images that contained straight hotiablimes.

Using the calibration grid shown in Fig. 15 measwgats
were taken to establish how well the pixels wittone
perspective view matched to the ‘sister’ pixelshivitthe other
view. A relative distortion of approximately 2 plgewas
measured; ideally both images would be aligned texathis
approximates to a 0.31% error in horizontal positand a
0.42% error in vertical position. This distortios visibly
noticeable when viewing the calibration grid, buied not
appear to have any detrimental effects on the 3Rgen
Determining the effect this distortion has on steses should
be the subject of further investigation.

The residual distortion in each view was quantifieg
minimizing the distortion value against a scalatdetilinear

image seen by one eye and its ghost as seen lpthbe eye
[7]. As the extinction ratio decreases, the crdkstetween
the perspective views increases.

SCALABILITY AND EXPANDABILITY OFTHE
SYSTEM

The system is easily scalable due to the use ofAthdge
component. Increasing the size of the Wedge resultan
increase in image size because the Wedge acts dike
waveguide [4]. This means that the system is piatint
scalable to any practical screen diagonal.

VIII.

The Wedge used within the system constructed had a

narrow entrance window; a result of it being desijfor a
single projector. As a consequence of the profifette
Wedge, manufacturing a panel with a wider entraface is
relatively simple, and could allow up to approxigigt six
pico-projectors to be used simultaneously using shene
Wedge variant employed in the described system.

The use of extra pico-projectors would benefit sygtem,
as currently the range of horizontal viewing paositiwhich
gives a 3D effect is very narrow. Increasing theizumtal
viewing space should be of prime importance in amyher
development;
method of accomplishing this. However, the effédis twould
have on the required computational resources ofsyisem
would also need to be considered.

IX. DISCUSSION

The use of an optical Wedge means that this typ8Dpf
display is potentially thinner than many other typef
multiperspective displays; approximately 33mm thick a
1270mm (50 inch) diagonal panel; a diagonal to kitéss
ratio of approximately 42.3. Touch interactivity &so a
feature that is distinctly lacking in other typekamtostereo
display.

Different variants of the Wedge can also be foldedaning
that the entire front surface is active without ttead area’

adding extra perspectives may be a@y ea



that is present on the Wedge used in the descislystem.
This potentially means that a display could be toesed
with no screen surround, which may benefit the 3fect by
reducing the conflicting cues [7] produced by hgvin stark
border around the image.

Areas of further investigation include the imagstaiitions
introduced by the Wedge and their rectificationaigtifying
the perceived depth of the image and increasingiimeber of
perspective views and overall size of the viewipgce.
Correcting for the Wedge distortion is important iasnay
have an effect on viewer stereopsis; it was notet the
curvature of the image was distracting where imag
consisting of straight horizontal lines were digeld.

Evaluating the 3D depth of the image could potdytiae
done using a stereoscopic camera rig. Performi
mathematical analyses on the images captured walidgy
the depth information to be recovered. This datald/allow
guantification of the how ‘3D’ the screen image egs, and
offer some measurement of which properties of tystesn
have the strongest positive effect on viewer sgsso

The use of a pair of cameras within the system dcot
potentially allow the collection of depth informai with
respect to touch events or viewer proximity. THisves the
system to detect an object’s position relative He screen,
which could have applications in many differentaae

The simulation described in section V illustratéxhtt the
viewing windows of the system do not abut. In aetrt
autostereo system, the perspective views shoulchgeha
instantly as the viewer moves their head, with egions
where multiple perspectives are visible. The systiescribed

Fig. 16. A photograph showing the assembled system

has regions in between the viewing windows where th

intensity is low and the eye can see both imagbis. i$ due to
the fact that the exit apertures of the projectmes small in
comparison to their separation. A method of addingsthis
could be to use a lenslet array to produce a ‘tap type
diffuser which only acts in the horizontal directio

X. CONCLUSIONS

We have presented an autostereoscopic display leapéb
real-time interaction with the viewer. We have diféed the
quality of the 3D image obtained, and minimized tékative
distortion between views to approximately 0.4%. Wiized
two small (115x50x22mm) pico-projectors as displieyices
which resulted in a screen contrast of 12.9, whih projector
contrast being measured as approximately 30.8.hBrags
was matched to an acceptable tolerance; less #an 8

We have described how such a display can be expgamgle
use of a different Wedge variant, and given appnaxé
dimensions of such a display. Important further knioicludes
quantifying and correcting for Wedge distortionsréal-time;
examining the perceived image depth and constwetilarger
system with more perspective views.

We have shown via the constructed display thatvieeige
is capable of simultaneous display and imaginig & parallel
waveguide display. This feature combined with fits t large
format means it could have many applications in engous
fields. The final display is shown in Fig. 16.
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