3D television: Developing a multi-modal multi-viewer TV system of the future
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Abstract — Under the European Union funded Advanced Three-dimensional Television System Tech-
nologies (ATTEST) project, De Montfort University (DMU) is developing a 3D display system targeted
specifically at domestic television applications. This system uses a modified transmissive LCD panel
together with novel backlighting and optics to project multiple viewing regions, or exit pupils, into
the viewing space. These exit pupils are located in space using a head tracker. The display accommo-

dates multiple viewers simultaneously and imposes no physical constraints, such as special eyewear.
Viewers may move freely over a “typical” room-sized area. The design of the backlighting facilitates

many other display regimes beyond the “standard” 3DTV mode in which each viewer sees the same

image pair.
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1 Introduction

The DMU 3DTV display uses a new approach to generating
multi-viewer full-freedom-of-viewer-movement autostereo-
scopic television. The display consists of two main compo-
nents. The first is a spatially multiplexed screen that
interlaces left- and right-eye images on alternate lines of a
LCD panel. The second is an assembly comprising lens
arrays, LED illumination sources, and folding mirrors that
direct separate left- and right-eye light beams through the
LCD screen to the left and right eyes, respectively, of each
viewer. By projecting only the left-eye screen image to the
left eyes of viewers and the right-eye screen image to the
right eyes of viewers, 3D can be seen by multiple mobile
viewers without the use of special glasses (Fig. 1).

The optical steering system is controlled by a head-po-
sition tracker to locate the viewers’ eyes in space. Because
head-tracking work is being carried out by several other
groups throughout the world,!=3 our research concentrates
only on the display optics.
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FIGURE 2 — Spatial image multiplexing.

2 Spatial image multiplexing
In order to perform spatial image multiplexing on the LCD
screen, light from two distinct sets of steering optics is
directed to the appropriate pixel rows on which the left and
right images are displayed on the LCD. Figure 1 indicates
how this is achieved.

Figure 2 shows that light from two separate sets of
steering optics is directed to the alternate left and right
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FIGURE 3 — Steering optics.

image rows on the LCD by using a horizontally aligned len-
ticular screen. The figure is not to scale; the lenses shown
are, in fact, very small in relation to the arrays of steering
optics. Note that the lenticular screen is not used for direct-
ing the left- and right-eye images in space, but is only used
for interlacing, or multiplexing, the two images on the front
screen. A stereo image pair is produced on alternate pixel
rows enabling the same pair of stereo images to be seen by
every viewer. Hence, in this simple arrangement, every
viewer seeing the same left-and right-eye image pair.

This approach can be extended to show different left-
and right-eye images to each viewer by multiplexing two or
more sets of left- and right-eye images on the screen. So, for
example, for two sets of left- and right-eye images, the first
horizontal line of the LCD would show a line from the left-
eye image of the first image set, the second line of the LCD
the right-eye image of the first set, the third line would now
show the left-eye image from the second set, and the fourth
line the right-eye image from the second set, etc. To main-
tain an appropriate resolution, an LCD screen with
increased vertical resolution must be used. As LCD technol-
ogy continues to improve, screens with very high resolutions
are now becoming available, which allows many different
sets of images to be multiplexed on a single screen. The
current prototype uses a UXGA panel.

3  Steering optics

The steering optics and light sources which position the exit
pupils in space comprise two distinct arrays of coaxial optical
elements arranged behind the LCD screen as shown in
Fig. 3.

Each array consists of multiple optical elements and
illumination sources arranged in stacks across the back of
the screen. This approach allows the full width of the screen
to be illuminated. Using an array of small optical elements
obviates the need for a single large lens and illumination
source, as shown in Fig. 4.

With a single large lens, an exit pupil, which is the real
image of an illumination source, can be steered by moving
the illumination source. This approach has been used in sev-
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eral 3D display systems.4‘6 Generally, TV viewers should be
free to move over a large viewing area; hence, exit pupils
may need to be produced at large angles from the screen.
With a single large lens this is clearly not practicable
because the illumination sources would need to move over
a very large region behind the lens. Also, in this arrange-
ment the spherical aberration of the large lens would
severely limit the angles over which the exit pupils could be
formed.

The problems associated with a single large lens are
overcome with the use of a lens array, as shown in Fig. 5.
The array uses small movements of multiple light sources
behind the multiple lenses instead of large movements of a
single light source behind a single large lens. In addition,
several illumination sources can be lit simultaneously, pro-
ducing multiple exit pupils to accommodate multiple view-
ers. Hence, the steering optics do not restrict the number of
viewers the display can accommodate; this is only limited by
the number of viewers who can physically fit into the view-
ing field.

The use of multiple light sources also facilitates the
steering of exit pupils fore and aft in front of the screen.
Hence, as a viewer moves closer to or further from the
screen, the spacing between the light sources changes to
accommodate the convergence or divergence required for
the projection of the exit pupils. Rather than physically
move each illumination source behind each lens of the
steering optics, high-brightness white LEDs are used as
illumination sources and these are arranged closely behind
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FIGURE 6 — Co-axial optical element.

each lens. Movement is achieved by switching LEDs on or
off to steer the exit pupils.

To overcome the spherical aberration associated with
a single large lens, the lenses of the steering optics use
optics that do not exhibit off-axis aberrations. This is
achieved by using a cylindrical lens and a curved illumina-
tion source that have a common axis, with an aperture that
is centred on this axis. The optical elements are therefore
termed coaxial (an element is shown in Fig. 6).

Light from the illumination sources is contained
within the two D-shaped components by total internal
reflection. After passing through the aperture, it is formed
into a parallel beam by the front refracting surface. The
illumination LED array has a pitch of around 1 mm. This
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FIGURE 7 — Virtual array and folding the display.

enables the exit pupil position to be controlled in small
increments relative to the interocular distance. Each optical
element uses an aperture that is faded at the edges rather
than having an abrupt cutoff. When the lenses are placed in
the array (arranged as in Fig. 4), these apertures are aligned
in series, with overlapping faded regions, and hence an exit
pupil is formed across the full width of the screen.

To fully illuminate the screen at off-axis viewing
angles, the steering array would need to be wider than the
screen. Designing to accommodate viewers that are viewing
the display off axis at angles up to £30° results in a steering
array width nearly 3 times the width of the screen. Instead
of extending the steering array, side folding mirrors are
added to the display to create virtual off-axis images of a
shorter steering array. In addition, to further reduce the size
of the display, vertical folding mirrors can be added to fold
the optical distance between the steering array and screen.
These arrangements are shown in Fig. 7.

4  Building a display

A prototype display was constructed to test the working
principles of the display design. A large high-resolution
LCD screen was chosen (a 21-in. NEC NCD2110) for the
display screen. The screen was dismantled, the polarizer
was removed, and it was mounted with the spatially multi-
plexing lenticular in two adjustable frames that allow pre-
cise alignment of the LCD and lenticular screen (Fig. 8).
Micrometer thimbles are used as adjusters in the
mounting frame to allow a high degree of alignment accu-
racy between the LCD and multiplexing lenticular. For
adjustment, the lenticular frame is located inside the LCD
mounting frame with the micrometers used to move the len-
ticular both vertically and in yaw. In practice, an accuracy of
£10 wm was necessary to align the left- and right-eye illumi-
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FIGURE 8 — Screen and lenticular mounting.
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FIGURE 9 — Beam exit-pupil steering.

nation sources correctly on alternate rows of the LCD. The
distance between the LCD and lenticular was also critical to
achieve the correct focussing of the lenticular onto the LCD
pixels. This distance was fixed with shims to an accuracy of
+20 um.

Prototype optical elements were constructed from
high-light-transmission glass (B270 Super White) with pol-
ished surfaces to maximize total internal reflection of the
source illumination. The light sources for the prototype
were selected high-brightness white LEDs (Nichia
NSPW300B), driven by constant-current drivers to maxi-
mize consistency of light output.

Using these construction techniques, Fig. 9 shows the
first prototype element demonstrating the steering of an
exit pupil beam by changing the LEDs that illuminated
behind the optical element.

The generation of multiple exit-pupil beams from the
same single co-axial optical element is demonstrated by illu-
minating more than one cluster of LEDs. Figure 10 shows
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FIGURE 10 — Multiple-exit-pupil generation.

four different exit pupils generated by illuminating four
groups of LEDs.

Additional optical elements were constructed and
stacked in an array (as shown in Fig. 3) to form a single
contiguous light source to illuminate the full width of the
screen. A section of a stacked array is shown in Fig. 11.

Alignment of the individual elements is critical so that
the beams from each element converge at the eye of a
viewer, with as rapid a cutoff as possible to minimize crosstalk
between left- and right-eye illumination. With careful align-
ment of each lens within the steering array, a very rapid cut-
off is achievable for each exit pupil. This is illustrated in
Fig. 12, showing a linear traverse of one exit pupil at a dis-
tance of 1.8 m from the display. Here, the light output has a
cutoff within 15 mm - resulting in a compound separation
for the left and right exit pupils of 30 mm, considerably less
then the interocular distance.

FIGURE 11 — Stacked optical arrays.



100

FIGURE 12 — Dispersion of a single exit pupil.

For proof of principle evaluation, the display was
tested by showing 3D still and moving images to viewers.
Exit pupil steering was driven by tracking viewers with Pol-
hemus 6°-of-freedom spatial-tracking receivers worn on the
side of the head, with the eye positions of the viewers calcu-
lated from the receiver positions on the viewers. This
allowed for a highly accurate location of the viewers in space
in front of the screen. The eye positions of the viewers were
then translated into vectors from the optical array through
the front screen to the eye, and these vectors then translated
into the correct LEDs to illuminate the optical array for
each eye of each viewer. The basic system accurately reacted
to the movements of viewers with a lag of less than 50 msec,
making the tracking imperceptible to the viewers and the
illumination of the screen to appear continuous over the
complete viewing field in front of the display.

For this demonstrator, the viewing field extended to
nearly £30° of either side of the display, and to a distance of
1-3 m. Horizontal folding mirrors were used to create the
virtual steering array, with vertical folding mirrors added
with the next prototype. Figure 13 shows the layout of the
prototype display.
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FIGURE 13 — Layout of the prototype display.

FIGURE 14 — Exit pupils tracking multiple eye targets.

Figure 14 shows these exit pupils tracking moving
“eye” targets. For illustration, paper targets were used to
more clearly show the exit-pupil beams locked onto the eyes
of the viewers. The exit-pupil beams are clearly visible as
narrow vertical bars of light on the eye targets.

5 Beyond 3D television

The design outlined here allows 3D images to be produced
on a single screen, providing 3DTV to multiple viewers. The
first prototype demonstrated that the design of the display
was practicable and realizable, with a full prototype display
currently in development.

The operation of the steering optics is sufficiently flex-
ible for it to be used for the presentation of many different
images when used in conjunction with a modified image
multiplexing arrangement, with the resolution of the front
LCD as a limiting factor. Since the resolution of LCDs is
gradually increasing, and currently nine million pixel
devices are available, this would, for example, enable four
standard resolution images to be displayed.

This scalability of design presents the possibility for an
entirely new form of screen that can present completely
different views to different viewers. For example, 3D full-
motion parallax can be presented to viewers, or viewers may
watch different TV channels simultaneously, or some may
use the screen as a computer monitor or virtual-reality dis-
play while other viewers watch TV.

In an increasingly interactive future, it is envisaged
that other modes of operation will be used in addition to the
standard TV mode. Hence, the display can be considered as
a practical “one-for-all” solution or “super-screen” for a
variety of future display requirements.

Journal of the SID 12/2, 2004 157



References

1 P Harman, “Autostereoscopic Tolcconfcrcncing System,” SPIE Proc,
“Stereoscopic Displays and Virtual Reality Systems VII,” 3957,
293-301 (2000).

2 H Heidrich, A Schwerdtner, A Glatte, and H Mix, “Eye Position
Detection System,” SPIE Proc, “Stereoscopic Displays and Virtual
Rea]ity Systems VIL,” 3957, 192-197 (2000).

3 H Morishima, H Nose, N Yaniguchi, K Inoguchi, and S Matsumura,
“Rear Cross Lenticular 3D Display without Eyeglasses,” SPIE Proc,
“Stereoscopic Displays and Applications IX,” 3295, 193-201 (1998).

4 S A Benton, “Autostereoscopic Display System,” U.S. Patent No.
6,351,280 (2002).

57 Y Son, V'V Smirnov, L N Asnis, V B Volkonsky, ] H Chun, S V
Kuznetzov, and H S Lee, “Real-time 3D Display with Acousto-optical
Deflectors,” SPIE Proc, “Stereoscopic Displays and Virtual Reality
Systems VI,” 3639, 137-142 (1999).

6 G ] Woodgate, D Ezra, | Harrold, N S Holliman, G R Jones, and R R
Moseley, “Observer Tracking Autostereoscopic 3D Display Systems,”
SPIE Proc, “Stereoscopic Displays and Virtual Reality Systems IV,”
3012, 187-198 (1997).

Phil Surman received his B.Sc. degree in electri-
cal and electronic engineering from Heriot-Watt
University in Edinburgh in 1971. He has been
conducting independent research for several
years on 3D television. This work has resulted in
the award of his Ph.D. from De Montfort Univer-
sity in 2003. He helped to instigate the 3DTV ele-
ment of the European ATTEST project and is
currently working on multi-viewer 3DTV displays
at De Montfort and is an Honorary Research Fel-
low in the Imaging and Displays Research Group.

lan Sexton received his B.Sc. degree in electrical
and electronic engineering from Leeds University
in 1982. He worked in the telecommunications
industry prior to becoming a lecturer in comput-
ing science at De Montfort University. He com-
pleted his Ph.D. in 3D displays architecture at
De Montfort University in 1996. His research
interests include 3D display systems, computer
architecture, computer graphics, and image proc-

essing. He founded the Imaging and Displays
Research Group at De Montfort. He is an active member of the SID and
sits on the U.K. and Ireland Chapter Committee.

Richard Bates received his B.Eng. degree in elec-
tronic engineering from Portsmouth Polytechnic
in 1991 and his MSc. in computing science from
the University of Birmingham in 1998. He is a
Research Fellow within the Imaging and Displays
Research Group at De Montfort University where
his main interests are software development for

3DTV displays and evaluating the usability and
acceptability of 3DTV displays. He is also a Ph.D.
student, studying human-computer eye-based
interaction and eye-tracking-based evaluation of display interfaces. His
other interests include vegan campaigning.

158 Surman et al. /3D television

Wing Kai Lee received his first class B.Eng. degree
in engineering electronics from the University of
Warwick, U.K., in 1993. From 1993 to 1999, he
studied for his Ph.D. degree and worked as a
Research Assistant at the Optical Engineering
Laboratory, University of Warwick, and obtained
his Ph.D. degree in engineering (optical engineer-
ing) from the University of Warwick in 1999.
From 1999 to 2002, he worked as a Research Fel-
low in the Optical Engineering Laboratory at the
University of Warwick. He is currently working as a Research Fellow in
the Imaging and Displays Research Group at De Montfort University.
His research interests include 3D displays & imaging, high-speed imag-
ing, holography, optical non-contact measurements, digital video cod-
ing, and medical imaging.

Kam Yow received his B.Eng. (Hons) degree from
the University of Salford in electronic computer
systems engineering in 1994. He received his
Ph.D. degree from Liverpool John Moores Univer-
sity in 2D Fringe Patterns Analysis for 3-D Shape
Reconstruction. He is an associate member of the
Institution of Electrical Engineers (U.K.) and a
member of the Institute of Physics (U.K.). He is cur-
rently a research fellow in the Imaging and Dis-
plays Research Group at De Montfort University.
His research interests involve 3D Imaging & Displays and 3D shape
measurements. His other interests include world history and politics,
and global economy.



