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An overview of four new technologies for stereoscopic imaging developed by VRex, Inc., of Elmsford, New York, is presented. First, the
invention of µPol micropolarizers has made possible the spatial multiplexing of left and right images in a single display, such as an LCD
flat panel or photographic medium for stereoscopic viewing with cross-polarized optically passive eyewear. The µPol applications include
practical, commercially available stereoscopic panels and projectors. Second, improvements in fabrication of twisted nematic (TN) liquid
crystals and efficient synchronization circuits have increased the switching speed and decreased the power requirements of LC shutters
that temporally demultiplex left and right images presented field-sequentially by CRT devices. Practical low-power wireless stereoscopic
eyewear has resulted. Third, a new technique called spectral multiplexing generates flicker-free field-sequential stereoscopic displays at
the standard NTSC video rate of 30 Hz per frame by separating the color components of images into both fields, eliminating the dark field
interval that causes flicker. Fourth, new manufacturing techniques have improved cholesteric liquid crystal (CLC) inks that polarize in
orthogonal states by wavelength to encode left and right images for stereoscopic printers, artwork, and other 3-D hardcopy.
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Introduction
Since Wheatstone (1838) first reported that binocular dis-
parity is the cue for stereopsis, or what he called “seeing in
solid,” many new techniques and devices for producing ste-
reoscopic views from left and right perspective flat images
have evolved.1  Beginning with the Helioth–Wheatstone
stereoscope, every new technique or device has in common
some advancement in one or more of the three necessary
conditions to simulate depth: (1) a means to capture left
and right perspective views; (2) a means to combine, or
multiplex, those views; or (3) a means to deliver each view
to the correct eye, or demultiplex. The Wheatstone stereo-
scope had (1) two perspective views captured by artists, or,
early in the history of photography, captured by twin pho-
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tographs; (2) as a means of multiplexing, simply placing
the views side-by-side on the same stereogram viewing card;
and (3) as a means of demultiplexing, providing a viewing
aperture and convergence optics for each eye in front of the
stereogram and a septum between the viewing apertures.

A breakthrough in stereoscopy was the invention of prac-
tical polarizers by Edwin Land2 in 1932, with Land devis-
ing3 the cross-polarized multiplexing/demultiplexing
technique for stereoscopic films in 1935. Improvements in
the 3 necessary conditions to simulate depth came from
(1) the rapid development of dual motion picture cameras
by Zeiss-Ikon and Ciné-Kodak; (2) multiplexing by super-
imposing on a metallized screen a projection of the left
image through a P1 state polarizer and the right image
through a P2 state polarizer; (3) demultiplexing with po-
larized glasses, P1 state at the left eye and P2 state at the
right eye to pass polarized light of the same phase and
extinguish cross-polarized light.

Land’s technique has been noted because many innova-
tions in stereoscopy, including the four to be outlined here,



Figure 1. One- and two-dimensional µPol arrays. The one-dimensional pattern is used for TFT-LCD displays, with a half-period
resolution of 201 µm used for commercially available 1280 × 1024 panels. Now µPols with half-period resolutions less than 20 µm are
possible with present manufacturing techniques.
are based in some way upon cross-polarization. We will
outline the following:
1. µPol micropolarizers for spatial multiplexing.
2. Improved LC shutters and electronics for temporal mul-

tiplexing.
3. Spectral multiplexing for flicker free video at standard

video rates.
4. Cholesteric liquid crystal (CLC) inks.

The µPol
The µPol, invented by Faris in 1991, provided the nec-

essary multiplexing and demultiplexing functions for ste-
reoscopic LCD displays and stereoscopic hardcopy
printing.4 The µPol is a passive optical element that trans-
forms incident unpolarized light into periodic, spatially
varying (square wave form) polarized light with polariza-
tion alternating between two orthogonal states P1 and
P2 (linear or circular). The most common fabrication
method for µPol is photo-lithography to form a specific
micropattern. An additive method prints a pattern on the
PVA surface with a high-precision gravure cylinder and io-
dine-based dichroic ink, producing P1 and P2
micropolarizers; a subtractive method prints the desired
pattern on the PVA with photoresist, then bleaches away
exposed parts, producing a λ/2 waveplate in a pattern to be
optically coupled with a polarized source.2  When the image
source is a Thin-Film-Transistor (TFT)-LCD panel, all trans-
mitted light is polarized in a P1 state since a P1 “analyzer”
is incorporated over the electrically controllable birefrin-
gent (ECB) “light valve” that turns each pixel on or off. With
the patterned µPol placed over the panel, active portions of
the λ/2 waveplate rotate the phase of light polarization from
P1 to P2, while ablated portions leave P1 unchanged.

As illustrated in Fig. 1, the µPol can be either a one-
dimensional or two-dimensional array with half-periods
as small as 20 µm possible with current manufacturing
processes. For TFT-LCD displays, the one-dimensional pat-
tern is used, the finest resolution to date having a half-
period of 201 µm on a 15˝ diagonal 1280 × 1024 panel.

The first step in creating the stereoscopic image is by
spatially multiplexing the left and right perspective
views of a 3-D scene, as illustrated in Fig. 2. The left
and right images, which are represented by pixel ar-
rays, are spatially modulated with the modulators MOD
and MOD, producing the spatial patterns that are then
combined into a spatially multiplexed image (SMI). The
multiplexing algorithm can be implemented in software,
hardware, or by optical means; the µPol itself can per-
form the multiplexing function when placed in front of the
CCD array of a camera or a photographic medium.

By placing a µPol in contact with an SMI having the
same spatial period, the demultiplexing step is carried out
as shown in Fig. 3. The µPol codes each pixel of the right
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Figure 2. Spatial multiplexing. Images from digital sources are
multiplexed with software, images from video sources are multi-
plexed with field-switching hardware, and photographic images
can be multiplexed using the µPol array self-aligned to the film
for both multiplexing and demultiplexing. Two-dimensional mul-
tiplexing is shown.

Figure 3. Demultiplexing a spatially multiplexed image (SMI).
Right image pixels are aligned with the P1 elements of the µPol
array, left image pixels with P2 elements. Through cross-polariza-
tion, only the right image pixels are transmitted through the po-
larized lenses to the right eye and left image pixels to the left eye.
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image with a polarization state P1 and each pixel of the
left image with state P2, thus encoding the two images.
The viewer, wearing a pair of polarized glasses (or looking
through a polarized visor), is able to view the right image
only with the right eye and the left image only with the
left eye, fusing the two views into a stereoscopic image.

Because the left and right image information is simul-
taneously present in a single frame, the technique is gen-
eral purpose. The SMI could be displayed by conventional
devices, printed by conventional printers, recorded by pho-
tographic cameras, and video cameras, or projected by a
single slide or a single movie projector. In all cases, color
3-D stereo images can be produced. In contrast, techniques
that produce stereo images by means of two separate left
and right frames (sequential or in parallel) do not have
the µPol’s range of application and are also incapable of
producing 3-D hardcopy.

µPol Applications and Products. VRex has incorporated
µPol technology in commercially available 3-D stereoscopic
LCD panels and projectors ranging from 640 × 480 pixel
resolution to 1280 × 1024. Other µPol-based devices in
production include a 3-D LCD notebook computer, an in-
teractive 3-D information center utilizing a touch-screen
LCD and polarized visor, and an immersive environment
consisting of wrap-around rear-screen 3-D projection.
Hardcopy has been produced using photographic medium
with a self-aligned µPol for both multiplexing during ex-
posure and demultiplexing during viewing.

Improved Liquid Crystal Shutters
A drawback to µPol display applications is their un-

suitability for CRT devices. The thickness of a CRT dis-
play would position a µPol 10 to 20 mm in front of the
image plane scanned on the phosphor screen, introduc-
ing parallax between horizontal image raster lines and
horizontal µPol lines when viewed above or below the
plane orthogonal to the CRT screen. This parallax re-
sults in a limited viewing zone, with cross-talk or
pseudoscopic images perceived outside this zone. A solu-
tion lies in finding polarized material that can be coated
inside the CRT in front of the phosphor screen and can
withstand the intense heat generated by the cathode
heater filament; until then, shutter devices are the pre-
ferred technique to demultiplex stereoscopic left and right
perspective images time-multiplexed on the CRT.

The theory of operation for stereoscopic viewing of CRTs
through shuttered eyewear is simple. Images are time-
multiplexed so a left perspective image is displayed on
the CRT device when the left eye shutter is open and a
right perspective image displayed when the right eye shut-
ter is open. At suitable repetition rates, the viewer per-
ceives a continuously present 3-D image. In video
applications, the two interleaved fields in each frame of
an NTSC display provide a convenient multiplexing
method: the right image encoded in Field 1, the left 16 ms
later in Field 2. PC monitors driven in page-flipped or in-
terlaced mode provide even faster repetition rates.

Early time-multiplexed implementations used mechani-
cal shutters,6,7 but these shutters were cumbersome and
obtrusive. PLZT ceramics were an interim solution for
shutters,8 but now most devices use variations of liquid
crystal (LC) shutters.9 In general, an LC shutter consists
of an electrically controllable birefringent (ECB) plate in
which molecules are in a liquid-crystalline state. When
an electric field is applied across the plate, the molecules
align in parallel, producing a 90° phase shift between the
horizontal and vertical components of linearly polarized
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light passing through the plate; when the field is removed,
the molecules return to random alignment, passing the
components of the polarized light in phase. Using a sec-
ond polarizer, or analyzer, on the exit side of the plate,
light is passed when a voltage is applied and the ECB plate
is phase shifted, and light is extinguished when the volt-
age is removed and the plate is in ordinary phase. The
reader is referred to Bos10  for an excellent review of LC
shutter material and operation.

Two basic liquid crystal types are the Π-cell and the
twisted nematic (TN) cell; to date, most shutter glass sys-
tems have used Π-cells.11  Although the Π phase shifting
material used in these cells allows extremely fast switch-
ing times (<3 ms), they require very high excitation volt-
ages, 20 Vp-p minimum, which makes wireless
battery-powered operation difficult and costly to achieve.
A second characteristic of Π-cells is that the cell is not
transparent when the excitation voltage is removed; with
no power applied the cell will retain a semi-opaque color
hue. A low-level excitation voltage, 8 Vp-p approximately,
needs to be applied to the cell to achieve transition from
the full transparent to the full opaque state.

A practical time-multiplexed stereoscopic shutter sys-
tem using TN liquid crystals has recently been developed.12

A major advantage of TN cells is that, unlike Π-cells, no
background excitation voltage is needed to keep the shut-
ters in the transmissive state. However, TN cells have had
the disadvantage of slow transition time (>10 ms) from
the transmissive to the opaque state and back to trans-
missive as excitation voltage is applied and disconnected.13

In addition, the transmissive to opaque (turn on) time may
differ from the opaque to transmissive (turn off) time.
However, the performance of the TN cell has been opti-
mized both in the manufacturing process of the cell itself
and in the timing of the applied excitation voltage to over-
come these limitations.

A major improvement was reducing cell thickness to a
minimum for faster switching and lower excitation volt-
ages. This was key to obtaining long battery life in wire-
less battery shutter glasses because no high-voltage dc–dc
converters would be required as with Π-cell shutters. Dur-
ing normal operation, the shutter drivers draw 130 µA
when shutters are transmissive with a DC signal, 150 µA
with a 60-Hz signal and 200 µA with a 120-Hz signal. Each
shutter can switch at frequencies in excess of 120 Hz with
no interfield cross talk. Higher frequency switching was
accomplished by synchronizing shutter transitions with
video fields. Previous devices synchronized the shutter
transition to the beginning of each video field: once a ver-
tical reset pulse or similar signal was detected, pulse coded
information was sent to toggle the optical state of the shut-
ters. For the shutters to change state before the first line
of displayed video, the pulse codes had to be very short,
requiring high speed circuitry in the receiver that con-
sumed much power. To reduce the power requirements of
the present system further, the field identification infor-
mation is sent prior to the vertical blanking interval so
the pulse information may be transmitted at a much slower
rate. The detection circuitry functions at a slower fre-
quency and battery life is greatly increased.

A further improvement implemented in the stereoscopic
shutter system was the ability to synchronize the shut-
ters to all popular display formats used by TVs and PCs:
the IR transmitter that sends driving codes to the shut-
ters in the eyewear can detect synchronization signals,
polarities, and frequencies present in all VGA, SVGA, and
XGA computer formats, as well as NTSC and PAL video
sources. The image field rate and the mode of operation,
i.e., 2-D, 3-D interlaced, or 3-D page flipped, is determined
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Figure 4. Stages of spectral multiplexing. In Stage 1, r,g,b image pixels are captured and in Stage 2, pixels are separated into a
magenta buffer (r + b) and a green buffer (g) for the left and right images. In Stage 3, filler pixels are added so pure red, green, blue,
or magenta areas of the image will not be dark during the alternate field. Stage 4 shows the field-sequential presentation of left and
right images.
from these signals. Detecting carrier synchronization sig-
nals is a benefit because earlier attempts at field coding
required tagging the video content itself with black and
white markers on a horizontal scan line.14

Shutter Applications and Products. The largest com-
mercial application of the improved LC shutters is in ste-
reoscopic eyewear called VR Surfer. System software
enables the user to optimize the performance of the shut-
ter system to a particular PC monitor: a basic mode of
operation is provided that encodes image identification in-
formation in the display sync signals during the vertical
reset interval. This mode will enable the display of stereo-
scopic images in DOS applications but does possess some
degree of perceived image flicker because the image switch-
ing rate is in the 60 to 72-Hz range. An advanced mode
detects the video card chip set driving the PC monitor and
will automatically implement the best stereoscopic display
mode at rates up to 120 Hz. In this mode, Microsoft Win-
dows applications are supported. The system is also com-
patible with field-sequential stereoscopic video in NTSC
and PAL standards.

While the improved LC shutters have been used chiefly
for demultiplexing in eyewear, a device is under develop-
ment that uses the shutters to multiplex stereoscopic per-
spective views to a single CCD recording device.
Specifically, if a beam splitter is placed in the primary view-
ing path of a video camera and mirrors relay a second per-
spective view offset from the primary, the left and right
perspectives necessary for a stereoscopic view will be im-
aged on the CCD. By placing a pair of LC optical shutters
in each of the viewing paths, each viewing perspective can
be alternately imaged by the camera if the shutters are
opened and closed in synchronization with the video field
output. By convention, the right perspective will be en-
coded in Field 1 of the video frame and the left perspec-
tive in Field 2. A promising commercial application for the
device is as an attachment for the home video camcorder.

Spectral Multiplexing
Because of the predominance of television as a display

medium, it would be beneficial if field-sequential multi-
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plexing could operate at NTSC television standard 60-Hz
field rates with no flicker at all. In the 60-Hz standard
field-sequential LC shutter system just described, some
residual flicker is perceived because left and right images
are coded in one field of video so there is alternately in
each eye the full brightness of the image and a 16.6-ms
dark interval. The human visual system will integrate light
energy over time, reaching a critical fusion frequency (CFF)
beyond which these alternating light and dark intervals
are perceived as steady, but at normal viewing luminance,
the 60 Hz field rate is15,16 below the CFF. Flicker is more
apparent with brighter displays, the fusion threshold in-
creasing with the logarithm of luminance according to the
Ferry–Porter law,17 and the contours defining images in-
crease the threshold even more because contrast increases
with fast visual “off” transients generated at image off-
set.18  While some evidence exists that visual persistence
of stereoscopic stimuli is longer than mono-planar
stimuli,19,20 thus decreasing the fusion threshold, the ef-
fect is not long-lasting enough to bridge the 16-ms dark
interval. To prevent flicker, a new field-sequential system
is under development that eliminates the dark interval
within the video frame, maintaining light energy at both
eyes at all times, decreasing or eliminating luminance
modulation between video fields.21

Figure 4 shows the image capture and multiplexing func-
tions of the spectral multiplexing technique.

In Stage 1, left and right perspective views from cam-
eras or computer graphics are captured and analyzed on a
pixel-by-pixel basis. In Stage 2, each is separated into two
spectral buffers: one for red and blue (r + b) and one for
green (g). (Note that “pixel” here refers to an individual
color component, not one of three points comprising a color.)
The luminance at each eye is of different wavelength com-
ponents, but these will still summate luminance to de-
crease the CFF relative to light/dark stimulation.22 At this
stage, the pixel data in the buffers could be field-sequen-
tially multiplexed, as shown in the final stage, so each eye
receives light energy during both Field 1 and Field 2 pre-
sentations, a technique similar to that described by
Street.23 However, pixels that represent a pure primary
color (r or b or g) or magenta (r + b) will not have spectral
components in one of the buffers and will still be dark
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Figure 5. Eyewear for spectral demultiplexing. Left and right eye optics are identical: shown in order from the image back to the eye
are green cholesteric liquid crystal filters in a P1 state, magenta cholesteric liquid crystal filters in a P2 state, active TN cells, and a
broadband polarizer (analyzer) in a P1 state. The TN cells are shown in a state to transmit the Field 1 image; to transmit the Field 2
image, the voltage polarities are reversed.
during one field. The advancement over Street’s technique
is in maintaining some spectral luminance at the eye even
when a primary- or magenta-colored object has no spec-
tral components in the subsequent field. Therefore, at
Stage 3 each pixel is analyzed, zero values identified, and
a “filler pixel” inserted. A pixel of a suitable minimum lu-
minance value replaces dark r + b pixels in one buffer or g
pixels in the other buffer for each eye’s view, maintaining
energy at all pixels in both eyes during both Field 1 and
Field 2. The luminance of filler pixels from the alternate
buffer is chosen to shift the chromaticity or saturation of
the r,g,b, or magenta color a minimum perceived amount
in color space24 yet maintain enough energy during the
otherwise dark field to prevent flicker. This is possible
because the visual system does not discriminate colors
perfectly, with observers perceiving similar colors with
substantial shifts in wavelength. Attempted isomeric or
metameric matches to a given wavelength show large just
noticeable differences (JND) in chromaticity space as well
as saturation space.25 Suitably chosen color pixels can be
added to the otherwise dark pixel space in the alternate
field to summate with the luminance of the primary r,g,b
or magenta pixels, resulting in minimum shifts in per-
ceived color yet decreasing luminance modulation, so
flicker is not perceived.

After the frame buffers are updated with “filler pixel”
data, the buffers are shifted into the NTSC field format in
Stage 4: r + b pixels from the left view and g pixels from
the right view into Field 1; g pixels from the left view and
r + b pixels from the right view into Field 2. An ordinary
CRT monitor with NTSC video input displays the field
sequential information directly or from standard recorded
video tape.

Figure 5 shows the implementation of the spectral
demultiplexing function at the eyes, with eyewear consist-
ing of passive green and magenta CLC filters, active elec-
tronic TN cells, and passive broadband polarizers.

The CLC filters pass their respective colors circularly
polarized, right-hand polarized greens (P1) and left-hand
polarized magentas (P2). The TN cells are EBC devices
synchronized with Field 1 and Field 2 of the NTSC signal
using the same circuit techniques described previously.
During Field 1, the left eye’s TN cell is activated (V-), re-
versing the polarized state passed by the filters while the
right eye’s TN cell is inactive (V+), maintaining the polar-
ization. Figure 6 shows the Field 1 state of the TN cells;
during Field 2 the right eye’s TN cell switches to V- and
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the left to V+. The broadband polarizer, or analyzer, passes
P1 light and blocks P2.

Referring to Fig. 4, Stage 4, the CRT monitor displays r
+ b (magenta) information from the left eye image and g
information from the right eye image simultaneously dur-
ing Field 1. During Field 2, g information from the left eye
and r + b information from the right eye is displayed si-
multaneously. By alternately activating and de-activating
the TN cells in synchrony with Field 1 and 2, it can be
seen that the eyewear performs the appropriate spectral
demultiplexing function, passing left and right image in-
formation to the correct eyes for field-sequential stereop-
sis without flicker.

3-D Printing Based on CLC Inks
A new method of printing 3-D images has been made

possible through several patented processes for manufac-
turing inks based on CLC materials.26,27 This CLC ink can
be made right circularly polarized (RCP) as well as left
circularly polarized (LCP) to enable polarization multi-
plexing of the left and right images, with circularly polar-
ized 3-D glasses demultiplexing images. Applications for
these new inks include 3-D hardcopy from inkjet printing,
offset printing, gravure, and silk-screen processes that can
be printed on any paper, fabric, or other medium.

CLC Properties. CLC is a nematic liquid crystal with
chiral additives or polysiloxane side-chain polymers that
cause the cigar-shaped molecules to be spontaneously
aligned in an optically active structure both LCP and RCP.
Chiral additives give the CLC molecules a degree of twist
and helical structure with pitch “p.” (Pitch can be thought
of as the length of a bolt that a nut must travel to make a
360° turn, tighter pitch resulting in less travel.) The higher
the concentration of the chiral additive, the tighter the
molecules are arranged in the helix, resulting a shorter
pitch. CLCs can be either left-handed (LH) or right-handed
(RH), each having a unique property known as selective
wavelength reflection. When light is incident upon the CLC
surface, the selective reflection is described by the follow-
ing equation:

λ = λo = na p, (1)

where λ is the reflective wavelength, na is the mean index
of refraction (approx. 1.6) of the CLC material, and p is
    Cardillo , et al.



Figure 6. Reflective properties of left-handed CLC. The wavelength of light reflected is determined by the pitch of the CLC, and the
direction of polarization, RCP or LCP, is determined by the direction of helical twist of the CLC.
the pitch of the helical structure. Figure 6 illustrates the
selective reflection of LH CLCs.

If the CLC is RH, then it reflects 50% of the incoming
light at the selected wavelength in RCP light and trans-
mits 50% of that wavelength in LCP light. All other wave-
lengths are transmitted through the material. Similarly,
LH CLC material will reflect LCP light and transmit RCP
light. The reflected wavelength, or color, can be tuned by
changing the length of the pitch, which is dependent on
the chiral additive concentration. The polarization of the
reflected light, RCP or LCP, can be altered by using RH or
LH CLC material.

New CLC Ink Fabrication Processes. A major break-
through in CLC ink fabrication was a process to make the
inks useable at room temperature. Formerly, room-tem-
perature use required CLC to be in the liquid phase, en-
capsulated or confined to cells; in the solid phase, the CLC
inks had to be applied at very high temperature. In the
new process,26 molten CLC material above the glass tem-
perature (for polysiloxane-based CLC polymers, about
120°C to 150°C) is deposited onto a rotating belt and aligned
using a knife edge. After a cooling stage, the CLC film is
transferred to another rotating belt coated with an adhe-
sive. The second belt, after receiving the CLC film, goes
through an air jet stage where an ultrasonic air jet or air
jet with fine powder abrasives removes the ultrabrittle CLC
film from the adhesive. The result is tiny CLC flakes that
retain the helical structure normal to the CLC flake sur-
face. The CLC flakes range in thickness from 1 to 20 µm
and in size from 5 to 75 µm with an average size of 25 µm.
The geometry of the flakes can be regular or irregular.

To produce the CLC inks, these CLC flakes are mixed
with a host fluid or host matrix, the carrier. The carrier
must be chosen for suitable tackiness, drying speed, ad-
hesion to surfaces, friendliness to environment, etc., de-
pending on the application: offset printing, ink-jet printing,
painting, drawing, xerography, or other imaging methods.
When the CLC flakes are mixed with a suitable host ma-
trix such as wax or other sticky material that is a solid at
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room temperature, crayons, pencils, or other drawing de-
vices can be made.

Printing 3-D Images using CLC Inks. Unlike conven-
tional pigments and dyes, CLCs work on a reflective
mechanism, with six types of crystal necessary to render
the visible spectrum in two polarization states: red, blue,
and green pitched crystals in LCP and RCP states. (In
practice, it has been found necessary to use two additional
types, namely, white pitched crystals in each polarization
state). Instead of printing or plotting on a white piece of
paper, CLCs are applied onto light absorbing or
nonreflective surfaces. When viewed by itself, the ink ap-
pears almost transparent. When the ink is applied to a
black paper or other medium, the color corresponding to
the wavelength of the CLC material can be seen. All of the
other colors are absorbed by the black medium. Moreover,
if viewed with an RCP or LCP polarizer, the CLC material
will be seen only through the same-phase polarizer. It is
the circular polarization property of the CLC inks that is
used to multiplex left and right images for 3-D stereoscopic
printing, the left image put on the black substrate using
LCP ink and the right image using RCP ink. The 3-D im-
ages are demultiplexed at the eyes by cross-polarization
through ordinary circularly polarized glasses.

Conclusion
Four new advancements in 3-D stereoscopic display tech-

nology developed by VRex, Inc., of Elmsford, New York,
have been outlined. µPol optics have been applied to 3-D
LCD displays with benefits of reduced cost, self-alignment
of images, compatibility with video and computer stan-
dards, and single projector implementation of 3-D, lead-
ing to commercial desirability over other cross-polarization
displays for multiple viewers. Improvements in LC shut-
ter materials and electronics have led to commercially
desirable 3-D eyewear for personal viewing of stereoscopic
3-D images from TVs and PCs, while the technique of spec-
tral multiplexing, now under development, promises
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flicker-free time-multiplexed stereoscopic content from
popular, low-cost 60-Hz TV and video displays. Finally,
advancements in CLC inks have led to stereoscopic
hardcopy printable on any medium. The first practical CLC
applications are for posters and clothing using a silk screen
process, with other printing techniques, including ink jet,
under development.

References
1. C. Wheatstone, Phil. Trans. Roy. Soc. London 128, 371–394 (1838).
2. M. McCann, ed., Edwin H. Land’s Essays. Volume I: Polarizers and In-

stant Photography, Society for Imaging Science and Technology, Spring-
field, VA, 1993.

3. R. M. Hayes, 3-D Movies: A History and Filmography of Stereoscopic
Cinema, McFarland, Jefferson, NC, 1989.

4. S. M. Faris, Micro-polarizer arrays applied to a new class of stereo-
scopic imaging, SID Dig. 38, 840–843 (1991).

5. S. M. Faris, U.S. Patent 5,327,285 (1994).
6. R. J. Beaton, R. J. DeHoff and S. T. Knox, Revisiting the display flicker

problem: refresh rate requirements for field-sequential stereoscopic dis-
play systems, Dig. Tech. Pap. SID Int. Symp. 17, 150 (1986).

7. J. Lipscomb, Experience with stereoscopic display devices and output
algorithms, Proc. SPIE Non-Holographic True 3-D Display Techniques
1083, 28–34 (1989).

8. J.  A. Roese and A. S. Khallafalla, Stereoscopic viewing with PLZT ceram-
ics, Ferroelec. 10, 47 (1976).

9. J. A. Roese, Liquid crystal stereoscopic viewer, U.S. Patent 4,021,846
(1977).

10. P. J. Bos, Liquid crystal shutter systems for time-multiplexed stereo-
scopic displays, in Stereo Computer Graphics and Other True 3-D Tech-
nologies, Princeton University Press, Princeton, NJ, 1993.

11. P. J. Bos and K. R. Koehler-Beran, The pi-cell: a fast liquid crystal opti-
cal device, Mol. Cryst. Liq. Cryst. 113, 329 (1984).
306     Journal of Imaging Science and Technology
12. S. M. Faris, U.S. Patent pending.
13. M. R. Harris, A. J. Geddes and A. C. T. North, Frame-sequential stereo-

scopic system for use in television and computer graphics, Disp. 7(1), 12.
14. L. Lipton and J. Halnon, Universal electronic stereoscopic display,

in Stereoscopic Displays and Virtual Reality Systems III, M. T. Bo-
las, S. S. Fisher and J. O. Merritt, Eds., Proc. SPIE 2653, 219–223
(1996).

15. L. Ganz, Temporal factors in visual perception, in Handbook of Percep-
tion Vol. 5, E. C. Carterette and M. P. Friedman, Eds., Academic Press,
NY (1975).

16. A. B. Watson, Temporal sensitivity, in Handbook of Perception and Hu-
man Performance, K. R. Boff, L. Kaufman and J. P. Thomas, Eds., Vol. 3,
Wiley, NY, 1986.

17. H. de Lange, Research into the dynamic nature of the human fovea-
cortex systems with intermittent and modulated light: I. Attenuation char-
acteristics with white and colored light, J. Opt. Soc. Am. 48, 777–784
(1958).

18. R. W. Bowen, Isolation and interaction of ON and OFF pathways in hu-
man vision: contrast discrimination at pattern offset, Vision Res. 37(2),
185–198 (1997).

19. G. R. Engel, An investigation of visual responses to brief stereoscopic
stimuli, Q. J. Exp. Psychol. 21, 148–166 (1970).

20. W. Skrandies, Visual persistence of stereoscopic stimuli: electrical brain
activity without perceptual correlate, Vision Res. 27(12), 2109–2118 (1987).

21. S. M. Faris, U.S. Patent pending.
22. K. Uchikawa and M. Ikeda, Temporal integration of chromatic double

pulses for detection of equal-luminance wavelength changes, J. Opt.
Soc. Am. A 3, 2109–2115 (1986).

23. G. S. B. Street, U.S. Patent 4,641,178 (1987).
24. G. Wyszecki and W. S. Stiles, Color Science, Wiley & Sons, NY

(1982).
25. W. R. J. Brown and D. L. MacAdam, Visual sensitivities to combined

chromaticity and luminance differences, J. Opt. Soc. Am. 39, 808–818
(1949).

26. S. M. Faris, U.S. Patent 5,364,557 (1994).
27. S. M. Faris, U.S. Patent 5,457,554 (1995).
    Cardillo , et al.


	Advancements in 3-D Stereoscopic Display Technologies: Micropolarizers, Improved LC Shutters, Spectral Multiplexing, and CLC Inks
	Leonard Cardillo and David Swift
	John Merritt
	Introduction
	Figure 1.
	The µPol
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	(1)
	Figure 6.
	Conclusion
	References

