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(57) ABSTRACT

In exemplary implementations of this invention, two LCD
screens display a multi-view 3D image that has both horizon-
tal and vertical parallax, and that does not require a viewer to
wear any special glasses. Each pixel in the LCDs can take on
any value: the pixel can be opaque, transparent, or any shade
between. For regions of the image that are adjacent to a step
function (e.g., a depth discontinuity) and not adjacent to a
sharp corner, the screens display local parallax barriers com-
prising many small slits. The barriers and the slits tend to be
oriented perpendicular to the local angular gradient of the
target light field. In some implementations, the display is
optimized to seek to minimize the Euclidian distance between
the desired light field and the actual light field that is pro-
duced. Weighted, non-negative matrix factorization (NMF) is
used for this optimization.
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CONTENT-ADAPTIVE PARALLAX
BARRIERS FOR AUTOMULTISCOPIC
DISPLAY

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 61/418,650, filed Dec. 1, 2010,
the entire disclosure of which is herein incorporated by ref-
erence.

FIELD OF THE TECHNOLOGY

[0002] The present invention relates generally to automul-
tiscopic displays.

SUMMARY

[0003] Inexemplary implementations of this invention, two
LCD screens produces a 3D image that has vertical and hori-
zontal motion parallax, and that does not require a viewer to
wear any special glasses (or other optical equipment).
[0004] The3D image includes multiple views; the view that
is seen depends on the angle of viewing. For example, the
viewer’s left and right eyes each see a different view. The
resulting binocular parallax creates an appearance of depth.
Also, for example, as the viewer moves his or her head, the
view changes. The resulting motion parallax helps create an
illusion of depth.

[0005] The dual-stacked LCDs are backlit by an incoherent
light source behind the rear LCD screen. The two LCD
screens act as spatial light modulators.

[0006] In these exemplary implementations, each pixel in
the LCDs can take on any value: the pixel can be opaque,
transparent, or any shade (any degree of translucency)
between. Thus, each of the two LCD screens can display any
arbitrary image.

[0007] This is quite different than a conventional automul-
tiscopic display with dual-stacked LCDs. In the conventional
approach: (1) the front screen displays a mask, (2) the mask
comprises evenly spaced slits or a regular grid of pinholes, (3)
the pixels in the front screen are limited to binary values
(opaque, transparent), and (4) the mask severely attenuates
the light intensity of the 3D image. The light attenuation is
more severe for pinholes (that create 2D parallax) than for
regularly spaced slits (that create 1D parallax).

[0008] In contrast, in exemplary implementations, this
invention produces brighter images. For example, a prototype
of this invention can create an image with 2D parallax (i.e.,
both horizontal and vertical parallax). So can a conventional
pinhole parallax barrier display. However, the image pro-
duced by the prototype is about three times brighter than the
image produced by the conventional display (holding the
power consumption, angular resolution and spatial resolution
of the displays constant).

[0009] Inexemplary implementations of this invention, the
parallax barriers displayed by the dual-stacked LLCDs are
content adaptive. That is, these parallax barriers adapt to the
content of the light field that is sought to be projected.
[0010] In exemplary implementations of this invention, in
certain areas of each of the two masks, a rotation of slits
occurs, as follows: in these areas, (1) local parallax barriers
are displayed; (2) these local parallax barriers are ribbon-like
in appearance, (3) each such barrier comprises many small
slits, and (4) these small slits tend to be rotated perpendicular
to the local angular gradient of the target light field.
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[0011] This rotation occurs in areas of a mask that corre-
spond to areas of the 3D image that are adjacent to a depth
discontinuity (step function) and are not adjacent to a sharp
corner. The angular gradient in such an area is strong and
single-valued. (In contrast, (a) if a depth discontinuity is not
present, the angular gradient of the light field tends not be
strong, and (b) adjacent to a sharp corner, the angular gradient
is not single-valued.)

[0012] In illustrative implementations of this invention,
numerical methods are used to compute the images that are
displayed by each of the two LCD screens.

[0013] Here is an example of such a numerical method:
[0014] The images displayed by the two LCD screens for
any frame are jointly optimized, in order to seek to minimize
the Euclidian distance between (a) the desired (target) light
field and (b) the actual light field produced by the two LCD
screens. The actual light field for any frame is the outer
product of the 2D images shown on the two screens for that
frame. The optimization process is done independently, for
each frame.

[0015] Weighted, non-negative matrix factorization (NMF)
is used for this optimization. A weight matrix is applied, in
order to spend the degrees of freedom in the two screen
images on the central views. Thus, in exemplary implemen-
tations, the LCD screens produce correct results when viewed
from within a central cone extending straight out from the
screens, and produce unconstrained views outside this central
cone. (In a prototype, the cone’s apex touches a point on the
front screen, its axis is normal to the front screen, and its
shape is a square pyramid. Alternately, the cone may have
other shapes or axis orientations.) In some implementations,
weights are selected to support multiple viewers or a wider
field of view.

[0016] The pixels inthe screens are initialized with random
values uniformly distributed on [0,1] (0 being opaque and 1
being transparent) A multiplicative update is applied itera-
tively. At each iteration, the weight matrix is applied to the
intermediate result. This prevents values with low weights
from influencing the results, and leaves the light rays outside
the central cone unconstrained.

[0017] An important insight in this invention is that a fixed
pair of 2D masks always produces a rank-1 approximation of
a set of light rays (“rank” being used here in the linear algebra
sense). If two attenuating layers are used to represent a set of
light rays, the resulting set of rays have very few degrees of
freedom. Thus, an arbitrary set of light rays cannot be accu-
rately represented with just two masks (LCD screens).
[0018] The dual-stacked LCDs display a set of rank-1
approximations which have been optimized using NMF.
These optimal rank-1 approximations are shown to the viewer
very quickly (e.g., up to 120 Hz in a prototype). As the
viewer’s eye integrates these frames together, a high-rank
approximation to the desired set of light rays is perceived by
the viewer. This time-multiplexing (showing different images
at ahigh frame rate) also improves the spatial resolution of the
3D display.

[0019] In exemplary implementations, the dual-stacked
LCDs act as a compressive display. Imagery sent to the dis-
play is compressed. But it is compressed in a way that allows
the viewer to at least partially decompress it. Any light field
sent to the display is reduced to two images—one for the front
LCD and one for the rear LCD screen. As these images are
presented at a high frame rate, the viewer’s eyes integrates the
images into a high-rank approximation of the desired light
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field, thereby at least partially decompressing the imagery
The higher the rank approximation that is achieved, the less
lossy the compression.

[0020] In exemplary implementations of this invention, a
tradeoff may be made among display brightness, frame rate
(refresh rate) and reconstruction error. For example, when a
prototype of this invention runs with a frame rate of 120 Hz,
no flicker fusion is perceptible, but the image quality is poor.
When the prototype runs with a frame rate of 13 Hz, it accu-
rately reproduces a full rank 3x3 light field, but this speed is
below the flicker fusion threshold of the human eye. Running
the prototype at a rate between these two extremes achieves
an image with no perceptible flicker and good image quality.
(The flicker fusion threshold for human vision varies depend-
ing on lighting conditions. This means that the display can be
run at lower rates/higher quality in low lighting conditions).
[0021] Inexemplary implementations, the front screen dis-
play may be easily switched from a high resolution 2D image
to a 3D image, or vice versa. This is an advantage compared
to integral imaging with lenticular lenses. A lenticular display
can produce an image with both horizontal and vertical par-
allax, but once the lens are affixed to the screen, they cannot
be easily removed, making it impractical to switch a lenticu-
lar display between a 2D and 3D mode.

[0022] Theabovedescription of the present invention is just
a summary. It is intended only to give a general introduction
to some illustrative implementations of this invention. It does
not describe all of the details of this invention. This invention
may be implemented in many other ways.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 shows a prior art example of dual-stacked
LCDs, in which the front screen displays a pinhole array, and
the pixels in the front screen are limited to binary values.
[0024] FIG. 2 shows an exemplary implementation of this
invention, in which pixels in both screens can take on any
value, and both screens can display any arbitrary image.
[0025] FIG. 3 is a high level flow chart of a numerical
method for producing a dual-layer display.

[0026] FIG. 4 is a diagram showing a side view of dual-
stacked LCDs.

[0027] FIG. 5 is a high level block diagram of hardware
included in a prototype.

[0028] FIGS. 6A and 6B show a rear-panel mask and a
front-panel mask.

[0029] FIG. 7A shows oblique projections of a step edge.
[0030] FIGS. 7B and 7C shows a rear-panel mask and a
front-panel mask, respectively, produced by a rank-9 decom-
position. Optimization produces local parallax barriers,
rotated to align with the step edge.

[0031] FIG. 8 shows streamlines of the angular gradient of
a light field for a scene with three stacked balls. The stream-
lines are visualized using line integral convolution.

[0032] FIGS. 9A and 9B show a rear-panel mask and a
front-panel mask, respectively, in an exemplary implementa-
tion of this invention. This pair of content-adaptive masks
produces a 3D image of the stacked balls scene. To enhance
the visibility of the local parallax barriers, only the luminance
channel of the light field is processed.

[0033] FIGS. 10A and 10B shows a rear mask and front
mask, respectively, in a conventional parallax barrier mask
pair. This pair of conventional (prior art) masks also produce

Jun. 7,2012

a 3D image of the stacked balls scene. For comparison with
FIGS. 8A and 8B, only the luminance of the light field is
processed.

[0034] Theabove Figures illustrate some illustrative imple-
mentations of this invention, or provide information that
relates to those implementations. The above Figures do not
show all of the details of this invention.

DETAILED DESCRIPTION

[0035] In conventional prior art, two modified LCD panels
are stacked to produce a 3D image. These conventional dual-
stacked LCDs use heuristic parallax barriers for view-depen-
dent imagery: the front LCD shows a fixed array of slits or
pinholes, independent of the multi-view content. This prior
art adapts the spacing between slits or pinholes, depending on
viewer position. Also, this prior art permits only binary opaci-
ties for pixels in the front screen.

[0036] In contrast, in exemplary implementations of this
invention, both LCD layers are adapted to the multi-view
content, increasing brightness and refresh rate. Unlike con-
ventional barriers, both masks are allowed to exhibit non-
binary opacities.

[0037] FIG. 1 shows a conventional (prior art) parallax
barrier display. The front panel contains a uniform grid of slits
or pinholes. The viewer sees each pixel on the rear panel
through this grid, selecting a subset of visible pixels depend-
ing on viewer location. A uniform backlight, located behind
the rear layer, enables the rear layer to act as a conventional
2D display.

[0038] FIG. 2 is a diagram of an example of this invention.
In this example, the dual-stacked LCDs are general spatial
light modulators that act in concert to recreate a target light
field by attenuating rays emitted by the backlight. Unlike
conventional barriers, both masks can exhibit non-binary
opacities.

[0039] In exemplary implementations of this invention,
content-adaptive parallax barriers are employed. Display ele-
ments are optimized for multi-view content. The resulting
generalized parallax barriers significantly differ from exist-
ing heuristics (e.g., grids of slits or pinholes) and allow
increased optical transmission and refresh rate, while pre-
serving the fidelity of displayed images. These novel displays
can adapt to viewer position.

[0040] In some implementations of this invention, prefil-
tered multi-view content is used.

[0041] According to principles of this invention: (1) any 4D
light field emitted by a fixed pair of masks can be modeled by
the tensor product of two 2D masks, (2) a 1D mask pair only
achieves a rank-1 approximation of a 2D light field, modeled
by the outer product of the masks; (3) higher-rank approxi-
mations may be achieved using temporal multiplexing of
mask pairs; (4) time-multiplexed light field display using
dual-stacked LCDs may be cast as a matrix approximation
problem, (5) a dynamic set of 2D mask pairs, optimized for a
given 4D light field, may display content-adaptive parallax
barriers, (6) these masks allow compression of the light field
into a reduced set of mask pairs, increasing the effective
display refresh rate and reducing perceptible flicker, and (7)
to obtain physically-realizable masks, optimized for a given
viewer position, non-negative matrix factorization (NMF)
may be employed to minimize the weighted Euclidean dis-
tance between a target light field and that projected by a
dual-stacked LCD.
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[0042] In exemplary implementations, this invention has
many benefits: Users do not require special eyewear. Full-
resolution 2D display can be restored by setting one LCD to
be fully-transparent. Content adaptation increases spatial
resolution through temporal multiplexing of mask pairs,
exploiting the trend of increasing LCD refresh rates. The
dual-stacked masks adapt to the target light field to further
increase display brightness. Arbitrary viewing regions are
supported, outside of which the reconstruction is uncon-
strained.

[0043] FIG. 3 is a high level flow chart of a numerical
method for producing a dual-layer display, in an exemplary
implementation of this invention. As shown in FIG. 3: A thin,
dual-layer display (e.g., a dual-stacked LCD) allows depth
perception without special eyewear. Multi-view content is
rendered or photographed and represented as a 4D light field.
Content-adaptive parallax barriers are obtained by applying
non-negative matrix factorization to the input light field,
increasing display brightness and refresh rate compared to
conventional barriers. These mask pairs are displayed using
the dual-layer display, emitting a low-rank approximation of
the input light field and enabling depth perception.

[0044] FIG. 4 is a diagram showing a side view of dual-
stacked LCDs, in a prototype of this invention. Rear LCD
screen 400 is a standard off-the-shelf LCD screen comprising
a rear transparent polarizing film 404, an LCD panel 402, and
a front polarizing diffuser 406. The backlight is not shown.
Front LCD screen 410 is a standard off-the-shelf LCD screen
with an LCD panel 412. It has been modified by removing its
backlight and rear transparent polarizing film, and by replac-
ing the front polarizing diffuser with a transparent polarizing
film 414.

[0045] FIG. 5 is a high level block diagram of hardware
included in a prototype. A dual-stacked LCD 501 displays a
3D image. One or more processors 503 perform computa-
tions, including rendering and numerical calculations of opti-
mized approximations (e.g., using NMF and multiplicative
update). For example, the processors 505 may compute time-
multiplexed optimal 2D images, and may output command
signals for the front and rear LCDs to display these images.
The processors 503 are connected to the dual-stacked LCDs
by one or more connections 505, which connections may be
wired or wireless. Depending on the particular implementa-
tion, the location of the one or more processors 503 may vary.
For example, the one or more processors may all be remote
from the dual-stacked LCDs. Or, for example, at least some of
the one or more processors may be housed with, or adjacent
to, the dual-stacked LCDs.

[0046] In exemplary implementations of this invention,
dual-stacked L.CDs are used as general spatial light modula-
tors. These two screens act in concert to recreate a light field
by attenuating rays emitted by the backlight. Although any
fixed pair of masks only creates a rank-1 approximation of a
light field, higher-rank approximations are achieved with
time multiplexing: 3D display with dual-stacked LCDs is
optimized using a matrix approximation framework. This
leads to content-adaptive parallax barriers allowing brighter
displays with increased refresh rates.

[0047] The following discussion of light fields and dual-
stacked LCDs will help in understanding this invention:
[0048] A general parallax barrier display, containing two
mask layers and a backlight, can be analyzed as a light field
display device. As shown in FIGS. 1 and 2, an emitted ray is
parameterized by the coordinates of its intersection with each
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mask layer. In an absolute two-plane parameterization of the
4D light field, the ray (u,v,s,t) intersects the rear mask at the
point (u,v) and the front mask at the point (s,t), with both mask
coordinate systems having an origin in the top-left corner.
[0049] In a practical automultiscopic display one is prima-
rily concerned with the projection of optical rays within a
narrow cone perpendicular to the display surface (see FIG. 2),
since most viewers will be located directly in front of the
device. The distinct images viewable within this region are
referred to as the “central views” projected by the display. As
a result, a relative two-plane parameterization proves more
convenient to define a target light field; in this parameteriza-
tion, an emitted ray is defined by the coordinates (u,v,a,b),
where (u,v) remains the point of intersection with the rear
plane and (a,b) denotes the relative offset of the second point
ofintersection such that (a,b)=(s-u,t-v). A 2D slice of the 4D
light field, for a fixed value of (a,b), corresponds to a skewed
orthographic view (formally an oblique projection).

[0050] A general pair of 2D optical attenuation functions,
f(u,v) and g(s,t), is defined with the absolute parameteriza-
tion. These functions correspond to the rear and front masks,
respectively. The emitted 4D light field L(u,v,s,t) is given by
the product

L(uys,0-fuv)g(s,0) ¢9)

assuming illumination by a uniform backlight.

[0051] Inpractice, the masks and the emitted light field are
discrete functions. The discrete pixel indices are denoted as
(i,j,k,1), corresponding to the continuous coordinates (u,v,s,t),
such that the discretized light field is L[i,j,k,1] and the
sampled masks are ]1,j] and g[k,1]. When considering only a
2D slice of the 4D light field, the resulting 2D light field
matrix L[i,k] is given by the outer product

LKA g =fijg" 1] @

with the masks represented as column vectors ]i] and g[k].
Note that Equation 1 can be compactly expressed as an outer
product only by adopting an absolute two-plane parameter-
ization.

[0052] For4D light fields, Equation 2 can be generalized so
the light field is given by the tensor product of the 2D masks
as follows.

LLijk1]~1ii]® gfkl] 3
[0053] From Equation 2 it is clear that a fixed pair of 1D
masks can only produce a rank-1 approximation of any given
2D light field matrix. Similarly, a fixed pair of 2D masks also
produces a rank-1 approximation of the discrete 4D light field
tensor via Equation 3. This restriction provides an important
insight into the inherent limitations of parallax barrier dis-
plays. The rank of a synthetic or captured light field is typi-
cally greater than one (except for the special case when all
objects appear in the plane of the display). Thus, dual-stacked
LCDs employing fixed mask pairs produce rank-deficient
approximations. However, perceptually-acceptable approxi-
mations can be obtained using conventional parallax barriers,
at the cost of decreasing the achievable spatial resolution and
image brightness.

[0054] A conventional parallax barrier display employs a
heuristic front mask given by

1 if k mod N, =0 and [ mod N, =0, 4

0 otherwise,

gpolk, 1] ={



US 2012/0140131 Al

where N, and N, are the number of skewed orthographic
views along the horizontal and vertical display axes, respec-
tively.
[0055] Thus, in a conventional parallax barrier display, the
front mask is either a uniform grid of slits or pinholes. Under
this definition, the rear mask f[1,j] is defined such that Equa-
tion 3 is satisfied for every ray passing through a non-zero
outer mask pixel; thus, the rear mask is given by

Josltd] =Lt Ny i/N, LN LF/N, ]} ®
when the resolutions of the front and rear masks are equal.
[0056] In conventional parallax barrier displays, for
regions outside the central field of view, periodic replicas of
the skewed orthographic views will be projected. These rep-
licas result from viewing neighboring regions of the rear
mask through the parallax barrier. While not correctly cap-
turing the true parallax resulting from steep viewing angles,
periodic replication remains a beneficial property of conven-
tional parallax barriers, allowing viewers to see perceptually-
acceptable imagery outside the central viewing zone.
[0057] In theory, conventional parallax barrier displays
achieve perfect reconstruction for any light field ray passing
through a non-zero front mask pixel (within the central view-
ing region). However, in these conventional displays, no rays
are projected for dark pixels on the front plane. The recon-
structed light field will have significant reconstruction errors,
when measured using the Euclidean distance between corre-
sponding elements of the target light field. In practice, how-
ever, a viewer is separated by a distance that is significantly
larger than the slit or pinhole spacing. Spatial low-pass filter-
ing, as performed by the human eye, minimizes perceptual
artifacts introduced by parallax barriers (i.e., blending the
region between neighboring parallax barrier gaps). As a
result, the occluded regions between slits or pinholes are not
perceptually significant; however, these occluded regions sig-
nificantly reduce the display brightness in these conventional
displays.
[0058] Conventional parallax barriers remain undesirable
due to severe attenuation through a slit or pinhole array, as
well as reduced spatial resolution of the output light field.
Recently, time-shifted parallax barriers have been proposed
to eliminate spatial resolution loss. In such schemes, a stacked
pair of high-speed LCDs is used to sequentially display a
series of translated barriers g,,,[k,1] and corresponding under-
lying masks £, [i,j]. If the complete mask set is displayed at a
rate above the flicker fusion threshold, no image degradation
will be perceived.
[0059] Inexemplary implementations of this invention, the
concept of temporal multiplexing for parallax barriers is gen-
eralized by considering all possible mask pairs rather than the
restricted class defined by Equations 4 and 5. Any sequence of
T 1D mask pairs creates (at most) a rank-T decomposition of
a 2D light field matrix such that

T T (6)
Li k1= )" flil@g k=) flig K]

t=1 t=1

where £,[i] and g [k] denote the rear and front masks for frame
t, respectively.

[0060] In exemplary implementations of this invention,
time-multiplexed light field display using dual-stacked LCDs
can be cast as a matrix (or more generally a tensor) approxi-
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mation problem. Specifically, the light field matrix can be
decomposed as the matrix product

L=FG @

where F and G are N,xT and TxN, matrices, respectively.
Column t of F and row t of G are the masks displayed on the
rear and front LCD panels during frame t, respectively.
[0061] A similar expression as Equation 6 can be used to
approximate 4D light fields as the summation of multiple
tensor products of 2D mask pairs as follows:

T @®)
Lli, k0= ) Sl 1@glk. 1]

=1

[0062] In exemplary implementations of this invention,
each mask pair {f,[1,j],g,[k,1]} must be non-negative, since it
is illuminated by an incoherent light source (i.e., the rear LCD
backlight). A content-adaptive light field factorization E=FG
is sought that minimizes the weighted Euclidean distance to
the target light field L, under the following non-negativity
constraints, such that

1 9
argmin=||L - FG||%, for F, G =0, ©
F.G 2

where the reconstruction error is given by

1 10
5L~ FGlly = WolL-FG)o(L- FG). o

ik

[0063] Here O denotes the Hadamard product for element-
wise multiplication of matrices.

[0064] Inexemplary implementations ofthis invention (un-
like conventional barriers), the field of view can be adapted to
one or more viewers by specifying elements of the weight
matrix W (i.e., the Euclidean norm will be minimized where
W is large). The weight matrix plays an important role, ensur-
ing a low-rank approximation can obtain high reconstruction
accuracy by artificially reducing the rank of the target light
field. General 4D light fields are handled by reordering as 2D
matrices, with 2D masks reordered as vectors, allowing a
similar matrix approximation scheme to be applied.

[0065] In exemplary implementations of this invention,
Equation 9 is solved using non-negative matrix factorization,
employing a multiplicative update rule. Initial estimates
{F,G} are refined as follows.

For [(WeL)GT] an
cFo— 7 °_
[(We(FG)GT]
T
G go LFTWe]
[FT(We(FG))]
[0066] Examples of the mask pairs produced by the opti-

mization procedure are shown in FIGS. 6A, 6B, 7B, 7C, 9A
and 9B. Note that, if Equation 9 was not constrained to
weighted, non-negative factorizations, singular value decom-
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position (SVD) could be applied; however, solving a
weighted SVD problem also requires an iterative algorithm
with multiple local minima.

[0067] In exemplary implementations using Equation 11,
the masks are initialized with random values uniformly dis-
tributed on [0,1]; alternative strategies, including seeding
with conventional parallax barriers, did not yield reconstruc-
tions with reduced errors or increased transmission. After
each iteration the mask elements are truncated to the range
[0,1]. Images displayed on both LCD layers are jointly opti-
mized, independently for each target automultiscopic video
frame.

[0068] Content-adaptive parallax barriers exhibit predict-
able structure. Consider the masks shown in FIGS. 6A, 6B,
7B, 7C, 9A and 9B: flowing, fringe-like patterns are consis-
tently observed. Content-adaptive parallax barriers are
locally-similar to conventional parallax barriers, but rotated
to align to nearby edges in the light field. Intuitively, parallax
is only perceived as a viewer moves perpendicular to an edge,
thus a rotated local parallax barrier (i.e., an array of slits) is
sufficient to project the correct 4D light field in such local
regions.

[0069] Qualitatively, both the front-panel masks and rear-
panel masks exhibit flowing, slit-like barriers aligned perpen-
dicular to the angular gradient of the 4D light field (see FIG.
7), defined using a relative parameterization as

dL AL (12)
Ve Lu, v, a, b) = ( ]

da’ b

[0070] The existence of local parallax barriers in content
adaptive displays gives intuition into the benefits of such
displays. Unlike 2D pinhole arrays, content adaptation can
create 1D slits that transmit more light. Consider N,xN,
views of a sphere. With pinholes, each front mask is a grid of
N, xN,, tiles with one transparent pixel. We create local bar-
riers following the angular gradient (e.g., the sphere bound-
ary). Near discontinuities each N,,xN,, block of the front mask
contains slits with an average of no less than min(N,,N,)
transparent pixels. Thus, the average achievable brightness
increase is min(N,,N,). One significant benefit of content-
adaptive parallax barriers (in exemplary implementations of
this invention) is to allow simultaneous horizontal and verti-
cal parallax, while preserving the brightness of conventional
parallax barriers (i.e., arrays of slits) that support horizontal-
only parallax.

[0071] In exemplary implementations of this invention, in
certain areas of each of the two masks, a rotation of slits
occurs, as follows: in these areas, (1) local parallax barriers
are displayed; (2) these local parallax barriers are ribbon-like
in appearance, (3) each such barrier comprises many small
slits, and (4) these small slits tend to be rotated perpendicular
to the local angular gradient of the target light field.

[0072] This rotation occurs in areas of a mask that corre-
spond to areas of the 3D image that are adjacent to a depth
discontinuity (step function) and are not adjacent to a sharp
corner. The angular gradient in such an area is strong and
single-valued. (In contrast, (a) if a depth discontinuity is not
present, the angular gradient of the light field tends not be
strong, and (b) adjacent to a sharp corner, the angular gradient
is not single-valued.)

[0073] Inareasofamask that correspond to areas of the 3D
image that are adjacent to a depth discontinuity (step func-

Jun. 7,2012

tion) and are not adjacent to a sharp corner, the slits tend to be
perpendicular to the angular gradient of the target light field,
and tend to be parallel to the step edge.

[0074] In exemplary implementations, if a majority of the
slits in a region of a local parallax barrier in a mask are
oriented within 10 degrees of parallel to each other, then a
majority of the slits in that region are oriented within 20
degrees of perpendicular to the angular gradient of the target
light field.

[0075] Here are two examples of how slits in local parallax
barriers may be rotated, in exemplary implementations of this
invention:

[0076] First example: A contiguous area in a mask (e.g., a
front or rear mask) corresponds to a region of the target 4D
light field that is adjacent to a depth discontinuity. In that area,
the target 4D light field has an angular gradient. In that area,
a local parallax barrier is displayed, which local parallax
barrier comprises a set of more than ten slits, a majority of the
slits having an orientation within 15 degrees of perpendicular
to the angular gradient. Alternately, in this example, the num-
ber of slits in the set may be more than five, more than 15,
more than 25, more than 50, or more than 100. Alternately, in
this example, the orientation may be within 1 degree, within
5 degrees, within 10 degrees, or within 20 degrees, of perpen-
dicular to the angular gradient.

[0077] Second example: In this second example, there are
7x7 views in the target light field. Choose a random pixel in an
area of one of the masks that corresponds to a region of the
target 3D image that is adjacent to a depth discontinuity and
that is not adjacent to a sharp corner. In this area of the mask,
the angular gradient of the light field is strong and single-
valued. In this area, a local parallax barrier will place a slit at
or very close to this pixel; specifically, if then the slit will be
within +/-3 pixels of the pixel under consideration. The direc-
tion of the slit will be aligned, within +/-20 degrees, of the
instantaneously angular gradient of the target light field
evaluated at that point. If the angular gradient is not “well
defined” at that point (i.e., does not have a strong, dominant
direction), then the optimization will not produce a slit, but
some other pattern.

[0078] FIGS. 6A and 6B show an example of a rear-panel
mask and a front-panel mask, in a prototype of this invention.
[0079] FIGS. 7A, 7B and 7C show a region centered on a
depth discontinuity, in a prototype of this invention. Locally,
the scene is modeled by two fronto-parallel planes (i.e., a step
edge). A 4D light field, containing 3x3 oblique projections, is
rendered so the disparity between projections is 10 pixels.
The front-panel masks contain perturbed lines that run paral-
lel to the edge (i.e., perpendicular to the angular gradient).
Their average spacing equals the angular resolution (3 pixels)
and they span a region equal to the product of the disparity and
the number of views minus one (10 pixels from the edge).
The masks exhibit random noise away from the edge,
approximating a scene without parallax. Equation 11 con-
verges to a local stationary point, but not necessarily the
global minimum; as a result, the observed local parallax bar-
riers possess some randomization due to convergence to a
local minima.

[0080] FIG. 7A shows oblique projections of a step edge
seen as a viewer moves in similar directions from the center
(e.g., the image in the top left of FIG. 7A would be seen as the
viewer’s head moves from the center to the top left of the
screen, the image in the top right of FIG. 7A would be seen as
the viewer’s head moves from the center to the top right of the
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screen, and so on.) FIGS. 7B and 7C shows a rear-panel mask
and a front-panel mask, respectively, produced by a rank-9
decomposition. Optimization produces local parallax barri-
ers, rotated to align with the step edge. In both FIGS. 7B and
7C, alocal parallax barrier runs diagonally from the upper left
to the lower right of the Figure.

[0081] FIG. 8 shows streamlines of the angular gradient of
a light field for a scene with three stacked balls. The stream-
lines are visualized using line integral convolution. For ease
ofreference, each time that rectangle 701 appears in FIGS. 8,
9A, 9B, 10A and 10B, it indicates the same area (likewise,
rectangles 702 and 703 indicate the same area, respectively,
each time that they appear in those Figures.)

[0082] FIGS. 9A and 9B show a rear-panel mask and a
front-panel mask, respectively, in a prototype of this inven-
tion. This pair of content-adaptive masks produces a 3D
image of the stacked balls scene. To enhance the visibility of
the local parallax barriers, only the luminance channel of the
light field is processed. In rectangle 703 in FIGS. 9A and 9B,
a local parallax barrier runs horizontally from the left side to
the right side of the rectangle. In the upper portion of rect-
angle 701 in FIGS. 9A and 9B, a local parallax barrier is
oriented vertically. In each case in FIGS. 9A and 9B, the local
parallax barrier comprises many small slits.

[0083] FIGS. 10A and 10B shows a rear mask and front
mask, respectively, in a conventional parallax barrier mask
pair. This pair of conventional (prior art) masks also produce
a 3D image of the stacked balls scene. For comparison with
FIGS. 8A and 8B, only the luminance of the light field is
processed.

[0084] Ina prototype of this invention, a dual-stacked LCD
was constructed using a pair of 1680x1050 Viewsonic®
FuHzion® VX2265wm 120 Hz LCD panels. The panels have
a pixel pitch of 282 pm and are separated by 1.5 cm. However,
masks are displayed at half the native resolution. Thus, for a
typical light field with an angular resolution N,xN,, of 5x3
views, the prototype supports an 11°x7° field of view; a
viewer sees correct imagery when moving within a frustum
with similar apex angles.

[0085] The rear layer is an unmodified panel, whereas the
front layer is a spatial light modulator (SLM) fashioned by
removing the backlight from a second panel. The front polar-
izing diffuser and rear polarizing film are removed. The front
polarizing diffuser is replaced with a transparent polarizer,
restoring the spatial light modulation capability of the panel.
Without such modifications, the polarizers in the front panel
completely attenuate light polarized by the rear panel. Elimi-
nating the redundant rear polarizer of the front panel
increases light transmission. The LCD panels are driven sepa-
rately via DVI links from a dual-head NVIDIA® Quadro®
FX 570 display adapter, automatically synchronizing the dis-
play refreshes.

[0086] This prototype can time-multiplex up to eight mask
pairs at 15 Hz. Time multiplexing five mask pairs achieves a
24 Hz refresh (a frame rate used by typical cinematic projec-
tionsystems). Thus, the prototype achieves an effective frame
rate, despite temporal multiplexing, near or above the human
flicker fusion threshold.

[0087] Inthis prototype, light fields are rendered with POV-
Ray and masks are represented by a series of texture pairs.
Each color channel is factorized independently. The displays
are driven at 120~Hz with a custom OpenGL® application.
Gamma compression is applied to ensure mask intensity var-
ies linearly with the encoded value; a gamma value of y=2.2
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was measured for our LCDs. Mask optimization uses a multi-
threaded C++ implementation written with the POSIX®
Pthreads API; a single-threaded version is provided with the
supplementary code. An Intel Xeon® 8-core 3.2 GHz proces-
sor with 8 GB of RAM is used for optimization and display.
For atypical light field with 5x3 views, each with a resolution
of' 840x525 pixels, the optimization takes approximately 10
seconds per iteration. In practice, at least 50 iterations are
required for the PSNR to exceed 30 dB.

[0088] Preferably, the target light field is prefiltered to pre-
vent aliasing.
[0089] Content adaptation can also increase the effective

refresh rate of the automultiscopic display. Consider the pro-
totype described above, which supports a native 120 Hz
refresh rate. In this case, only five masks can be time-multi-
plexed before the effective refresh rate drops below 24 Hz and
flicker becomes readily apparent.

[0090] Fortunately, content-adaptive parallax barriers
allow the light field to be compressed using a set of T<N,N
mask pairs. Theoretically, rank-1 light fields occur in a single
case: when a textured plane is displayed in the plane of the
rear LCD panel (i.e., for a light field without any parallax).
Rank grows (to the number of views N, N ) as the plane is
translated away from the rear LCD.

[0091] In exemplary implementations of this invention, a
trade-off can be made among automultiscopic display bright-
ness, refresh rate, and reconstruction error.

[0092] Viewingone LCD through another can cause visible
fringes (moiré) to appear. In the prototype discussed above, to
solve this problem, a thin paper vellum sheet is placed against
the rear LCD. The diffuser eliminates moiré, however the
image resolution is reduced from 1680x1050 to 840x525.
Alternately, a custom diffuser, with a properly-selected point
spread function, would prevent this reduction. Preferably, the
diffuser should only blur neighboring color subpixels—mini-
mizing moiré while preserving spatial resolution.

[0093] Each LCD color filter transmits a range of wave-
lengths. The relative transmission, as a function of wave-
length, is known as the color filter transmission spectrum. The
transmission spectra exhibit some overlap in some commer-
cial panels. In the prototype, visible color-channel crosstalk is
ignored, while allowing independent decompositions for
each channel, this simplification results in visual artifacts.
Alternately (and preferably), the transmission spectra can be
designed with minimal overlap.

[0094] Inthe prototype, to minimize crosstalk for grayscale
regions, each color channel is initialized with the same ran-
dom set of values. The deterministic optimization algorithm
leads to grayscale masks that minimize crosstalk in these
regions.

[0095] Humans perceive an intermittent light source as
steady when it varies between 16-60 Hz, depending on illu-
mination conditions. For dim stimuli in darkened rooms, 16
Hz is a commonly-accepted lower bound.

[0096] The prototype can multiplex up to eight mask pairs
at 15 Hz. Multiplexing five mask pairs achieves a 24 Hz
refresh (a frame rate used in cinematic projection). However,
240 Hz L.CDs are commercially available and allow doubling
the decomposition rank without altering the refresh rate.
Thus, this invention may benefit from the trend of LCDs with
increased refresh rates.

[0097] In some implementations, masks are precomputed
for displaying dynamic content.
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[0098] In exemplary implementations, the weight matrix
may be used to achieve a wide range of effects. For example,
weights can be selected to support multiple viewers or a wider
field of view.

[0099] In exemplary implementations of this invention,
higher frame rates result in improved image quality. The
human eye can be assumed to have an average “frame rate” of
60 Hz. Thus, if 240 Hz display is used, then 240/60=4 frames
can be displayed over the “exposure time” of the eye—-
yielding a rank—4 display. Since higher rank yields less
compression error, this produces a higher PSNR (peak signal-
to-noise ratio) image. But, all four frames must be averaged
by the eye, so this reduces the “effective frame rate” of the 240
Hz display to only 60 Hz. If you had a 600 Hz display, then a
rank-10 approximation could be achieved with very high
PSNR at an effective refresh rate of 60 Hz. (Thus, in exem-
plary embodiments, this invention may be used to advantage
in ahigh-speed display.) Or, for example, a 600 Hz display in
a rank-3 mode with a 200 Hz refresh may be used, although
PSNR would lower.

DEFINITIONS AND CLARIFICATIONS

[0100] Here are some definitions and clarifications. As used
herein:
[0101] The “angular gradient” of a 4D light field is defined

using a relative two plane parameterization as

L AL (12)
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For purposes of this definition (and as discussed above): (1) in
an absolute two plane parameterization, an emitted ray is
parameterized by the coordinates of its intersection with each
mask layer; (2) the ray (u,v,s,t) intersects the rear mask at the
point (u,v) and the front mask at the point (s,t), with both mask
coordinate systems having an origin in the top-left corner, and
(3) in a relative two-plane parameterization, a ray is defined
by the coordinates (u,v,a,b), where (u,v) remains the point of
intersection with the rear mask and (a,b) denotes the relative
offset of the second point of intersection (i.e., the point of
intersection with the front mask) such that (a,b)=(s—u,t-v).
Angular gradient (and orientation of a slit in a mask) are
evaluated “instantaneously” at a given point.

[0102] A “multi-view automultiscopic display with full
motion parallax” means display of a 3D image with vertical
motion parallax and horizontal motion parallax, which dis-
play does not require a viewer to wear any glasses or other
optical apparatus, and which image includes multiple views,
the view seen depending on the angle at which the image is
viewed.

[0103] In the context of LCD screens or other display
screens, “front” is closer to a viewer than “rear”.

[0104] The term “include” shall be construed broadly, as if
followed by “without limitation”.

[0105] The term “or” is an inclusive disjunctive. For
example “A or B” is true if A is true, or B is true, or both A or
B are true.

[0106] ““Parallax™ includes binocular parallax and motion
parallax. In binocular parallax, the apparent position of an
object viewed by the left eye and the right eye differs because
of the different positions of the two eyes. In motion parallax,
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the apparent position of an object appears to change as the
viewpoint moves (e.g., by moving one’s head).
[0107] “Parallax barriers” means slits, pinholes or other
patterns for producing parallax in a 3D image.

Variants:

[0108] This invention may be implemented in many differ-
ent ways. Here are a few examples:

[0109] Parallax barriers are not limited to periodically
spaced slits or a regular grid or array of pinholes. Parallax
barriers may be irregular in shape, may be straight or curved,
and may be arranged in irregular, non-evenly spaced patterns.

[0110] Parallax barriers may be displayed by an LCD, other
electronic screen for light transmission, fixed mask, or other
dynamic spatial light modulator. For example, the spatial
light modulator may be a MEMs shutter device or a MEMS
mirror array.

[0111] Parallax barriers are not limited to spatial light
modulators, at least in the case of a rear screen. Parallax
barriers may be displayed by a rear screen that is a source of
illumination (e.g., an LED screen, electroluminescent dis-
play, plasma display panel, or CRT screen). For example, in a
dual-stacked arrangement that is not backlit, the rear screen
may be an illumination source and the front screen may be a
spatial light modulator. In that case, parallax barriers in the
rear screen comprise areas that emit less or no light, and
parallax barriers in the front screen comprise areas that trans-
mit less or no light.

[0112] This invention may be implemented as a method for
producing an actual 4D light field that approximates a target
4D light field, wherein (a) a pair of spatial light modulators is
backlit by an incoherent light source, (b) the pair comprises a
rear modulator that displays a rear mask and front modulator
that displays a front mask, (c) a contiguous area in each of the
rear and front masks, respectively, corresponds to a region of
the target 4D light field that is adjacent to a depth disconti-
nuity, (d) in that area, the target 4D light field has an angular
gradient, (e) in that area, a parallax barrier is displayed, which
parallax barrier comprises a set of more than ten slits, a
majority of the slits having an orientation within 15 degrees of
perpendicular to the angular gradient, and (f) the front and
rear masks produce the actual 4D light field, which actual 4D
light field comprises a multi-view automultiscopic display
with full motion parallax. Furthermore, in this method: (1) the
rear and front modulators may display the rear and front
masks, respectively, at a frame rate that exceeds 10 Hz, (2) for
each frame, the rear and front masks may be jointly optimized
by using non-negative matrix factorization to approximately
calculate a solution that minimizes the Euclidian distance
between the actual 4D light field and the target 4D light field,
(3) the non-negative matrix factorization may be computed
by one or more processors, starting with randomly initialized
values for pixels and iteratively applying a multiplicative
update, and (5) light field factorization E=FG may be calcu-
lated by one or more processors,

[0113] where

1
argmin=||L - FG||%, for F, G = 0,
F.G 2
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[0114] where the reconstruction error is given by:

1
FIL=FGlly = Y [Wo(L= FO)o (L~ FQ)l.

ijkl

[0115] and where
[0116] O denotes a Hadamard product for element-wise
multiplication of matrices,
[0117] w is the weight of a weighting matrix W,

[0118] F and G are N,xT and TxN, matrices, respec-
tively,
[0119] ColumntofF and row t of G are the rear and front

masks displayed during frame t, respectively,

[0120] discrete pixel indices of the rear mask are denoted
as (i,)) and discrete pixel indices of the front mask are
denoted as (k,1), and

[0121] the target light field L, when discretized, is given
by L[i,j.k1].
[0122] Furthermore, in this method: (6) initial estimates
{F,G} may be iteratively refined as follows.

[(WoL)G]
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[0123] Furthermore, in this method: (7) the automulti-
scopic display may have a field of view, and the field of view
may be adapted to one or more viewers by specifying ele-
ments of the weight matrix W, (8) the spatial light modulators
may be LCDs, and (9) a majority of pixels in the front mask
can have a range or more than two opacaties (and thus not be
limited to binary opacities).

[0124] This invention may be implemented as a process
comprising, in combination: (a) displaying 2D rear masks at
a frame rate of at least 10 Hz, and (b) displaying 2D front
masks at a frame rate of at least 10 Hz, wherein: the rear
masks are displayed by arear spatial light modulator, the front
masks are displayed by a front spatial light modulator, inco-
herent light from a backlight passes first through the rear
modulator and then through the front modulator, a majority of
pixels in the front masks are not limited to binary opacities,
and, for each frame, the rear and front masks are jointly
optimized by using non-negative matrix factorization to
approximately calculate a solution that minimizes the Euclid-
ian distance between a 4D light field that is actually produced
and a target 4D light that is sought to be produced. Further-
more, in this process: (1) the non-negative matrix factoriza-
tion may be computed by one or more processors, starting
with randomly initialized values for pixels and iteratively
applying a multiplicative update, (2) the rear and front masks
may produce a multi-view automultiscopic display with full
motion parallax, (3) a contiguous area in each of the rear and
front masks, respectively, may correspond to a region of the
target 4D light field that is adjacent to a depth discontinuity;
in that area, the target 4D light field may have an angular
gradient; and in that area, a parallax barrier may be displayed,
which parallax barrier comprises a set of more than 20 slits, a
majority of the slits having an orientation within 10 degrees of
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perpendicular to the angular gradient, and (4) light field fac-
torization E=FG may be calculated by one or more proces-
sors,

[0125] where

1
argmin=||L — FG||%, for F, G = 0,
FG 2

[0126] where the reconstruction error is given by a recon-
struction error formula, as follows:

1
SIL=FGIy = ) We(L= FO)e (L= FO)ljy.
ikl

[0127] and where
[0128] O denotes a Hadamard product for element-wise
multiplication of matrices,
[0129] w is the weight of a weighting matrix W,
[0130] Ecanbedecomposed as a matrix product, E=FG,

[0131] F and G are N,xT and TxN, matrices, respec-
tively,
[0132] Column tofF and row t of G are the rear and front

masks displayed during frame t, respectively,

[0133] discrete pixel indices of the rear mask are denoted
as (i,j) and discrete pixel indices of the front mask are
denoted as (k,1), and

[0134] the target light field L, when discretized, is given
by L[i,j.k,1].

[0135] Furthermore, in this process: (5) initial estimates
{F,G} may be iteratively refined as follows.

[(WoD)G']
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[0136] Furthermore, in this process: (6) the automulti-
scopic display may have a field of view, and the field of view
may be adapted to one or more viewers by specifying ele-
ments of the weight matrix W.

[0137] This invention may be implemented as apparatus
comprising, in combination: (a) a pair of spatial light modu-
lators, comprising a rear modulator and a front modulator, for
attenuating uncollimated light from a backlight behind the
rear modulator, displaying rear masks on the rear modulator
at a frame rate of at least 10 Hz and displaying front masks on
the front modulator at a frame rate of at least 10 Hz, and (b) at
least one processor for performing calculations to jointly
optimize, for each frame, the rear and front masks by approxi-
mately calculating a solution that minimizes the Euclidian
distance between a 4D light field that is actually produced by
the front and rear masks and a target 4D light that is sought to
be produced, wherein a majority of pixels in the front masks
are not limited to binary opacities. Furthermore, in the case of
this apparatus: (1) a contiguous area in each of the rear and
front masks, respectively, may correspond to a region of the
target 4D light field that is adjacent to a depth discontinuity, in
that area, the target 4D light field may have an angular gra-
dient, and in that area, a parallax barrier may be displayed,
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which parallax barrier comprises a set of more than ten slits,
a majority of the slits having an orientation within 20 degrees
of perpendicular to the angular gradient, and (2) the rear and
front masks may produce a multi-view automultiscopic dis-
play with full motion parallax.

CONCLUSION

[0138] Itistobeunderstood that the methods and apparatus
which have been described above are merely illustrative
applications of the principles of the invention. Numerous
modifications may be made by those skilled in the art without
departing from the scope of the invention. The scope of the
invention is not to be limited except by the claims that follow.

‘What is claimed is:

1. A method for producing an actual 4D light field that
approximates a target 4D light field, wherein

apair of spatial light modulators is backlit by an incoherent
light source,

the pair comprises a rear modulator that displays a rear
mask and front modulator that displays a front mask,

a contiguous area in each of the rear and front masks,
respectively, corresponds to a region of the target 4D
light field that is adjacent to a depth discontinuity,

inthat area, the target 4D light field has an angular gradient,

in that area, a parallax barrier is displayed, which parallax
barrier comprises a set of more than ten slits, a majority
of the slits having an orientation within 15 degrees of
perpendicular to the angular gradient, and

the front and rear masks produce the actual 4D light field,
which actual 4D light field comprises a multi-view auto-
multiscopic display with full motion parallax.

2. The method of claim 1, wherein the rear and front modu-
lators display the rear and front masks, respectively, at a frame
rate that exceeds 10 Hz.

3. The method of claim 2, wherein for each frame, the rear
and front masks are jointly optimized by using non-negative
matrix factorization to approximately calculate a solution that
minimizes the Euclidian distance between the actual 4D light
field and the target 4D light field.

4. The method of claim 3, wherein the non-negative matrix
factorization is computed by one or more processors, starting
with randomly initialized values for pixels and iteratively
applying a multiplicative update.

5. The method of claim 2, in which light field factorization
E=FG is calculated by one or more processors,

where

1
argminz ||L - FG||, for F, G =0,
FG 2
where the reconstruction error is given by:

1
3L = FGIly = Y [Wo(L= FO)o (L~ FQ)l.
ikl

and where
O denotes a Hadamard product for element-wise mul-
tiplication of matrices,
w is the weight of a weighting matrix W,
F and G are N,xT and TxN, matrices, respectively,
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Column t of F and row t of G are the rear and front masks
displayed during frame t, respectively,

discrete pixel indices of the rear mask are denoted as (i,j)
and discrete pixel indices of the front mask are
denoted as (k,1), and

the target light field L, when discretized, is given by
L[ij.k.1].

6. The method of claim 5, wherein initial estimates {F,G}
are iteratively refined as follows.

[(WoL)G]
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7. The method of claim 5, wherein the automultiscopic
display has a field of view, and the field of view can be adapted
to one or more viewers by specifying elements of the weight
matrix W.
8. The method of claim 1, wherein the spatial light modu-
lators are LCDs.
9. The method of claim 1, wherein a majority of pixels in
the front mask are not limited to binary opacities.
10. A method comprising, in combination:
displaying 2D rear masks at a frame rate of at least 10 Hz,
and
displaying 2D front masks at a frame rate of at least 10 Hz,
wherein:
the rear masks are displayed by a rear spatial light modu-
lator,

the front masks are displayed by a front spatial light
modulator,

incoherent light from a backlight passes first through the
rear modulator and then through the front modulator,

a majority of pixels in the front masks are not limited to
binary opacities,

for each frame, the rear and front masks are jointly
optimized by using non-negative matrix factorization
to approximately calculate a solution that minimizes
the Euclidian distance between a 4D light field that is
actually produced and a target 4D light that is sought
to be produced.

11. The method of claim 10, wherein the non-negative
matrix factorization is computed by one or more processors,
starting with randomly initialized values for pixels and itera-
tively applying a multiplicative update.

12. The method of claim 10, wherein the rear and front
masks produce a multi-view automultiscopic display with
full motion parallax.

13. The method of claim 10, wherein:

a contiguous area in each of the rear and front masks,
respectively, corresponds to a region of the target 4D
light field that is adjacent to a depth discontinuity,

inthat area, the target 4D light field has an angular gradient,
and

in that area, a parallax barrier is displayed, which parallax
barrier comprises a set of more than 20 slits, a majority
of the slits having an orientation within 10 degrees of
perpendicular to the angular gradient.



US 2012/0140131 Al

14. The method of claim 10, in which light field factoriza-
tion E=FG is calculated by one or more processors,
where

1
argmin—||L - FGll%,V, for F, G =0,
Fc 2

where the reconstruction error is given by a reconstruction
error formula, as follows:

1
FIL=FGIfy = ) Weo(L - FG)o(L- FO)ly.
ijkd

and where
O denotes a Hadamard product for element-wise mul-
tiplication of matrices,
w is the weight of a weighting matrix W,
E can be decomposed as a matrix product, E=FG,
F and G are N,xT and TxN, matrices, respectively,
Column t of F and row t of G are the rear and front masks
displayed during frame t, respectively,
discrete pixel indices of the rear mask are denoted as (i,j)
and discrete pixel indices of the front mask are
denoted as (k,1), and
the target light field L, when discretized, is given by
L[ij.k.1].
15. The method of claim 14, wherein initial estimates {F,
G} are iteratively refined as follows.
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16. The method of claim 14, wherein the automultiscopic
display has a field of view, and the field of view can be adapted
to one or more viewers by specifying elements of the weight
matrix W.

17. Apparatus comprising, in combination:

a pair of spatial light modulators, comprising a rear modu-
lator and a front modulator, for:

attenuating uncollimated light from a backlight behind
the rear modulator,

displaying rear masks on the rear modulator at a frame
rate of at least 10 Hz, and

displaying front masks on the front modulator at a frame
rate of at least 10 Hz, and

at least one processor for performing calculations to jointly
optimize, for each frame, the rear and front masks by
approximately calculating a solution that minimizes the
Euclidian distance between a 4D light field that is actu-
ally produced by the front and rear masks and a target 4D
light that is sought to be produced,

wherein a majority of pixels in the front masks are not
limited to binary opacities.

18. The apparatus of claim 17, wherein,

a contiguous area in each of the rear and front masks,
respectively, corresponds to a region of the target 4D
light field that is adjacent to a depth discontinuity,

inthat area, the target 4D light field has an angular gradient,
and

in that area, a parallax barrier is displayed, which parallax
barrier comprises a set of more than ten slits, a majority
of the slits having an orientation within 20 degrees of
perpendicular to the angular gradient.

19. The apparatus of claim 17, wherein the rear and front

masks produce a multi-view automultiscopic display with
full motion parallax.
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