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Abstract—To provide realistic 3-D perception to human ob-
servers, 3-D displays have evolved to present not only a pair
of stereo images but also many images to different viewing
directions. A light field display, which consists of a few light
attenuating pixelized layers (e.g., LCD panels) stacked in front
of a backlight, has attracted attention because of its potential
to simultaneously support many viewing directions with high
quality. The transmittances of the layers are determined from
a set of multi-view images or a light field that is given to
represent observations expected from many viewing directions.
However, the relation between the configuration of the given light
field and the quality of displayed images has not sufficiently
been discussed in previous works. In this study, in our aim to
display real world objects with high quality, we address the
requirement for the target light field given as the input. We
deeply analyze several factors that associate the configuration of
the target light field with the quality of the displayed images,
and we derive a quantitative requirement on the configuration:
the disparities among the adjacent viewpoints should be limited
to 0 to 1 pixels. To meet this strict requirement with real
world objects, we propose using a multi-view camera and image
based rendering, where we can generate virtual light fields with
arbitrary configurations and densities. Our theory and method
are verified by experiments using a computer simulated display.

Index Terms—3-D display, light field, multi-view images, image
based rendering.

I. INTRODUCTION

D -EPTH perception is a fundamental factor for us to
understand 3-dimensional (3-D) visual information. Over

a century, the human mechanism of depth perception and its
applications to 3-D display technologies have been studied [1],
[2], [3], [4], [5]. These 3-D displays are roughly categorized
into glasses-based and naked-eye based (auto-stereoscopic)
displays. Although having many technical challenges, displays
in the latter category are more attractive without the need
for wearing special glasses. Another categorization is to di-
vide them into stereoscopic displays and multi-view (light
field) displays. The stereoscopic displays are designed only to
present stereo images to the left and right eyes, individually. To
provide more natural depth perception with motion parallax,
not only a pair of stereo images but also many images for dif-
ferent viewing directions should be displayed simultaneously.
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Fig. 1. (a) A light field display with multiplicative layers. (b) Transmittance
for each layer. (c) Appearances from different directions.

Among those categories, this study is focused on glasses-free
light field displays.

Glasses-free light field displays can be implemented in
several ways. The first approach is to use a screen and many
projectors [6], [7], [8], [9], [10], [11]. However, this approach
is costly and requires a large space because many projectors
should be placed in front of or behind the screen at a large
distance. The second approach is to attach a parallax-barrier
[12], [13], [14], [15] or special lens (lenticular lens or integral
photography lens) [16], [17], [18], [19] to a single display
panel to control the directions of emitted light rays. Although
this approach is widely commercialized thanks to its sim-
plicity, it has a fundamental limitation in terms of resolution
because many images share the same display panel with a
finite number of pixels. A trade-off thus exists: as the number
of simultaneously supported images increase, the resolution
per each image decreases accordingly. The third approach is to
stack pixelized layers to produce direction-dependent outputs
[20], [21], [22], [23], [24], [25], [26], [27], [28]. In [20], [22],
the luminance of each layer pixel is determined by the depth
of the displayed object. Meanwhile, in [21], [23], [24], [25],
[26], [27], [28], the layer pixels are optimized so as to produce
the target light field as faithfully as possible, which is a direct
approach to our purpose. Particularly, it has been reported [23],
[26], [27] that multiplicative layer displays have the potential
to reproduce dense light fields with high quality.

The typical structure of a multiplicative layer display is
illustrated in fig. 1. It consists of a few light-attenuating
pixelized layers (e.g., LCD panels) stacked in front of a
backlight. Depending on the viewing direction, the layers
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overlap with a different shift, so that the displayed images
are direction dependent. Therefore, the display can provide
different images to different viewing directions simultane-
ously, and thus a light field is presented by the display. The
transmittance patterns of layers are determined from a given
target light field, which is equivalent to multi-view images
describing what should be seen from each viewing direction.
Specifically, the layer patterns are optimized in a manner
of an inverse problem to approximately reproduce the target
light field. This approximation accuracy, i.e., the quality of
displayed images, heavily depends on the configuration of the
target light field. However, this important dependency was not
sufficiently discussed in previous works.

In this paper, we address what the requirements are for the
configuration of the target light field to display real world
objects with high quality. To be more precise, with what
density should the target light field be provided? How should
the light field correspond to the viewing directions of the
display? To answer these questions, we present three analyses
based on theory and experiments: (i) the relation between the
disparities in the given light field and the depth where the
objects are displayed, (ii) the upper-bound spatial-frequency
of the display, which is shown to be depth-dependent, and
(iii) the relation between the quality of the displayed images
and the interval with which the given light field corresponds
to the viewing directions of the display. As a result, we derive
a quantitative requirement on the configuration: the disparities
among the adjacent viewpoints should be limited to 0 to 1
pixels. To meet this very strict condition with real world
objects, we propose using a multi-view camera and image
based rendering, where we can generate virtual multi-view
images with arbitrary density. Although the present study is
currently limited to a case with two multiplicative layers, we
believe it will trigger new research that will lead to a more
realistic visualization of real world 3-D objects.

Before starting detailed discussions, we briefly review some
related works. Spatial frequency analyses of multiplicative
layered displays have been presented in [24], [27]. Although
our analysis in (ii) derives an equivalent result to [24], [27],
ours is much simpler and easier to be associated with the
configuration of the target light field. Our analysis in (iii)
seems to have some relation to sampling theories on light
fields [29], [30], [31] that apply to sampling and interpolation
in image based rendering. However, those theories cannot
apply to our problem where we cannot control the interpo-
lation among the viewing directions because it is performed
internally during the process of layer pattern optimization. A
multi-view camera and image based rendering have also been
used to generate the input to a 3-D display in [32]. However,
their target was an integral photography display, which has a
different configuration and different frequency characteristics
from a multiplicative layered display. Finally, the present paper
is extended from our conference papers [33], [34].

II. LAYERED LIGHT FIELD DISPLAY

In this section, we first mention the model of a light field
display consisting of two stacked multiplicative layers and then

describe how to obtain layer patterns to generate the desired
images for various viewing directions. Note that what are
described here are not our original contribution but have been
presented in [23], [25], [26]. The description is limited to a
2-D space for simplicity of analysis, but it is straightforwardly
extended to an original 3-D space.

A top view of a light field display with two layers is
illustrated in fig. 2. A backlight and two light-attenuating
layers are placed in parallel to the X axis on different depths
Z. Two coordinate axes, S and U , are defined on the rear and
front layers, respectively, whose depths are written as Z = zs
and Z = zu. A light ray originating from the backlight intersects
with the rear and front layers at S = s and U = u, respectively,
reducing its luminance in accordance with the transmittances
of the layers at the intersection points, which are denoted
by at(s) and bt(u) (0 ≤ at(s),bt(u) ≤ 1) as functions of
time t. The light ray emitted from the display l̃(s,u) can be
represented as

l̃(s,u) =
1
T

T

∑
t=1

at(s)bt(u), (1)

where T is the degree of time multiplexing. We assume here
that the T layer patterns can be repeated rapidly so that the
average over T patterns is perceived by human eyes. Note
here that the coordinate system of the light field (s,u) already
includes the layer interval implicitly, and the layer interval is
fixed throughout the paper. Therefore, the layer interval does
not appear explicitly in the formulations of this paper.

Next, we introduce a discrete representation of eq. (1),
which is suitable for computation. Since the layers have
discrete pixels, the coordinates s and u are also quantized
with a unit length 1. We assume that these layers have same
number of pixels denoted by P, and define at and bt as the
column vectors given by at = [at(1) at(2) · · · at(P)]T and
bt = [bt(1) bt(2) · · · bt(P)]T, respectively. Furthermore, we
introduce matrices A and B by gathering at and bt for all t as
follows:

A = [a1 a2 · · · aT ], B = [b1 b2 · · · bT ]. (2)

The emitted light field can also be represented as a matrix L̃
where {L̃i, j = l̃(i, j)|i, j ∈N, i, j≤ P}. Using these vector and
matrix representations, eq. (1) is equivalent to

L̃ =
1
T

ABT. (3)

Finally, we describe how to obtain layer patterns that
generate the desired images for various viewing directions.
The desired images are represented in a form of light field,
l(s,u) or L, where each desired luminance is assigned to the
corresponding element of L, but not all of the elements have
the assigned values. The light field emitted from the display,
given by eq. (3), should be close to L where L has assigned
values. The optimal layers patterns are obtained by solving a
least-square problem

arg min
A,B

∥∥∥∥W⊛L−W⊛ 1
T

ABT
∥∥∥∥2

, f or 0≤ A,B≤ 1, (4)
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where W is a binary matrix that takes 0 where the correspond-
ing element was not given the input, and ⊛ is an element-wise
product operator. This equation means that the target light field
L is approximated by the product of lower rank matrices A
and B, in a form of a low-rank approximation or a low-rank
compression, where the rank is determined by the degree of the
time multiplexing T . To obtain a solution for eq. (4), non-
negative matrix factorization via multiplicative update rules
[35], [36] can be used. Initialized with random patterns,

A← A⊛ ((W⊛T L)B)⊘ ((W⊛ (ABT))B)
B← B⊛ ((W⊛T L)TA)⊘ ((W⊛ (ABT))TA) (5)

are iterated until convergence. Operator ⊘ denotes element-
wise division.

Development of real display hardware involves many techni-
cal challenges and physical limitations, which are not essential
for our theoretical analysis. Therefore, all of our experiments
presented in this paper were performed as computer simula-
tions. The degree of time multiplexing T was set to 3. Note
that the above formulation can be naturally extended to more
than two layers [27], [36] and projection based displays [37],
but these extensions are beyond the scope of this paper.

III. REQUIREMENT FOR INPUT MULTI-VIEW
IMAGES

As described above, the layer patterns constituting the dis-
play are optimized by giving the target light field l(s,u). The
target light field is typically represented as a set of multi-view
images from several viewing directions, which are taken with a
constant interval and rectified with each other. A fundamental
question here is what configuration is required for the input
multi-view images. To answer this question, first we analyze
the relation between the disparities in the multi-view images
and the depth where the objects are displayed. Second, we
investigate the upper-bound spatial-frequency of the display,
which is shown to be depth-dependent, and derive a depth
limitation on the display. Third, we investigate the relation
between the quality of the displayed images and the interval
with which the given light field corresponds to the viewing
directions of the display. Finally, by combining these analyses,
we derive a quantitative requirement on the configuration of
the multi-view images: the disparities among the adjacent
viewpoints should be limited to 0 to 1 pixels, which is needed
to display target 3-D objects clearly throughout the depth.

Before starting detailed discussions, we first clarify the
target and limitation of our analysis. To summarize, the quality
of the displayed 3-D content is restricted by the three factors:
(F1) the discrete representation of the light field due to the
non-infinitesimal pixels of the display, (F2) insufficient sample
density of the given light field, and (F3) the low-rank approx-
imation (compression) imposed by the layer decomposition.
The present paper only considers (F1) and (F2), and thus, the
requirement we will derive here is only a necessary condition
but not a sufficient condition for high quality 3-D visualization.
More specifically, the factor (F1) solely determines the upper-
bound spatial frequency described in Section III.B, while the
factor (F2) is additionally considered in the analysis of Section

Fig. 2. Configuration of a light field display with two layers.

III.C. The factor (F3) was analyzed in one of our previous
papers [34], but the rank analysis of a light field is a difficult
issue by itself, and thus, we would like to keep it beyond
the scope of this paper. In a sense, our analysis in this paper
reveals the upper-bound quality that is theoretically achievable
with this display, because the factor (F3) can be diminished
theoretically by increasing the degree of time multiplexing.
However, in practice, the quality degradation of the displayed
3-D content is caused by the product of all three factors (F1)–
(F3), and thus, the factor (F3) should be integrated into the
theoretical framework in the future work.

A. relation between disparity and depth

We derive the relation between the disparity of an object in
the input images and the depth where the object is displayed.

Let Im be the m-th input image and Im(n) be the n-th pixel.
We assume that the input images are assigned to the viewing
directions of the display with a constant interval k. Specifically,
Im(n) is corresponded to the display’s light field l(s,u) by

l(n,n− km) = Im(n), (6)

in which (n,m) are associated with (s,u) in accordance with
the rule

s = n, u = n− km. (7)

Note that the direction of the light ray can be defined by u−s,
so that the m-th input image corresponds to the direction −km
of the display. Given the above assignment, each input image
pixel Im(n) is associated with a light ray emitted by the display.

In the configuration of fig. 2, the light rays emitted into
a specific direction, which constitute a “directional view” of
the display, are parallel with each other. Therefore, in a strict
sense, each of the input images Im(n) should be captured
through an orthographic projection. However, we make a
compromise in the physical accuracy by using perspective
images as the input instead of orthographic images, due to
the limitation of the available data and our current technology.
This limitation comes from the fact that perspective cameras
are much more commonly used than orthographic cameras
to capture real images. Moreover, the image-based rendering
method that will be introduced in Section IV supports only the
perspective projection model. Therefore, throughout this paper,
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Fig. 3. Upper bound for spatial frequency of the light field display.

all the input images are captured as perspective images, but
they are used directly as orthographic directional views for
the display. This is based on the assumption that a perspective
camera can approximate an orthographic camera if the viewing
angle is narrow and the viewpoint is located far from the ob-
jects. This approximation induces nonlinear distortions along
the depth on the displayed 3-D contents, but the disparities
among the input images are preserved up to scale among
the directional views emitted from the display. Therefore, we
still have a natural depth sensation as demonstrated in the
supplementary video [41]. The distortions along the depth
should be addressed in the future work, because physically
accurate visualization of the original 3-D volume is important
and even essential to some applications.

Meanwhile, a light ray specified by (s,u), or equivalently
intersecting with the two layers at (X ,Z) = (s,zs) and (u,zu),
can be expressed as a straight line written as

(zu− zs)X− (u− s)Z− szu +uzs = 0. (8)

By substituting eq. (7) into eq. (8), we obtain

(zu− zs)X + kmZ−nzu +(n− km)zs = 0. (9)

This is the path of the light ray in (X ,Z) space that corresponds
to the input image pixel Im(n).

Next, we analyze the position where the object is displayed
in (X ,Z) space. We consider an object point whose disparity
among the adjacent input images is d. The same object point
is observed from many input images with disparity d, resulting
in a correspondence

Im(n0 +md)⇔ I0(n0) for ∀ m, (10)

where n0 is the position of the object point on 0-th input image
I0. Therefore, the pairs (n,m) satisfying

n = n0 +md (11)

represent the input pixels recording the same object point.
By substituting eq. (11) into (9), we obtain the group of line
equations in (X ,Z) space

(zu− zs)(X−n0)+m{kZ−dzu− (k−d)zs}= 0 (12)

which always pass through a point

(X∗, Z∗) =
(

n0,
d
k

zu +(1− d
k
)zs

)
(13)

regardless of m. Equation (12) represents a group of light rays
corresponding to the same object point. Therefore, the fixed
point (X∗, Z∗) is the position where the image of the object
point is formed (or the object point is displayed) in (X ,Z)
space.

B. depth dependent upper bound of spatial frequency

We analyze the spatial frequency of an object displayed
at a certain depth to derive the relation between the object
depth and the frequency upper bound of the displayed object.
This upper bound comes from the discrete representation of
the light field, i.e., non-infinitesimal pixel size of the display.
On the basis of this relation, we introduce a limitation on the
object depth, which leads to a requirement on the configuration
of the input images.

In [24], [27], the spatial frequency upper-bound due to the
discrete representation of the light field have already been
analyzed. In these works, the spectral support of the display
is derived by analyzing the light field in the Fourier transform
domain. Their sophisticated analysis can apply to more than
three layers. Meanwhile, our analysis here provides a different
viewpoint to the same issue. We only analyze whether each
of the display panel has a sufficient resolution to make an
aliasing-free sampling of a unit sinusoidal wave that is located
at a certain depth. Not surprisingly, our analysis leads to the
same conclusion as those in [24], [27]. Although our analysis
is limited to two layers we believe our analysis is much simpler
and easier to understand than [24], [27].

As shown in fig. 2, we assume that a planar object is
displayed on a constant depth Z = zo. A plane called the object
plane is located at this depth, and a new axis O is defined to
parameterize horizontal positions on the plane. For efficiency
of analysis, a new value r is introduced to represent the relative
depth of the object as

r =
zo− zs

zu− zs
. (14)

When 0.0 ≤ r ≤ 1.0, the object plane is located between the
layers. Otherwise, it is located outside the layers. Using r,
the intersection point of a light ray specified by (s,u) and the
object plane is described as

o = (1− r)s+ ru. (15)

Now, we analyze the spatial frequency of the displayed
object. A unit sinusoidal wave on the object plane is consid-
ered because any luminance pattern on the object plane can
be represented as a sum of sinusoidal waves with different
frequencies. According to eq. (15), a unit sinusoidal wave
e jωoo can be written as

e jωoo = e j(1−r)ωose jrωou. (16)

Equation (16) indicates that e jωoo is observed as e j(1−r)ωos and
e jrωou along the S and U axes, respectively. The frequencies
along the S and U axes are written as

ωs = (1− r)ωo, ωu = rωo. (17)

On the other hand, the upper-bound frequencies that can
be reproduced with discrete layer pixels are determined by
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(a) −4≤ d ≤ 4 (b) 0≤ d ≤ 8

(c) −2≤ d ≤ 2 (d) 0≤ d ≤ 4

(e) −1≤ d ≤ 1 (f) 0≤ d ≤ 2

(g) 0≤ d ≤ 1

Fig. 4. The layout of the displayed objects and displayed images with rank 3 approximation.

(a) −4≤ d ≤ 4 (b) 0≤ d ≤ 8

(c) −2≤ d ≤ 2 (d) 0≤ d ≤ 4

(e) −1≤ d ≤ 1 (f) 0≤ d ≤ 2

(g) 0≤ d ≤ 1

Fig. 5. The layout of the displayed objects and displayed images without the effect of low rank approximation.
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the Nyquist-Shannon theorem. For each layer, the frequency
bound is described as |ωs| ≤ π or |ωu| ≤ π . Using eq. (17),
the frequency bound on the object plane is given by

|ωo| ≤min
{

1
|r|

,
1

|1− r|

}
π. (18)

This equation shows the upper-bound frequency that can be
reproduced by the display at the relative depth r, which is
illustrated in fig. 3. This upper bound takes the maximum at
r = 1/2 and decreases as r diverges from 1/2.

On the basis of frequency-domain analysis, we set a limi-
tation on the depth where the objects are displayed. We want
to represent all the details contained in the input images.
In other words, the upper-bound frequency of the displayed
object should be greater than the Nyquist frequency of the
input images. In accordance with the assignment of eq. (6),
the pixel sizes of input images and the layers are the same.
Therefore, the upper-bound frequency of the displayed object
should be greater than π in fig. 3. This condition is satisfied
with the depth range 0.0≤ r ≤ 1.0, or equivalently

zs ≤ zo ≤ zu. (19)

This equation means that the objects should be displayed
within the two layers.

The above depth limitation can be translated into a limita-
tion on disparities among the input images. By substituting Z∗

of eq. (13) into zo of eq. (19), we obtain

zs ≤
d
k

zu +(1− d
k
)zs ≤ zu, (20)

which can be simplified to

0≤ d
k
≤ 1. (21)

To show the correctness of our analysis, we performed
an experiment through computer simulation of a light field
display with two layers. As the input, we used a dense light
field from [38] with modifications on the image size and
viewing angle. The original viewpoints are 17× 17, and the
range of disparities among the adjacent viewpoints was 0 to
1 pixels. We sub-sampled the original viewpoints of the input
images by the factors of 2, 4, and 8, to change the range of
disparities among the adjacent viewpoints. The farthest object
had 0 pixel disparity among the adjacent viewpoints in all
cases. Meanwhile, the maximum disparity (the disparity of the
nearest object) among the adjacent viewpoints was changed to
2, 4, and 8 pixels by the sub-sampling. Although the number
of viewpoints are different, the outermost viewpoints are the
same in all the cases. Therefore, the disparity range between
the leftmost and rightmost (topmost and bottommost) images
are the same among all the cases. Similarly, we also prepared
multi-view images with 9× 9 viewpoints where the range of
disparities among the adjacent viewpoints was −1 to 1 pixels.
We sub-sampled the original viewpoints by the factors of 2
and 4, to make the disparity range −2 to 2 pixels and −4 to 4
pixels, respectively, while keeping the outermost viewpoints.
To summarize, in the seven cases mentioned above, the dis-
parity range among adjacent viewpoints are different case to
case, but the absolute disparity ranges (the difference between

the maximal and minimal disparities) among the outermost
viewpoints are the same.

These multi-view images were converted to layer represen-
tations using eq. (4), where the degree of time multiplexing
(the rank for the light field approximation) was set to 3.
We set k = 1, which means the input images were assigned
to the viewing directions of the display without intervals.
For each of the seven cases, the layout of the displayed
objects, which is given by eq. (13), and a displayed image
observed from a specific viewpoint are illustrated in fig. 4.
From top to bottom, the absolute disparity ranges among
the adjacent viewpoints were 8, 4, 2, and 1 pixels, and the
range of the object space with respect to the layers changed
accordingly. While the layer interval is kept constant, the scene
objects are virtually expanded/compressed along the depth
direction when visualized on the display. The displayed images
are observed from the direction perpendicular to the display
layers, but the viewpoint was translated by half a pixel length
both in horizontal and vertical directions. Among those seven
displayed images, only the bottommost one (fig. 4(g)) satisfies
eq. (21), which results in a relatively clear image throughout
the depth, except for little amount of blur on the intermediate
depth, which will be discussed later. Meanwhile, as for the
other displayed images, the objects displayed outside the two
layers are blurry and ghosted, which indicates lower frequency
upper bounds outside the layers.

The blur observed around the intermediate depth in fig. 4(g)
cannot be explained by the spatial frequency analysis presented
above, where the upper bound frequency was derived solely
from the discrete representation of the light field. We think this
blur comes from another factor, the low rank approximation of
the light field. In [34], we have analyzed a light field generated
by a single planar object, and revealed that the rank of the light
field depends on not only the texture complexity of the target
object but also its depth, i.e. the distance from the display
layers. As the object diverges from the display layers, the
rank of the light field increases, and thus, the quality of the
displayed image degrades because of the low rank approxima-
tion enforced in the layer pattern optimization. Accordingly,
the intermediate depth between the two layers is a weak point
of the display in terms of low rank approximation.

To verify the discussion above, we also present displayed
images without the effect of the low rank approximation in
figure 5, where the configuration was kept the same as fig. 4.
Here and only here, we assumed that all the input images
given to the display should perfectly be reproduced as the
directional views of the display. However, due to the viewpoint
shift in a sub-pixel level, the displayed images still exhibit
quality degradation due to the discrete representation of the
light field. More specifically, each of the light rays constituting
a displayed image is interpolated from the discrete set of light
rays that constitute the directional views of the display, and
thus, the displayed image is blurred. In fig. 5, we can see that
the objects located in-between the layers are clearly visible,
while the objects displayed outside the two layers are blurry.
In contrast to fig. 4(g), no blurs are observed inside the space
between the layers in fig. 5(g). Those observations clearly
support the correctness of our analysis on the frequency upper
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Fig. 6. Density of input light field and the quality of displayed images.

bound.

C. input images assignment to viewing directions

It is obvious from eq. (21) that the depth limitation is
represented as a ratio between the disparity d in the input
images and the interval of viewing directions k in the display.
Therefore, with any given d, we can satisfy this condition by
choosing appropriate values for k; as d increases we should in-
crease k accordingly. However, there arises a natural question;
does the value of k affect the quality of the displayed images?
If k is greater than 1, the input images are given only to every
k viewing directions. Other viewing directions are without
input images. The display’s output to such “unconstrained”
directions is automatically generated through the optimization
process of eq. (4) without guarantee of correctness.

To analyze the relation between k and the quality of the
displayed images, we performed another experiment using
the same dataset as section III-B. The original dataset had
17× 17 viewpoints, and the disparity among the adjacent
viewpoints was limited to 0 to 1 pixels. To change the range
of disparities among the adjacent viewpoints , we sub-sampled
the viewpoints as illustrated on the top row in fig. 6, where
the remaining input images are marked in blue. The maximum
disparity among the adjacent viewpoints was 16, 8, 2, and
1 from left to right. To satisfy eq. (21), we changed the
value of k accordingly, 16, 8, 2, and 1 from left to right.

More specifically, the display had 17×17 viewing directions
that corresponded to the 17× 17 viewpoints of the original
input images. When an input image was skipped by the
sub-sampling, the corresponding viewing direction became
unconstrained. In all cases, all of the objects were displayed
in-between the layers.

The center row of fig. 6 shows the accuracy of images
displayed to the 17×17 viewing directions. The accuracy was
measured by PSNR against the original 17×17 input images.
When all of the viewing directions were filled with input
images, the quality of the displayed images was kept high over
all viewing directions. Meanwhile, when input images were
not assigned to several viewing directions, the quality for these
unconstrained directions was not good. As k increased, the
quality for unconstrained directions became worse. The bottom
row of fig. 6 shows the displayed images observed from the
viewpoint marked in red in the top row. The visual quality with
k = 1 was fine; however, strong ghosting artifacts appeared
with larger values of k, although eq. (21) was satisfied.

From this experiment, we conclude that for high quality
visualization, the input images should be assigned to all
viewing directions within the effective viewing range without
intervals, which means k = 1. By substituting k = 1 into eq.
(21), we derive a more strict condition required for the input
images as

0≤ d ≤ 1. (22)
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Fig. 7. Flowchart of light field data conversion.

(a) Camera and objects (b) Camera (c) Objects

Fig. 8. Experimental setup with 5×5 multi-view camera and objects.

Camera plane 

Field of object 

Real cameras 

Virtual cameras 

Field of object 

Fig. 9. Left: configurations of real (top) and virtual (bottom) cameras. Right: several real (top) and virtual (bottom) images are also presented, where the
boundary color of each image indicates the viewpoint in the left pane and the corresponding image in fig. 7
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Fig. 10. Displayed images when sparsely photographed real multi-view images are directly input to the display. From left to right, k takes 1, 2, 4, and 8.

[dB] 

Fig. 11. Results when densely generated virtual multi-view images are directly input to the display. Left: accuracy of the 17×17 viewpoints in PSNR. Right:
displayed images observed from different viewpoints marked in the left column.

IV. DATA CONVERSION USING IMAGE BASED
RENDERING

In Section III, we have made the two claims for high quality
3D visualization: (C1) the depth range of the object space
should be limited inside the two layers (Section III.B), and
(C2) all of the directional views in the effective viewing range
should have the assigned input images (Section III.C). These
claims lead to eq. (22), which requires that the disparities
among the adjacent input images are limited to only one pixel.
In other words, we need to prepare significantly dense multi-
view images as the input. This requirement does not become a
problem for computer graphics contents because any number
of input images with any interval can be easily rendered, as
was done in [23], [26], [27]. However, in this study, we want
to display real world contents that are captured by physical
cameras. It is not always feasible to directly take photographs
that meet this strict requirement.

As a practical solution to meet the requirement, we propose
using a multi-view camera and image based rendering as
illustrated in fig. 7. The procedure of our method is described
below with specific configurations of our implementation,
but our idea is also applicable to other configurations. First,
real multi-view images were photographed by a multi-view
camera. We used a ViewPLUS ProFUSION 25 which had
5× 5 viewpoints arranged in a 2-D grid, and each camera
had 640×480 pixels. Our experimental setup is visualized in
fig. 8, and examples of photographed images with rectification
are presented on the top row of fig. 9. Second, these real
images were converted to denser virtual multi-view images
via image based rendering to satisfy the required condition of
eq. (22). Specifically, we generated 17×17 virtual multi-view
images from the real 5×5 images. Examples of these virtual

images and their viewpoint arrangement are illustrated on the
bottom row of fig. 9. Here, the outermost virtual viewpoints
are located on the outer edge of the inner 3×3 real viewpoints.
Note that in figs. 7 and 9, the colors attached around the
images indicate the viewpoints, and the same color represents
the same viewpoint. Therefore, the 17×17 virtual viewpoints
cover the same disparity range as those of the inner 3× 3
viewpoints of the real images. In other words, 3× 3 real
images are densified into 17× 17 virtual images. We used a
layer-based method [32], [39], [40] for image based rendering.
Finally, the generated 17×17 virtual multi-view images were
reconverted into layer patterns by using the images as the
target light field L in the optimization of eq. (4). Our method
can easily be applied to moving objects because a set of multi-
view images is captured at a time, which is impossible with
sequential move-and-capture methods using a single camera
[38].

To show the importance of our data conversion method,
we performed experiments and compared two cases where
(i) actually photographed 3×3 (inner 3×3 out of originally
captured 5× 5) images and (ii) virtually generated 17× 17
images were used as the input to the display.

For the first case, the photographed images were rectified
and cropped, which were minimal operations to use them
as the input, resulting in 320× 320 pixels for each image.
The range of disparities among the adjacent viewpoints was
approximately 0 to 8 pixels. In this case, we have several
options for the value of k in assigning the input images to the
directional views of the display. Changing the value of k makes
a trade-off between the two claims (C1) and (C2). When k is
set to 1, all the directional views are assigned the input images,
but the object space largely exceeds the layer interval, which
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causes quality degradation as was analyzed in Section III.B.
Meanwhile, when k is set to 8, the object space is limited
inside the two layers, but many directional views are left
unconstrained without assigned input images, which causes
aliasing artifacts as was discussed in Section III.C. Anyway,
two claims (C1) and (C2) cannot be satisfied simultaneously,
because eq. (22) is not satisfied. Several displayed images
with different k are presented in fig. 10, where k was set to
1, 2, 4, and 8 from left to right. Significant noises, which
seem to be moiré and color-channel crosstalk, are observed
on those image. Note that these noises are not caused by
display hardware issues, because those images are generated
by computer simulation. For the first three images from left,
the object space was larger than the layer interval, resulting
in blurry outputs outside the layers. Meanwhile, only the
rightmost one with k = 8 satisfied the condition of eq. (21); the
entire object space was located within the layers, resulting in
the best image quality among the four images. However, due
to the large interval among the constrained directional views,
the image quality was still insufficient. To conclude, as far as
using the input images that do not satisfy eq. (22), we cannot
meet the two claims (C1) and (C2) simultaneously, and thus,
cannot achieve sufficient visual quality.

On the other hand, the second case, where the resolution of
the virtual images were also set to 320× 320 pixels, meets
the required condition of eq. (22); the range of disparities
among the adjacent viewpoints was approximately 0 to 1
pixels. In this case, the two claims (C1) and (C2) can be
satisfied simultaneously; these input images were assigned to
the viewing directions of the display without intervals (k = 1),
and the depth range of the object space is limited inside the two
layers. The accuracy of the displayed images observed from
17×17 viewing directions and three examples of these images
are presented in fig. 11. We achieved satisfactory quality in this
case; all the objects were clearly visualized throughout the
depth from any viewing direction within the range supported
by the input images.

A supplemental video is available from [41].

V. CONCLUSION
To visualize real world 3-D objects with high quality, we

studied light field displays with two stacked multiplicative
layers. We presented three analyses based on theory and
experiments. First, we derived the relation between the dispar-
ities in the given light field and the depth where the objects
are displayed. Second, we analyzed the upper-bound spatial-
frequency of the display, which was shown to be dependent of
the depth where an object is displayed. Finally, we investigated
the relation between the quality of the displayed images and
the interval with which the given light field corresponded to
the viewing directions of the display. From those analyses,
we derived a condition required for the given light field: the
disparity range among the adjacent viewpoints of the given
light field should be limited to 0 to 1 pixels. To meet this very
strict condition with real world objects, we proposed using a
multi-view camera and image based rendering, where we can
generate virtual multi-view images with arbitrary density, and
verified its effectiveness through experiments.

Our future work includes several directions. Our theory
and analyses will be extended to different light field displays
such as one with more than two layers and a projection
based display. Our method will be verified not only with
computer simulations but with physical display hardware.
Another interesting direction is to use other types of cameras
such as Lytro [42] and coded mask cameras [43], [44], [45],
[46], [47] to capture input light field data. Finally, we want to
develop an end-to-end system where real world 3-D objects
are captured, converted, and displayed in 3-D with satisfying
quality.
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