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Depth Enhancement of Light Field Display by
Multilayering Display Surface Using Lens Arrays with

Multiple Types of Lenses

Tatsuya Shiratorif, Kengo Fujii" and Tomohiro Yendo' (member)

Abstract One of the problems with light field displays is that the resolution decreases the further away from

the display surface. As a result, there is a limit to the displayable range in the depth direction. To solve this

problem, the display surface is multilayered. By making the display surface multilayered, the distance between

the display object and the display surface becomes closer, the resolution improves, and the displayable range in

the depth direction is expanded. As a method to multilayer the display surface, this study proposes the use of

two lens arrays with multiple types of lenses. In addition, this study proposes a method that allows a larger

spacing between display surfaces using two lens arrays. Simulations are performed and it is confirmed that the

display surfaces are multilayered and the resolution is improved.

Keywords: Light field display, Time multiplexed, Multilayer, Lens arrays.

1. Introduction

In recent years, the development of 3D displays that
can be simultaneously observed by multiple people with
the naked eye has attracted attention in the field of
digital signage. One type of such 3D display is a light
field display. A light field display is a display that
reproduces light coming from the surface of an object to
create a 3D display. Real objects diffuse and reflect
ambient light on their surfaces, and when this light
enters the eyes, people recognize the objects. This light is
considered to be rays emitted from the object, and by
reproducing these rays, a three-dimensional display can
be created. Features of light field displays include:
simultaneous observation by multiple people with the
naked eye, occlusion, and smooth parallax change.

Although there are several factors that determine the
performance of a light field display, this paper focuses on
three parameters: ray density, light spot density, and
viewing angle. The relationship between these parameters
is shown in Figure 1. Ray density is the number of rays
per unit angle. The light spot density is the number of
points on the display surface from which rays emerge
(light spots) per unit area. And the viewing angle is the
angle over which the displayed object is visible. These

factors are in a trade-off relationship, and it is difficult to
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Fig. 1 Factors that determine the performance of light field displays.

raise any one without lowering the others.

One problem with light field display is that when an
object is displayed at a distance from the display surface,
the resolution of the object represented decreases as it
moves away from the display surface. Therefore, there is a
limit to the depth range that can be displayed on light field
display. This problem is caused by the structure of the light
field display. The problem can be alleviated by increasing
the ray density, which increases the depth range that can
be displayed. However, it is difficult to increase only the ray
density due to the trade-off relationship among the
parameters, so it is important to balance the ray density,
light spot density, and viewing angle.

One method to solve this problem is to multilayer the
display surface. Multilayering the display surface
prevents the display surface from being separated from
the displayed object and increases the resolution, there
by expanding the range that can be displayed in the
depth direction (Figure 2).
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Fig. 2 Multilayered display surfaces.

Several light field displays with multilayered display
surfaces have been studied, but there are several
problems.

In the method of multilayering using half mirrors, the
half mirrors reduce the luminance of the observed object
relative to the luminance of the light field display used.
In addition, if the number of display surfaces is
increased, it is necessary to prepare a light field display
for each display surface, resulting in a problem that the
entire device becomes larger [,

There are methods using mirrors whose transmission
and reflection change according to polarization (23 and
methods using lenses whose focal length, etc., change
according to polarization 47, These methods make
multilayered display surfaces according to the direction
of polarization, making it difficult to create multilayered
display surfaces with three or more layers.

In the method of placing (or moving) display devices at
different distances from the lens, the viewing area and
ray density cannot be adjusted for each display surface, so
the viewing area and ray density for each display surface
cannot be the same, resulting in different resolutions and
viewing areas for each display surface 810,

The method of varying the focal length of the lens
changes the density of light spots on each display
surface (11-12],

Therefore, this study proposes a light field display
with a multilayered display surface that can be made

into three or more layers without physically increasing
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the number of display layers and can have the same
viewing angle, ray density, and light spot density in
each layer. The proposed method optically multilayers
the display surface by means of two lens arrays that
combine lenses with different lens diameters and focal
lengths. In Chapter 2, we describe the basic proposed
method using two lens arrays, and in Chapter 3, we
describe the proposed method that expands on the
structure of Chapter 2 to increase the distance between

the display surfaces.

2. Method of multilayering the display

surface using two lens arrays

In this study, we propose a display that uses two lens
arrays with different focal lengths and lens diameters
and a projector to optically multilayer the display
surface to expand the display area in the depth direction
and improve resolution. The structure of the proposed
method is shown in Figure 3. To explain the proposed
method, we first show the relationship between a single
lens and a projector. Next, the case in which the lens is
replaced by a single lens array and then two lens arrays

are explained.

Fig. 3 Proposed system with two lens arrays and projector.

2.1 Combination of one lens array and projector

First, we will explain that a light field can be configured
by one lens array and a projector. As shown in Figure 4,
when an image is projected from a projector onto a lens
array of concave lenses, one light spot per lens is observed
by an observer. Focusing on one concave lens in the lens
array, it appears to the observer that different colors of
rays are emitted in different directions from the light spot
(an imaginary image) due to the action of the lens. By
changing the image projected from the projector, the color
of the rays can be changed in each direction. Therefore, if
the relationship between the position of each light spot,
the direction of rays emitted from each light spot, and the
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Fig. 4 Light field by lens array and projector.

projected image of the projector is known, the display
object can be observed in three dimensions by ray
reproduction by creating a projected image in accordance
with the display object. Therefore, a light field display can
be realized with a projector and a single lens array. In
this case, the plane in which the light spots are aligned
becomes the display surface.

We focus on a lens array that is projecting an image
from a projector. At this point, the display surface
becomes a plane lined with light spots, and the distance
between the light spots and the lens is determined by

the focal length of the lens. Therefore, as shown in

Fig. 5 Multilayered display surface by changing focal length of

lens array.
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Figure 5, consider a lens array consisting of two types of
lenses with different focal lengths arranged alternately.
Since there are two types of lens focal lengths, the
distance from the lens to the light spot is two different.
Since the plane in which the light spots are aligned
becomes the display plane, two display planes are also
created. Therefore, by creating a lens array with lenses
of different focal lengths, the display surface can be
multilayered. However, in the case of lens arrays with
the same lens diameter but different focal lengths, the
range (angle) of rays emitted from the two types of
lenses is different, resulting in a different viewing angle
on each display surface.

To create multiple layers of display surfaces with the
same viewing angle, the focal length as well as the lens
diameter is adjusted to match the viewing angle.
However, although the viewing angle can be kept the
same, the number of rays hitting the lens differs due to
the different lens diameters, resulting in different ray
densities for the two types of lenses. This results in
different ray densities on each display surface.

2.2 Combination of two lens arrays and

projector

A lens array with a different focal length and the same
lens diameter (first lens array in Figure 6) is added
between the lens array (second lens array in Figure 6)
and the projector. The focal length of first lens array is
adjusted to match the lens diameter of the
corresponding second lens array. At this time, all light
incident on the lens of first lens array should be incident
on the corresponding lens. This results in the same
number of rays from the projector hitting each lens of
first lens array and the same number of rays exiting
each lens of second lens array. This structure allows the

display surfaces to be multilayered and the viewing

Fig. 6 Principle of the proposed system with two lens arrays.
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angle and ray density of each display surface to be the
same. Also, by changing the lens diameter and focal
length of each lens array, the light spot density, ray
density and viewing angle can be adjusted for each
display surface.

In the structure proposed in this study, when the viewing
angle of each display surface is the same, the larger the
lens diameter of each lens, the larger the distance between
the lens and the display surface. Therefore, to increase the
distance between display surfaces, it is necessary to
increase the difference in lens diameters.

When increasing the lens diameter, it is necessary to
ensure that the lenses do not overlap each other.
Therefore, in this study, we considered an arrangement
that can increase the lens diameter in the case of a two-
layer display surface. This is shown in Figure 7. With

this arrangement, the lens diameter of the large lens in

Fig. 7 Lens arrangement in case of two layers.

Fig. 8 Lens arrangement in case of three layers.
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second lens array can be V2 times larger than that of
first lens array.

In addition, since the structure proposed in this research
allows for more than three layers of display surfaces, we
considered the arrangement of lenses in the case of three
layers. The arrangement is shown in Figure 8.

2.3 Increased light spot density by time

multiplexing

In the proposed structure, the larger the lens
diameter, the larger the distance between the lens and
the display surface. One light spot can be observed per
lens. The larger the lens diameter, the lower the light
spot density. Therefore, by moving the lens array at high
speed and switching the projected image of the projector
at high speed according to the position of the lens array,
the light spot is increased by the afterimage effect. This
can increase the light spot density. When moving the
lens array, the lens array can be tilted as shown in
Figure 9 to increase the number of light spots in the
direction of movement and in the direction
perpendicular to the direction of movement. In this case,
the tilt of the lens array is arranged so that the lens
diameter is shifted for one cycle.

2.4 Structure for time multiplexing

Since the lens array must constantly move in the same
direction throughout the display, this is accomplished by
rotating the lens array in a cylindrical shape. In the
proposed structure, it is important to move the two lens
arrays so that the relative positions of the corresponding
lenses in the two lens arrays and the angle of incident ray
from the projector do not change. Therefore, the two lens
arrays are arranged in a concentric cylindrical shape, and
the projector is placed at the center of their rotation
(Figure 10). By rotating these concentric lens arrays at
the same rotational speed, the relative position of the two

lens arrays and the angle of incident ray can be moved

Fig. 9 Method of increasing light spot density.
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Fig. 10 Rotating structure of lens array.

Fig. 11 Problems with rotating structure.

without changing.

In the concentric cylindrical structure of the proposed
display, rays from the projector enter every lens at the
same angle in the rotation direction. On the other hand,
in the direction of the rotation axis, the angle of the rays
entering each lens differs between the top and bottom as
shown in Figure 11. It is necessary to change the focus of
first lens array. Therefore, we solved the problem by
making the structure as shown in Figure 12. To solve
the problem, one cylindrical lens (orange lens in Figure
12) and a cylindrical lens array (green lens in Figure 12)
were added between the projector and the two lens
arrays. In this structure, a single cylindrical lens
converts the rays of the projector into collimated light
when viewed from the side. This ensures that the angle

of incident ray is the same at the top and bottom

65

Fig. 12 Arrangement of optical components.

positions of the lens array. Since the angle of incident
ray is different when viewed from the top and from the
side, a cylindrical lens array with a direction 90°
different from that of the cylindrical lens is inserted in
front of first lens array, so that the angle of incident ray
is the same when viewed from the top and from the side.
This cylindrical lens is placed in front of each lens so
that it becomes a lens array of cylindrical lenses (green
lens in Figure 12).

The diameter of the cylindrical lens array is large due
to the structure of placing the projector inside the
cylindrical lens array. To obtain a refresh rate of at least
30 Hz to prevent flicker, it is necessary to rotate this
cylinder at 30 Hz. Furthermore, considering that images
are projected from the projector in conjunction with the
rotation, the rotation rate of the cylindrical lens array
should not be too high. Therefore, instead of one
displayed image being completed when the cylinder
completes one revolution, one displayed image should be

completed in half a revolution. Even with a refresh rate
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of 30 Hz, the number of rotations can be halved to 15 Hz.
By making the structure such that multiple images can
be completed projected during one rotation of the
cylinder, the number of rotations can be lowered by that
amount. For this purpose, the number of rotations can
be reduced to 1/n by making one cycle of the lens array
arrangement 1/n of the cylinder, instead of one cycle of
the cylinder as shown in Figure 9.

2.5 Lens parameter calculation

The formula for determining the focal length of each
lens that makes up the display is shown below. A
diagram of the relationship between the parameters is
shown in Figure 13. The parameters to be input for the
calculation are the distance between lenses L, the lens
radius r of first lens, the lens radius R of second lens,
and the viewing angle 6. When the calculated focal
length is positive, the lens is convex; when it is negative,
the lens is concave.

For a cylindrical lens, the distance to the projector is
the focal length (To make the projector light collimated).

The focal length of first lens, f1

(D
The focal length of second lens, 2
(2)
Distance from lens to display surface, D
(3)
2.6 Simulation
The purpose of the simulation is as follows. First, to
confirm that the proposed structure can realize parallax
and display three dimensional images. Second, to

confirm that the proposed structure can increase the

resolution and expand the displayable area in the depth

Fig. 13 Relationship between lens parameters.
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direction by making the display surface multilayered.
For this purpose, a cube and resolution chart was
displayed and compared between the proposed method
and a single-layer light field display.

The structural parameters of the lens array are the
same for both Objective 1 and Objective 2, and are shown
in Figure 14. The parameters used in the simulations are
shown in Table 1 (negative focal lengths are concave
lenses). The lenses in the simulation were assumed to be
ideal lenses of thickness 0. The lenses in the lens array
were divided into 10 sections of the circumference, which

were used as one period of the lens array. 21 lenses were

Fig. 14 Lens array parameters in simulation.

Table 1 Simulation Parameters.
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placed in one period. This resulted in a lens diameter of
15.8mm (calculated considering the tilt). From there, the
lens diameters were based on Figure 7, and the lenses
arranged in one cycle were alternated into two types of
lenses, and their lens diameters were multiplied by a
factor of V2 and (2 —V2). Then, the viewing angle was set
to 45° (£22.5), resulting in distance of 27.0mm and
11.2mm from second lens array to the display surface,
respectively, a difference of 15.8mm.

The simulation method uses the ray tracing method.
The procedure involves rotating the lens array and
projecting an image from a projector to obtain an image
that can be seen by an observer at a certain instant. The
lens array is rotated until it reaches one cycle, and the
image for one cycle is obtained. For the afterimage
effect, the pixel values of the images visible at each
instant are added together to obtain the final result.

Simulation conditions for displaying the cube are
shown in Figures 15 and Figures 16. In the simulation, a
cube of 50mm per side was placed, and images observed
from positions of £15° up, down, left, and right were
output to confirm that 3D display was possible. Fig. 16 Simulation parameters for confirmation of 3D viewability.

Simulation conditions using resolution chart are

shown in Figure 17. In the simulation, the resolution

Fig. 15 Simulation parameters for confirmation of 3D viewability. Fig. 17 Simulation parameters for resolution check.
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Fig. 18 Resolution chart.
(By LaserSoft Imaging - Own work, CC BY-SA 3.0).

Fig. 19 Positioning of comparative image creation.

chart in Figure 17 was placed on each of the two display
surfaces. As a comparison image, the resolution chart of
Figure 18 was placed with a difference of around
15.8mm between the display surfaces of the display
surfaces of the one-layer display,
(1) When the resolution chart in the foreground is on
the display surface,
(2) When the display surface is between the resolution
charts,
(3) When the resolution chart in the back is on the
display surface.
The three cases are shown in Figure 19.
2.7 simulation results
Figure 20 shows the simulation results displaying a
cube. Figure 20 (a) shows the results displayed on a
single-layer light field display, and Figure 20 (b) shows
the results using the proposed display. Comparing the
images from each viewpoint of Figure 20 (b), it was
found that the shape and angle of each face of the cube
are the same, indicating that 3D display is possible.
Comparing the front corners of the cube between the
single-layer display surface and the proposed method,
the edges of the cube appear clearer and higher

resolution in the proposed method.
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Fig. 20 Simulation results of 3D display confirmation.

The simulation results using resolution charts are shown
in Figure 21: when one resolution chart appears high
resolution on one layer of the display surface, the other
resolution chart is low resolution. On the other hand, with
the proposed method, the resolution of both resolution
charts is higher, and it is confirmed that the proposed
method makes the display surface multilayered and the

resolution is higher. This means that the displayable range
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Fig. 21 Simulation results of resolution confirmation.
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in the depth direction can be expanded.

3. Method of increasing the distance
between display surfaces by ray
splitting

In the structure of the proposed display in chapter 2,
the distance from the second lens array to the display
surface is limited by the lens diameter of the second lens
array. Therefore, it is difficult to increase the distance
between the display surfaces. We have devised a
structure that can increase the distance from the lens to
the display surface.

3.1 Principle of the proposed method

In the proposed structure in chapter 2, the distance
from the lens to the display surface is determined by the
viewing angle and lens diameter. Therefore, as shown in
Figure 22, the distance between the lens and the display

surface is increased, the rays that do not fit in the lens

Fig. 22 Increase in distance to display surface due to ray splitting.
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Fig. 23 Concept of Lens Structure.

Fig. 24 Visibility from observer.

and are outside the lens are divided (light blue and
green rays in Figure 22), and the divided rays exit from
one lens. As this lens moves, the original rays before
splitting are obtained due to the afterimage effect. If the
split rays can be emitted from this single lens, the
distance from the lens to the display surface can be
increased and the display area in the depth direction can
be expanded.

To explain this structure, we will explain what kind of
light should be incident on second lens and how to
produce that light with first lens (Figure 23).

In the proposed structure, rays appear to come from
three different light spots when viewed by an observer
(Figure 24). In order to emit such ray from the lens, ray
must be incident on the lens from three different
directions, as indicated in Figure 25. The incident ray at
this time is calculated according to the rays emitted
from second lens.

The ray to be incident on second lens must be
produced by first lens. As shown in Figure 26, there are
two positions where the three rays overlap, and at
position 1, first lens becomes a convex lens and at
position 2, first lens becomes a concave lens (Figure 27).

In the explanation, the lens is viewed from the side, so
the rays come from three directions, but in reality, as

shown in Figure 28, the lens is divided horizontally and
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Fig. 25 Incident light on second lens.

Fig. 26 Possible positions of first lens.

Fig. 27 Rays when first lens is placed.
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Fig. 28 Lens Structure.

vertically into three sections. Therefore, the center part
produces the blue ray shown in the figure, and the
surrounding parts produce green and light blue rays.
Since the central lens of the first lens is rectangular
(Figure 28(a)), the shape of the corresponding second
lens is also rectangular (Figure 28(b)).

3.2 Lens parameter calculation

The formulas for determining the parameters of the
optical components that make up the display are shown
below. A diagram of the relationship between the
parameters is shown in Figure 29 and Figure 30. The
parameters to be input are the lens diameter r of first
lens, the lens diameter R of second lens, the viewing
angle 6, and the overlap ratio O of the divided rays. The
overlap ratio O is a parameter that expresses the degree
to which the divided rays are overlapped

Distance between lenses

4)

Focal length of second lens
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Fig. 29 Relationship between lens parameters.

Fig. 30 Relationship between overlap ratio O.

(6))

Size of the center of first lens

(6)

Focal length of first lens (same focal length in the

center and outside)

(7

Distance to outer optical axis of first lens

(8

Distance from second lens to display surface, D

9

3.3 Simulation

The purpose of the simulation is to confirm that the
displayable range in the depth direction can be
expanded from the resolution of the display object
compared to the proposed method up to the previous
chapter. It is also to confirm the effect of changing the

overlap ratio O on the results.
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Table 2 Simulation parameters.

Fig. 31 Placement of display surface in simulation.

The arrangement of the cylindrical lens array is the
same as in Figure 14, and the lens diameters of first lens
and second lens are 15.8 mm. As a result, the distance
from second lens to the display surface was 57.4 mm,
and the distance between the two display surfaces was
46.2 mm. The overlap ratio O was set to 1.1. The
parameters of the first and second lens arrays during
the simulation are shown in Table 2. The parameters for
the projector, cylindrical lens array, and cylindrical lens
array were those in Table 1. The positional relationship
between the display (Figure 18) and the display surface
in the simulation is shown in Figure 31. The displays
were displaced 46.2 mm back and forth and placed so
that the display in the foreground was on the second
display surface.

In checking the influence of the overlap ratio O,
calculations were performed with O = 1.0 and O = 1.1.

3.4 Simulation results

The results of the simulation to confirm the displayable
range are shown in Figure 32. Comparing the results, the
resolution of the right (front) resolution chart is the same.
On the other hand, the resolution chart on the left side
(back side) shows that the proposed method in this
chapter in (b) is able to display higher resolution. This
confirms that the distance between the two display

surfaces can be increased and the displayable range in the
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Fig. 32 Result of simulation to check resolution.

Fig. 33 Simulation results of the effect of overlap ratio O.
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depth direction can be expanded.

The simulation results of the confirmation of the
influence of the overlap ratio O are shown in Figure 33. In
the simulation results, the overlap ratio O=1.0 causes a
large lack of displayed objects, while O=1.1 connects the
displayed objects. This result indicates that the divided
rays are not completely connected at the boundary of the

divided rays when O=1.0 is made non-overlapping.

4. Discussion

From the simulation results in Chapter 2, it was
confirmed that the use of two lens arrays enables
stereoscopic display and improves the resolution (Figure
20 and Figure 21). However, Figure 20 and Figure 21
shows a decrease in luminance, and the resolution of the
images displayed in each layer is also reduced. This is
because two layers are displayed by one projector. In our
proposed method, the total number of rays (pixels)
emitted from one projector is divided for each display
surface. Therefore, the number of rays that can be used
on each display surface is the total number of rays
emitted from the projector divided by the number of
display surfaces. This means, the resolution and
luminance per layer decreases as the number of display
surfaces is increased. This occurs in the same way with
the structure in Chapter 3. This problem can be
remedied by increasing the luminance and resolution of
the projector. The simulation results show stripes on the
display. This is due to the structure of the proposed
method in which the lens (light spot) moves laterally as
shown in Figure 9. To reduce the stripe spacing, the lens
spacing and lens tilt should be reduced, and the lens size
of the projector should be increased.

Based on the simulation results in Chapter 3 (Figure
33), we will discuss our thoughts on the overlap ratio O.
In the simulation results, there is a large lack of display
objects when the overlap ratio O = 1.0, and the display
objects are connected when O = 1.1. The reason for this
is thought to be that at the boundary of rays with
overlap ratio O = 1.0, even a small spread of rays is not
allowed. In order to observe rays, it is necessary to have
some spread of the rays, but the spread of the rays
becomes small at the boundary where the rays are
divided. Therefore, it is difficult to observe the rays near
the boundary. Therefore, by setting the overlap ratio
0O>1 and overlapping the boundaries to some extent, the
suppression of the spread of the rays is eliminated and
the rays are easily observed. This phenomenon of the

rays near the boundary of the divided rays becoming
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difficult to observe is also thought to have a significant
impact on the actual creation of the display. This is
because the rays near the boundary are rays that pass
through the edge of the lens, and if the overlap ratio O =
1.0, which allows no overlap at all, the lens is considered
to be greatly affected by distortion and lens fixation
during lens creation. From this reason, it is considered
that the overlap ratio O > 1 should be set so that the

rays near the boundary overlap.

5. Conclusion

In this study, we investigated a method of
multilayering the display surface in order to solve the
problem of light field displays in which the resolution
decreases as one moves away from the display surface.

First, we proposed to optically multilayer the display
surfaces by preparing two types of lens arrays with
different lens diameters and focal lengths and
overlapping the lens arrays. With this proposed method,
the viewing angle and ray density of each display
surface can be made the same. Simulation results of a
light field display using the proposed method confirmed
that a three-dimensional display is possible with the
proposed structure. It was also confirmed that the
display surface is two-layered, which expands the
displayable area in the depth direction and improves the
resolution. In the proposed method 1, the distance
between the second lens and the display surface is
limited by the lens diameter, so the distance between
the display surfaces could not be increased.

Therefore, we proposed a structure in which rays
coming from a light spot further away from second lens
are divided into 9 segments, and the divided rays exit
from a single lens. In this method, rays are injected into
the second lens from nine different directions so that the
divided rays can exit from a single lens. Comparing the
two proposed methods by simulation, it was confirmed
that the proposed method of splitting the rays allows the
display surface to be placed farther from the lens. This
confirmed that the proposed method can increase the
distance between the display surfaces.

Although we confirmed the effectiveness of the
proposed method and the simulation, we have not yet
confirmed the effectiveness of the proposed method by
creating an actual device. Therefore, it is necessary to
study the method of creating lenses and lens arrays, and
the calibration of lens arrays, projectors, projected

images, and other aspects of creating actual devices.
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