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Abstract

This dissertation proposes a new optical component, the half mirror with lens
function, and studies about its application to three-dimensional display sys-
tems. Half mirror with lens function is a half mirror which provides a lens
function by the reflective optic implementation. As an optical combiner, the
definition of half mirror with lens function touts the advantageous features of
see-through imaging and easy alignment of the optical system. Three viable
fabrication methods, each of which has its pros and cons, are proposed to real-
ize the half mirror with lens function. And the comparison of the characteristics
of prototypes implemented by the three methods is also given as a reference in
determining which one will be the most appropriate for the given application.

The usefulness of the half mirror with lens function is studied in two dif-
ferent aspects: one is the source of inspiration in retrieving new concept of the
three-dimensional display system; the other is providing a new way to resolve
the existing problems of the conventional three-dimensional display system.
The study is conducted by providing various types of three-dimensional display
system based on the integral imaging principle.

Two new types of three-dimensional display systems, which are inspired by
adopting the half mirror with lens function, are presented considering the appli-
cations for the augmented reality. See-through and bidirectional integral imag-
ing is a totally new concept that displays an autostereoscopic three-dimensional
image, which is based on the integral imaging principle, around a see-through
image without any mechanical motion. It is only realizable using the array

of half mirrors with lens function which eventually has the surface structure



of concave mirror array. Using the analysis of the imaging principle of the
projection-type integral imaging, the half mirrors with lens function with 10%
of reflectance were implemented showing natural overlay of three-dimensional
image onto the real world scene.

See-through head mounted display, which can address a correct accommoda-
tion, is also presented with the convex side of the half mirror with lens function
utilizing the principle of integral floating. The analysis is given which demon-
strates that the pixel pitch of the display device imposes the restriction to the
imaging distance of the integrated image. The use of convex mirror effectively
reduces the pixel pitch of the display device enabling the farther imaging of
integrated image without physical improvement of the system.

The half mirror with lens function can also be useful in resolving the long-
known problem of integral imaging, implementation of three-dimensional /two-
dimensional convertible feature. Especially, there was no adequate solution for
the projection-type integral imaging because the conventional methods incor-
porate the active devices with the size comparable to the screen. The adop-
tion of half mirror with lens function provides the way to implement three-
dimensional /two-dimensional convertible feature with the passive optical com-
ponent. The proposed system is the first proposal to the three-dimensional /two-
dimensional convertible projection-type integral imaging.

A number of methods have been investigated for the three-dimensional /two-
dimensional convertible integral imaging of focused mode configuration while
only one method exists for the real/virtual mode integral imaging. The half mir-
ror with lens function provides the new method to realize the three-dimensional /
two-dimensional convertible feature for the real/virtual mode integral imaging.
The proposed system also touts various advantageous features such as the wider

viewing angle and the shorter optical path difference in creating multiple central
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depth planes for the depth enhancement.
Though the usefulness of the half mirror with lens function is investigated
only focusing on the three-dimensional display, it is expected that the half

mirror with lens function will also be useful for various optical applications.

Keywords: Three-dimensional display, half mirror with lens function, aug-
mented reality, see-through, integral imaging, head mounted display, three-
dimensional /two-dimensional conversion, projection-type integral imaging

Student Number: 2008-30889
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Chapter 1

Introduction

1.1 Historical review of three-dimensional displays

Three-dimensional (3D) display has a long history, starting from the first sug-
gestion of a stereoscope by Wheatstone in the mid-19th century [1] through
active inventions of various autostereoscopic technologies in the late 19th and
early 20th centuries, an era of holography in the 1960s and 1970s, and the
adoption of digital devices today [2-4].

The first concept of the parallax barrier had been patented in 1903 by Ives [5]
(although the first different-view concept was demonstrated by French painter
Bois-Clair in 1692) and Lippmann proposed the integral imaging (Inlm) in
1908 [6]. Lenticular lens was proposed and patented by Hess in 1915 to simplify
the concept of integral imaging to the one-dimensional case [7]. In the early
1960’s, the invention of laser had paved the way of using the holography, which
was first proposed by Gabor in 1948 [8], for the display of 3D image. The

demonstration of the first holographic 3D display by Leith and Upatnieks at a



1964 meeting of the Optical Society had shown the possibility of displaying a
perfect 3D image that replicates the original object in the level of wave optics [9].
However, the early hologram, which depended on the holographic materials,
had a severe limitation in its usage because it always demanded coherent light
source in recording and reconstruction processes. Although most of the basic
ideas were proposed more than tens of years ago or even 100 years ago, none of
them are without critical issues that are obstacles to catching a mass market.

Since the late 1990s, development in digital devices has led to widespread
use of flat panel displays (FPDs), especially those based on liquid crystal (LC)
technology. It was a catalyst for research on implementing commercially accept-
able 3D displays again. From Fig. 1.2, recent research trends in 3D display can
be inferred. It is interesting to see that research on autostereoscopic displays,
including parallax barriers, integral imaging, and lenticular lenses, has grown
continuously, starting from around the year 2000, when LC displays (LCDs)
became popular. In particular, the parallax barrier, which is more suitable for
implementation with LCDs, shows a steeper increase compared with other au-
tostereoscopic technologies. Despite increasing research interest and demand
from the market, up until a few years ago, it was a major opinion that 3D
display was still far from mass commercialization.

The past few years will be marked as a “historic” period in 3D display tech-
nology because, for the first time, several major manufacturers in the display
industry have started to supply successful commercial products based on stere-
oscopy to the mass market. Stereoscopy is a technology that has a history of
more than 170 years and there have been no notable breakthroughs other than
research and inventions conducted in its early decades. The only difference in
the circumstance is that a value chain of the industry started to work with 3D

films, which became common and popular in ordinary theaters after the success
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Figure 1.1 Brief history of 3D display. Before year 2000, there were historically
three waves when the interest on 3D display had been highly increased. The
period and key issues related with those three waves are summarized in three

boxes at top of the figure.
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Figure 1.2 Number of search results from Google Scholar. Searching was re-
stricted only to titles of papers. Queries for each technology were “stereoscopy

or stereoscopic,” “integral imaging,” “lenticular lens,” and “parallax barrier.”

of the monumental movie “Avatar.”

Commercialization revealed new issues of stereoscopy in the aspect of prod-
ucts and 3D has again become a very active research topic. The current research
trends in the field of 3D display are very interesting: old-fashioned technologies,
such as stereoscopy and science fiction movie-like fancy technologies, are active
and popular research topics together. This phenomenon comes from a larger
time lag of commercialization to the latest technologies compared with other

industries.



1.2 Motivation

The setup of value chain between movie industry, TV industry, and broadcasting
industry is the foundation of today’s success of 3D industry. In the background
that makes this value chain to work, there is a hierarchical structure of the
required technologies which are necessary for the success of 3D industry.

Figure 1.3 is a diagram describing this hierarchical structure. There should
be proper recording devices which can be easily handled and output the recorded
images as digital data, and the recorded data should be calibrated and converted
to appropriate image source by the post-processing technique. There should ex-
ist standards that supports backward compatibility to 2D displays as well as
3D displays. 3D displays should provide 3D images with an acceptable visual
quality and it should provide a proper way to support 2D contents. Because
a number of factors are related in providing 3D information to human visual
system, the investigation on the human factor is inevitable especially consid-
ering the safety issue. Because of recent advances in electronics and computer
science, the hierarchical structure for stereoscopy finally has been completed
from bottom to top.

Going one step further to the end of road map of display, the next step
is the commercialization of autostereoscopic displays. However, to achieve a
sufficient visual quality using autostereoscopy or holography, outrageous level
of resolution and pixel pitch of display device is required.

Regarding the impressive quality of recent holographic stereogram, it is
evident that a certain level of pixel pitch can make the multi-view display
provide 3D images of the hologram-level. The holographic stereogram by silver
halide emulsion with the 8 nm grain size shows similar quality to traditional

analog holography [10]. It seems that the pixel pitch of 8 nm is sufficient to
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generate hologram-like multi-view 3D images. Or, the actual requirement might
be easier than 8 nm.

Actually, reducing the pixel pitch to the minimum requirement is a quantum
jump from current status of spatial light modulator (SLM). The minimum pixel
pitch of the state of the art SLM products based on LLC can be found from SLM
used in the projector JVC 8K4K D-ILA, and it is around 5 ym [11]. However, the
size is still far from the ordinary grain size of the analog holographic material. If
8 nm is really the goal, today’s best should be improved by about 6 hundredfold.

Because of physical limitations, it seems that today’s techniques will not be
able to match the requirement of 3D display; e.g., the cell gap of LC cannot
be smaller than micrometers; the electron mobility gives restriction to circuit
design for smaller pixel pitch [12]. Hence we need to find out a totally new
technique to overcome expected improvement.

Hence, there are a number of researches designing the optical system, that
can effectively reduce pixel pitch or increase number of pixels by time or spatial
multiplexing methods, to relieve the required specifications of display devices.
For example, recently, the research group of Hitachi has built an integral imag-
ing system assembling 95 projectors, achieving SXGA image resolution with
25 ray sampling rate [13]. The system can show the same performance as the
system supposed to have a tenth part of pixel pitch. The multiplexing will much
relieve the target pixel pitch of display device. Increasing complexity and vol-
ume of the system, as the number of multiplexing increases, is the issue to be
resolved in this approach.

Hence, in the holography society, there are still movements to improve the
performance of holographic material instead of waiting for the advance of SLMs
though the improvement is not so fast. As a result of such efforts, the time

taken refreshing holographic 3D image displayed by photorefractive polymer



has reached 2 seconds recently [14]. Along with the advance in the performance
of SLM, development of the new fundamental resource is also necessary for the

breakthrough of existing bottlenecks.
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1.3 Scope and organization

This dissertation conducts investigations on the various types of 3D display
systems based on the half mirror with lens function. Figure 1.4 briefly shows
the organization of topics which will be discussed throughout the dissertation.
The half mirror with lens function, which is proposed as a new useful optical
element, is a cornerstone of this dissertation.

The adoption of new optical element spawned the ideas to develop new
types of 3D display systems - see-through 3D displays - which are applicable
for augmented reality (AR) displays. It can also be used for dealing with unre-
solved issues in implementing 3D display systems. In this dissertation, two un-
resolved problems related to three-dimensional/two-dimensional (3D/2D) con-
vertible Inlm are resolved in new ways based on the half mirror with lens
function.

Hence, the usefulness of the newly proposed half mirror with lens function is
verified in the viewpoint of inspiring totally new concepts of 3D display systems
as well as resolving the existing issues in conventional systems.

Chapter 2 provides the motivation and concept of the half mirror with lens
function. Because the half mirror with lens function is a newly proposed optical
component, the viable fabrication method should be provided to use the con-
cept in real implementation. Hence, three fabrication methods are provided to
implement the half mirror with lens function and they are verified by the pro-
totype implementations. However, because each method has its pros and cons,
none of them can be considered as superior to others. With the implemented
prototypes, the characteristics of those fabrication methods are compared and
summarized as a reference for further applications.

Chapter 3 provides two new 3D display systems which are inspired by the
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Figure 1.4 Scope and organization of this dissertation.
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adoption of the half mirror with lens function. One of them is a see-through and
bidirectional Inlm system that approaches to the ultimate 3D display in new
direction. The proposed display system partially realizes the requirements of the
ultimate 3D displays: See-through imaging of 360-degree viewable 3D image.
Though the displayed 3D image is not fully 360-degree viewable, it is meaningful
that the projection devices of present status can provide a 3D image in a certain
angle without any mechanical motion unlike most of existing techniques dealing
with this issue. The other one is the optical see-through head mount display
which can address the accommodation of virtual 3D image to the location of far
distant real world scene. Usually the far distant imaging of 3D image requires
the spatial or time multiplexing methods to induce the overperformance of
display devices. The proposed method is capable of displaying 3D image at
sufficiently far distance without any multiplexing technique which might be
obstacle in implementing the head mount display.

Chapter 4 provides the ways resolving the issues related to 3D/2D convert-
ible feature of Inlm by the adoption of the half mirror with lens function. One
of issues dealt with in this chapter is to realize the 3D /2D convertible feature
for the projection-type InIlm. What makes difficult to resolve this issue is that
it requires discarding the large active devices in the implementation. By using
the half mirror with lens function, which is a passive optical element, instead of
usually incorporated active devices, a method to implement the 3D /2D convert-
ible projection-type InIm has been developed. The other issue is to implement
3D/2D convertible feature for real/virtual mode configuration (to be discussed
in Sec. 3.2) of Inlm. Unlike the case of focused mode, there was only one method
considering the 3D/2D convertible Inlm for real/virtual mode. The adoption of
the half mirror with lens function shows another possibility to resolve the issue.

Finally concluding remarks to this dissertation is made in Chapter 5.
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Chapter 2

New optical component: half
mirror with lens function

2.1 Motivation

A half mirror (or transreflective plate) is an easy and intuitive way in combining
two optical images from different image sources to create new functionality or
utilize a spatial multiplexing technique. Recent attractive applications can be
found from the field of augmented reality (AR) which overlays various artificial
data onto the real experiences. Especially for the visual information, most of the
AR displays developed so far adopt the half mirror or similar optical component
to combine the artificial data onto the real world scene. Surely the artificial
visual information is preferred to be a 3D image rather than 2D image to
provide more realistic experiences.

Figure 2.1 shows the typical optical setup of the AR display that incor-
porates the half mirror as an optical combiner that overlays 3D image onto

the real world scene. The display system for 3D image was illustrated to be
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Figure 2.1 Typical configuration of AR display where the half mirror is adopted.
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Figure 2.2 Conceptual demonstration of optical system adopting the half mirror

with lens function.

integral imaging system which will be discussed throughout this dissertation.
Or the setup can also be used for combining two different types of images to
alternatively provide one of them. In this case, the transmitted image is also
an artificial image displayed by other image source. 3D/2D convertible feature,
which will be mainly discussed in the Chapter 4, can be a good example of such
application. However, the optical setup adopting the half mirror usually suffers
from the problems such as the bulky implementation and alignment.

The motivation of this work is to merge the functionalities of the half mirror
and the lenslet array into one optical component. To achieve the objective, the
new optical component, the half mirror with lens function (HMLF) is proposed.
The HMLF is defined as an (ideally) infinitesimally thin transreflective sheet

whose shape is a concave mirrors. And, for the implementation of Inlm, a 2D
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array of HMLF can be used as shown in Fig. 2.2.

Because the concave mirror is the direct alternative to the convex lens, the
concave mirror array can implement the optical function of the lenslet array.
Hence, when the shape of the HMLF array is properly designed, the optical
function of the lenslet array can be merged by the reflection. On the other
hand, for the transmitted image, the infinitesimally thin condition of the HMLF
ideally does not affect the optical path at all. Hence, the HMLF array can be
considered to be an optical combiner that provides a function of the lenslet
array to the reflected image while the transmitted image is bypassed.

Actually, for the reflection-type Inlm, it had been revealed that if the pro-
jector and the target 3D image are sufficiently far from the surface of concave
mirror array compared with the focal length of each concave mirror, the dis-
played 3D image is simply scaled in lateral and longitudinal directions [15].
Hence the 3D image can be easily compensated without changing the shape of
HMLF array from the simple concave mirror array even though the projector
projects the image obliquely. However, when the criteria - far projector and 3D
image - is not satisfied, the distortion relation becomes complicated hence the
HMLF array may require modification in the shape.

By incorporating the HMLF array, the entire optical setup is expected to

have some advantages.

1) By using the reflective optical component, it is possible to take vari-
ous advantageous features stemming from the reflection-type implementation
of the integral imaging such as wide-viewing angle and optical ortho-pseudo
conversion.

2) The entire system becomes less bulky because the lenslet array can be

eliminated from the setup. Moreover, the optical function of the lenslet array
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can be implemented inside the area of the optical combiner.

For the first advantage, the detailed features of the reflection-type Inlm
is listed in the report by Jang et al. [16]. They will be partly discussed in the
following chapters. For the second advantage, the reduced number of the optical
component is especially useful for the bidirectional imaging setup which will be
discussed in Sec. 3.2.

In the following sections, three viable fabrication methods for implementing
the HMLF will be provided. And the characteristics of the HMLF implemented

by proposed methods will be compared and discussed.
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2.2 Fabrication methods of the half mirror with lens

function

As defined before, the HMLF is supposed to have an infinitesimally thin
structure not to affect transmitted light while maintaining a concave mirror
shape to support an optical function of lens. Because such structure is very
unstable and practically difficult to implement, it is more realistic to imple-
ment HMLF inside a transparent plate which can be a supporting structure.
Though the transmitted light is slightly altered by refractions occurring at
frontal and back surfaces of transparent plate, it is usually acceptable espe-
cially for the imaging purpose. Hence, in this section, the objective of proposed
fabrication methods is to implement the HMLF embedded inside a transparent
plate. Because the usage of the HMLF is mainly for optical component of InIm
throughout this dissertation, HMLF will be discussed in this section.

In the fabrication methods presented in this section, the implemented HMLF
is commonly composed of three layers; base layer, transreflective layer, and cover
layer.

The base layer is the singlet lens or lenslet array whose one side is required
to be flat. The shape of the base layer - the side which is not flat - determines
the shape of the HMLF. The thin transreflective layer, which is usually formed
by evaporation as will be discussed below, covers the surface of the base layer
following its shape. It serves as an actual HMLF component in the entire struc-
ture. The cover layer covers the transreflective layer making the entire structure
to be a transparent plate. Because the thin and uniform transreflective layer is
usually implemented by a high temperature process such as thermal evapora-
tion, the glass or the poly(methyl methacrylate) (PMMA), which can endure

high temperature, is preferred as a material for the base layer. Ideally, the ma-
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terial of the cover layer should have the same refractive index as the base layer
not to make any refraction at the interface between the base layer and the cover
layer.

The difficulty of fabricating the HMLF exists in providing the proper cover
layer, which is supposed to be a perfect negative mold of the base layer, as the
air gap at the interface can cause the unexpected artifact especially when the
shape of base layer is complicated. Hence, three fabrication methods presented
below mainly differ in the method implementing the cover layer. They are “fluid
filling method”, “soft lithography method”, and “negative mask method” where
the names represent the cover layer methods.

The first fabrication method to be presented is the fluid filling method.
Figure 2.3 shows the outline of the fabrication process for implementing the
HMLF array structure embedded inside the transparent plate by the fluid filling
method. The fabrication process is illustrated with HMLF array considering the
usages of Sec. 3.2 and Sec. 4.3.

At first, the lenslet array whose surface shape is equal to the target concave
mirror array should be prepared for the base layer. Then the thin and uniform
transreflective layer is formed on the base layer. Usually two types of layer
are widely adopted to provide transreflective characteristic; thin metallic film
and dielectric mirror. The most suitable way to form the thin metallic layer
is usually the thermal evaporation to acquire acceptable uniformity. The ratio
between transmittance and reflectance can be determined by controlling the
thickness of metallic layer. The other type, dielectric mirror can be obtained by
the coating of a number of thin dielectric layers on the surface of the base layer
by the thermal evaporation. For the case of dielectric mirror, the ratio between
transmittance and reflectance of the dielectric mirror layer can be designed by

changing material and thickness of each dielectric layer.
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= o
19 r-r‘:"i‘-]_?i



Because both types of layers are evaporated as thin film, the shape follows
nearly the same as the surface of the base layer, resulting in HMLF array.
Though the thickness of the transreflective layer is not infinitesimal, there is
practically no effect to the optical path of the transmitted light by metallic film
or dielectric mirror, especially for the imaging purpose. It is known that the
transreflective characteristic of the dielectric mirror is better than the metallic
mirror because of absorption of metallic layer. However, the dielectric mirror
generally has significant angle and wavelength dependance unlike the metallic
mirror. Which type of transreflective layer would be selected should be deter-
mined considering the application.

The next step is to cancel out the refraction at surface of the base layer by
making the entire external shape of the structure be a transparent plate. For
the achievement of such objective by fluid filling method, a transparent fluid
that has the same refractive index with the target material should be adopted.
Suppliers of the index matching liquid such as Cargille Laboratories [17] pro-
vides a list of index matching liquids for many representative materials and even
the customization is possible if necessary. Hence, if the index matching liquid
was properly selected, the transparent sample becomes invisible by immersing
it to the index matching liquid. That is, the refraction on the surface of the
immersed sample is cancelled out. By using the proper index matching liquid,
the base layer can be perfectly immersed without air gap so the base layer can
be invisible easily.

For the immersion process, the transparent box whose material is the same
with the base layer should be prepared. Then the base layer with the transre-
flective layer, which is the result of the first step, is put inside the box and then
the index matching liquid is injected until it fully immerses the base layer.

The second fabrication method to be presented is the soft lithography
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method. Detailed procedures of the soft lithography method are schematized in
Fig. 2.4. Again, the HMLF array is represented as a target structure considering
the usage of Sec. 4.2. Fabrication is also composed of two steps: one is to form
the thin transreflective layer and the other is to cover the transreflective layer
with transparent material. As a result, the structure will be a stack of three
layers: base layer, thin transreflective layer and the cover layer.

The first step is the same as presented in the fluid filling method: preparing
the base layer, evaporating thin metallic layer or dielectric mirror.

As the second step, the result of the first step is covered by the transpar-
ent material to adjust the outline of the entire structure to be the transparent
plate. The most facile and inexpensive way for constructing transparent cover
may be the adopting of soft lithography technique. Following the usual pro-
cess of the soft lithography, the elastomeric material is poured on the result
of the first step. Then the vacuuming in the vacuum chamber is done for the
elimination of air to increase the clearance of the elastomeric material. Usu-
ally the hardening of the elastomeric material is done by baking. Because the
objective of the normal soft lithography is to replicate the reference structure,
the hardened elastomeric material is separated from the reference structure in
the normal process. However, in creating the HMLF structure, the process of
the soft lithography method is completed without separation of the elastomeric
material. Usually the polydimethylsiloxane (PDMS) is used for the elastomeric
material, and the PDMS will be tested for the soft lithography method in this
dissertation.

The third fabrication method is the negative mask method. The most intu-
itive way to cancel the refraction at the surface of the base layer is to cover the
base layer with the corresponding negative mask made of the same material.

However the negative mask method is not appropriate for the small-quantity

22 Sk



1%t step

4 Convex lens )
(Base layer) :
Convex lens
+
Thermal evaporation Transreflective layer
\_ (Metal or dielectric) Y,
27 step ~

-

Result of
the 1% step

)b
+
1

Concave lens
(Negative mask)

= =

HMLF

J

Figure 2.5 Fabrication process of the negative mask method.

23 i ,It-] 2



production because of the high expense in preparing mold. Moreover, the nega-
tive mask should be prepared in very high precision because the air gap at the
interface between the base layer and the negative mask can affect the optical
path of the transmitted light. Hence, this method is generally useful for the
case of single HMLF with relatively large aperture which corresponds to the
optical function of the singlet lens.

A fabrication process is shown in Fig. 2.5. The target shape is illustrated as
a single HMLF considering the application shown in Sec. 3.3. The preparation
process of the base layer covered with transreflective layer is same as the first
and second methods. For the cover layer, the optic which has the same refractive
index as the base layer and the shape of the negative mask to the base layer
should be produced separately unlike two methods above. Then the prepared
optic is simply placed on the result of the first step to fill in the surface of the

base layer.
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2.3 Characteristic of the half mirror with lens func-

tion

The implemented HMLF or its array have different characteristic according
to the adopted fabrication method. The optical characteristic of the HMLF
can be assessed in two aspects: transparency (or see-through characteristic)
and reflectance. In the viewpoint of the transparency, it is preferred that the
structure does not alter the optical path of the transmitted light.

Largely three factors can affect the optical path of the transmitted light
in the real implementation. One factor is that the thickness of the transreflec-
tive layer is finite unlike the definition of the HMLF. However, most of optical
applications accept the precision provided by usual techniques creating transre-
flective layer. Another factor is that the HMLF implemented by the proposed
methods includes the additional transparent material wrapping up the transre-
flective layer to protect the thin and carefully designed structure. Hence the
transmitted light undergoes the unexpected refractions at the surfaces of the
transparent material. This can be a problem for the application where the high
precision is required, however it is usually acceptable for the imaging applica-
tion. Hence this will not be considered as an issue in this dissertation, though
the pellicle-type implementation should be investigated for further usages. The
last factor is that, because the base and cover layers are created separately, the
interface between the base and cover layers can cause an unexpected refraction.
This can be a severe problem especially for the complicated structure of HMLF
array. Hence, the see-through characteristic will be investigated according to
the fabrication methods.

To compare the see-through characteristic, the prototypes of HMLF or its

array have been implemented by the fluid filling, soft lithography, and negative
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Figure 2.6 Comparison of the see-through characteristic among the fabrication
methods. Object is the natural outdoor scene. The building indicated by the

red arrow is about 150 m far from the camera.
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Table 2.1 Specifications of the implemented prototypes

Fabrication | Base layer Transreflective layer
method
Lenslet array Focal length: 3 mm Dielectric mirror layer

Fluid filling

Lenslet pitch: 1 mm | (Reflectance: 10 % )
method

Material: PMMA
Soft Lenslet array Focal length: 3 mm Thin metallic layer
lithography Lenslet pitch: 1 mm (Reflectance: 70 % )
method Material: PMMA
Negative Singlet lens Focal length: 100 mm | Thin metallic layer
mask Lens pitch: 5 mm (Reflectance: 50 % )
method Material: BK7
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mask fabrication methods following the specifications listed in Table. 2.1. For
the soft lithography method, PDMS was adopted for the elastomeric material.

Figure 2.6 shows the comparison of see-through characteristic for the far-
distant object. Because the base and cover layers have the same refractive index
in the fluid filling and negative mask fabrication methods, the prototypes by the
fluid filling and negative mask methods show a satisfactory see-through charac-
teristic (especially for imaging purpose) even for the object at very far distance.
The negative molding method also shows a good see-through characteristic for
the far distant object when the target structure is HMLF as the implemented
prototype. Because the PDMS is usually not acceptable for the base layer con-
sidering the high temperature process required for forming the transreflective
layer, the soft lithography method results in the prototype which has different
refractive index for the base and cover layer when PDMS is adopted for the
elastomeric material. Hence the see-through characteristic is not achievable as
shown in Fig. 2.6 and the soft lithography method with PDMS is not adequate
for the imaging of far distant object.

In the viewpoint of the see-through characteristic, the investigation of Fig.
2.6 implies that the fluid filling method can be considered as the best method
while the soft lithography method with PDMS is useless. The negative mask
method is useful when HMLF is the target structure. However, the implemented
structure by fluid filling method is quite unstable because of using fluid for
the cover layer. And the negative mask method is not acceptable considering
expense required for preparing the cover layer especially for the small quantity
production. On the other hand, the prototype implemented by soft lithography
method has advantages in that viewpoint; the fabrication process is inexpensive
and the implemented prototype is stable.

Though the refractive indexes of base and cover layers are not perfectly
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matched, the combination of PDMS and base layer material - usually glass or
PMMA - considerably reduces the refraction at the interface between base and
cover layer. Hence, if the usage is limited for the see-through imaging of the
object just behind the structure as discussed in Sec. 4.2, the soft lithography
method with PDMS will be the useful one for implementing the HMLF or its
array.

The lens affects the see-through characteristic by magnifying the image of
the object. Hence each pixel of the object is shifted from its original position
in the observed image through the lens. The largest shift occurs at the edge
of the lens as shown in Fig. 2.7. In Fig. 2.7, the situation where the observer,
which is modeled as a pinhole camera, stare at the upper edge of the lens is
illustrated. The observer should observe the point on the object pointed by the
dashed arrow if there is no lens. However, the refraction by the lens makes the
actual observed pixel come from different position. This kind of shift induces
the pixel mislocation and it can be easily calculated as ¢g?/2f where g is the

gap between lens and the object, ¢ is the pitch of the lens, and f is the focal
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Figure 2.8 Comparison of the 2D images shown through the HMLF array and
the base layer. (a) Highly textured image is used as the test object. Part of
the image indicated as the red square box in the original image is magnified to
show the details of the result. (b) A landscape image is used for the comparison

of a natural image.

length of the lens. The PDMS cover layer reduces the index difference at the
surface of the lens and it makes the focal length of the lens be enlarged to
fo(n —1)/dn, where f, is the focal length of the lens, n is the refractive index
of the lens, and dn is the index difference between lens and cover layer.

To show the feasibility of soft lithography method with PDMS, the see-
through characteristics of the prototype by the soft lithography method and
the base layer itself were compared when the object was located just behind
the structure as shown in Fig. 2.8. From the relationships described above, the

focal length of each lenslet is enlarged to 25 mm by PDMS cover and the pixel
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mislocation is reduced to 0.18 mm. Figure 2.8 shows that the PDMS cover layer
is a viable option in implementing see-through characteristic for the case where
the object is located at just behind the HMLF array. As a reference, the quality
of 2D images shown through the HMLF array and the base lenslet array are
compared in Fig. 2.8.

The difference clearly appears for the highly textured image such as the
text image compared in Fig. 2.8(a). The shape of each character is clearly
recognizable only through the HMLF array fabricated by the soft lithography
method. As shown in Fig. 2.8(b), even the quality of the natural image where
the low spatial frequency is dominant is noticeably degraded by the base lenslet
array. Therefore the cover layer made of PDMS is enough to provide the high
quality image for the object loacted just behind the structure. According to the
application, the soft lithography method with PDMS can also be a candidate
fabrication method considering other advantages of adopting it.

Other than the methods forming cover layer, there are also options in creat-
ing the transreflective layer. In this dissertation, thin metallic layer and dielec-
tric mirror are investigated in the viewpoint of the reflectance. The reflectance
of the HMLF can be controlled during the fabrication step forming the transre-
flective layer. As described, the reflectance of metallic layer can be controlled by
simply controlling the thickness of the layer while the dielectric mirror requires
a complicated design of multiple layers. Generally, it is considered to be difficult
to design the dielectric mirror appropriate for the imaging purpose because of
the angle and wavelength dependencies. Figure 3.9 shows one example of optical
characteristic of the dielectric mirror designed for the imaging purpose.

For both cases of transreflective layer, the reflectance has the tradeoff rela-
tionship with the transmittance of the structure. Hence the reflectance should

be determined considering the application. For example, the reflectance has
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been determined to be 10% for the implementation in Sec. 3.2 and 50% in Sec.
4.3. Usually the thin metallic layer is sufficient for the imaging applications,

however the performance of dielectric mirror will also be presented in Sec. 3.2.
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2.4 Summary and discussion

The HMLF is a new optical structure which can be applied to the 3D dis-
plays base on the Inlm implemented incorporating the optical combination
concept. The functionality of the HMLF can be understood as combining the
half mirror (or transreflective plate) with the lens function at the reflection-
side. The HMLF can inspire new 3D display applications as well as simplify the
system by combining two optical elements into one component.

However, the actual implementation, which can realize the definition of pro-
posed HMLF, cannot be easily achieved. In this chapter, three fabrication meth-
ods, which can implement the concept of HMLF, have been demonstrated, and
they were verified and investigated by implemented prototype of each method.
However each method has its disadvantages and the fabrication method should
be continuously developed to find out better way realizing the HMLF with less
problems. For now, the proposed three methods are only available ones to im-
plement the HMLF and one of them should be selected in configuring a certain
optical system. To make the choice easier, the characteristics of the methods
for the cover layer are compared in Table 2.2. The transreflective layer can
also be prepared by the thin metallic layer or the dielectric mirror, and the
characteristics of them are compared in Table 2.3. In the following chapters,
the novel 3D diplay devices, which provide new functionalities or resolve the
existing problems by adopting the HMLF, are demonstrated. They present the

way choosing appropriate fabrication method and the usefulness of the HMLF.
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Table 2.2 Pros and cons of the cover layer

Pros Cons
Fluid filling e Easy to implement e Unstable structure
method e Good index matching | ® Depending on the index

matching liquid

Soft lithography | e Easy to implement e Depending on the elas-
method tomeric material

e Stable structure

Negative mask e Good index matching | e Not adequate for compli-
method cated structure

e Stable structure e Economically inefficient

for small quantity produc-

tion

Table 2.3 Pros and cons of the transreflective layer

Pros Cons
Thin metallic e Low wavelength dependency | e Large absorption
layer e Low angle dependency
e Low absorption e Wavelength dependency
Dielectric mirror
e Angle dependency
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Chapter 3

See-through three-dimensional
displays using half mirror with
lens function

3.1 Introduction

Augmented reality (AR) is a technology that combines the artificial sensory
input with the physical real world. The artificial sensory input can cover all
of the five senses, but the visual information will be the most important and
impressive input in realizing AR. In that viewpoint, one of the most important
issues in AR is how to merge the artificial image with the real world more natu-
rally. So far, there have been many technological developments in overlaying the
image onto the real world [18], but it is still in progress because the guidelines
for AR display are not satisfactorily achieved yet.

Eitoku et al. suggested 4 requirements for AR display to be achieved [19]:
(1) Virtual information coexists with the real world; (2) Supports collaborative

work; (3) Does not burden the users with special apparatus; (4) Supports the
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need to naturally display 3D images. Especially, it is difficult to implement AR
display that satisfies the conditions (3) and (4) together.

See-through head mount display (HMD) is one of the AR display candidates
and it shows natural overlaying of the real world and virtual image [20, 21].
Display of 3D image is also supported by the stereoscopy. However it enforces
the users to wear a special apparatus so the users can feel inconvenience and
should carry such bulky devices. Besides, about the 3D images, the stereoscopic
3D image can cause the accommodation mismatch so it may be the source of
nausea in using AR application. Recent development in the handheld devices
led to the widespread of AR applications in the market by implementing AR
display with the overlay of virtual image onto video of the real world captured
in real-time [22,23]. However the 3D information of the real world is lost in this
way, so it cannot realize the seamless overlay.

The projection-based system can also be a good candidate for AR display
because the users need not to wear anything while it provides the large-sized
image easily. However the main concern of the projection-based system is the
demand on the special screen that shows see-through property and good screen
characteristic simultaneously. The earlier report on this type of system used the
transreflective screen to combine the real and virtual images [24]. However the
support for 3D image was not considered in the implementation. Recent report
by Takaki et al. also used the transreflective screen to combine the super multi-
view image with the real world [25]. Though the quality of 3D image is pretty
good, it is difficult to provide the 3D image to the group of people surrounding
the system hence the system cannot support the collaborative work.

Considering the collaborative work, the 3D image should be observable from
all directions and the interactivity should be supported. Jones et al. reported

impressive work on 360-dgree viewable 3D display [26]. However the fast me-
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chanical motion is needed and the tracking technique is necessary for the ex-
pression of vertical parallax. Moreover, fast spinning screen makes it difficult to
provide interactivity to displayed 3D image. Holographic optical element (HOE)
can also be a candidate for the AR display, however it is difficult to record large
sized HOE [27].

The efforts to satisfy the conditions listed above are still in progress and
there is long way to go. The conditions required for AR display can also be
interpreted in more technical descriptions in the viewpoint of 3D display: (1)
Free space imaging without any noticeable frame; (2) Supports interaction with
3D image; (3) Autostereoscopic 3D image; (4) Volumetric 360-degree viewable
3D image of high visual quality. Considering these descriptions, the ultimate
3D display can be summarized as one sentence - Free space (or see-through)
1maging of volumetric and 360-degree viewable 3D image supporting interaction.
It reminds the scene of holographic telecommunication from the famous movie
“Star Wars” which is considered as a representation of ultimate 3D display.
It is interesting to see that the conditions required to develop the satisfactory
AR display are eventually related to realizing the ultimate 3D display system.
Despite of choosing any way, at the end of the development of display, there
will be an objective of the ultimate 3D display. Hence, the efforts to implement
AR display resolving the listed issues are connected to the way approaching the
ultimate 3D display.

In this chapter, two types of novel 3D display systems, which are applicable
to AR displays, are developed based on the HMLF. In Sec. 3.2, the new concept
of see-through and bidirectional Inlm is defined as an effort to partly realize
the 360-degree viewable see-through 3D display. In implementing this concept,
a 2D array of HMLF is used. From the both sides of the HMLF array, 3D

images are provided by the principle of projection-type Inlm and each side has
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a certain viewing angle. Hence the collaborative work is partially supported
though the 3D image, which is not fully 360-degree viewable. In Sec. 3.3, the new
see-through HMD system is proposed considering the issue of accommodation
mismatch between the real world scene and virtual images. By adopting the
principle of integral floating display, the proposed see-through HMD system is
capable of displaying 3D image at relatively far distance where the real world
scene is usually located. In implementing the concept, the single concave lens
is alternated by the HMLF, hence the convex side of HMLF is prepared for the
implementation. In following sections, the implementations and characteristics

of proposed see-through 3D displays are discussed in detail.
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3.2 See-through and bi-directional integral imaging

using an array of half mirror with lens function

3.2.1 Introduction

In this section, the new 3D display system, that shows see-through and
bidirectional imaging functionalities, is proposed. The bidirectional imaging
means that the 3D integrated image is provided in the front and rear sides of
the system. Hence the 3D image is viewable all around the system except a
certain angle formed at the side of the system. Such area, where the image is
not expressed well, will be called the shadow region. Such functionalities make it
possible to realize the concept shown in Fig. 3.1. A group of people surrounding
the system can share the 3D virtual image which looks like floating in the air.
The system is implemented based on the HMLF array which provides the optical
function of lenslet array by the reflective-optic alternative. The 3D image is
displayed following the principle of Inlm by projecting a proper elemental image
onto the surface of HMLF array.

InIm is one of autostereoscopic 3D display methods which do not require
users to wear any special apparatus in providing 3D images [3,28]. It is advan-
tageous in that 3D images with both horizontal and vertical parallaxes can be
displayed by incoherent light. In the early configuration of Inlm developed by
Lippmann, recording of 3D information and its reconstruction as a 3D image
was implemented by 2D lenslet array of the same specification.

Figure 3.2 shows the basic principle of recording and displaying processes
of Inlm. In recording 3D information, each lenslet of the lenslet array images

different directional view of the real object scene, and it is recorded by a record-
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See-through and bidirectional 3D display

Virtual 3D image

Figure 3.1 Usage scenario of the see-through and bidirectional 3D display sys-

tem.

ing device such as charge coupled device (CCD). The entire recorded image is
called the elemental image and each directional view which is recorded by a
corresponding lenslet is named a cell, following the expression used by Lipp-
mann [6]. In displaying a 3D image, the recorded elemental image is displayed
by a display panel. By using the same lenslet array of the recording process,
the displayed elemental image is synthesized to reconstruct 3D images. With
the aid of the recent computer vision techniques, the 3D information in the
recorded digital data can be extracted and used to compute the elemental im-
age appropriate for lenslet array of arbitrary specification [29,30]. Hence the
lenslet arrays need not be the same in recording and display process. Though
it was not explicitly studied in Lippmann’s report, recent investigations have
revealed that the gap between the lenslet array and the display panel can be

adjusted considering which parameter will be prior among the resolution and
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Figure 3.2 A diagram that shows the recording and display processes of Inlm

scheme.
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the expressible longitudinal range of 3D image [31-33] as shown in Fig. 3.3.

The configuration where the resolution is important is called the real/virtual
mode while the other case is the focused mode. In the real/virtual mod, the gap
between the lenslet array and the display panel is different from the focal length
of each lenslet. In this case, there exists a certain plane, which is called the
central depth plane, where the focal planes of all the elemental image cells are
superposed [34]. Specifically, when the gap between the lenslet array and the
elemental image is larger than the focal length of lenslet, the configuration is
called real mode and the central depth plane is located in front of the lenslet
array. In the opposite case, it is called virtual mode and the central depth plane
is located behind the lenslet array.

The longitudinal expressible range of Inlm system configured as real/virtual
mode is known to be limited to a certain range around the central depth plane
because the visual quality of integrated image is degraded as it goes farther
from the central depth plane. Hence, it is supposed to design Inlm to locate the
central depth plane at the center depth of 3D image to be displayed.

When the gap between the lenslet array and the elemental image is the
same as the focal length of the lenslet, the configuration is called focused mode.
In the focused mode, the surface of the lenslet array is considered as a central
depth plane and the pixel pitch of the displayed 3D image is determined by the
pitch of each lenslet. Hence the size of each lenslet is limited to a certain level
not to significantly degrade the resolution of the displayed 3D image. On the
other hand, in the real/virtual mode, the magnification of the elemental image
at the central depth plane can be controlled by changing the gap between the
lenslet array and the elemental image, and the resolution of displayed 3D image
is accordingly controllable. However, the longitudinal expressible range of the

real/virtual mode is narrower than that of the focused mode, which is usually
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Figure 3.3 A diagram that illustrates the configuration of two modes of Inlm:
(a) real/virtual mode and (b) focused mode. g is the gap between the display
panel and the lenslet array, f is the focal length of each lenslet of the lenslet
array. In the real/virtual mode, g # f while ¢ = f in the focused mode. In
the real/virtual mode, the focal planes of lenslets are overlapped at the same

longitudinal position and that position is called the central depth plane.
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Figure 3.4 Two categories of projection-type Inlm. (a) Rear projection-type

and (b) frontal projection-type.

considered to be determined by available voxels or diffraction, and it had been
analyzed in many reports.

One of the recent notable advances of Inlm is that the Inlm now can be
implemented in the projection-type form. Regarding the development of var-
ious types of video technology, the theater always has been the best place to
introduce a new video technology and get interest from public. Recent success
of commercial product of stereoscopic 3DTV is also based on the prior success
of 3D movies in theater. The success in theater encourages producers to create
more contents based on the new video technique which might be a necessary
condition for the value chain to be set up. Hence it is important to provide a way
to implement the projection-type InIm, which can provide a large-sized screen
suitable for theater, to expect Inlm to come up to the commercial market.

The most intuitive way to implement the projection-type Inlm is to replace

the display device of the usual Inlm setup with the combination of the rear-
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projection-screen and the projector as shown in Fig. 3.4(a). However, this kind
of setup requires additional space behind the screen and it is usually considered
economically inefficient. To reduce the required space in preparing the theater
based on Inlm, the frontal projection-type setup is generally preferred.

The basic idea of the frontal projection-type Inlm is that the refractive op-
tics can be easily replaced with the reflective optics [35]. Because the direct
alternative to the convex lens is the concave mirror, Inlm can be implemented
by using the 2D array of concave mirrors instead of the lenslet array. By incor-
porating the reflective optics, the display device of typical Inlm can be replaced
by the projector. Figure 3.4(b) shows a typical configuration of the projection-
type Inlm. As shown in Fig. 3.4(b), the elemental image is projected by the
projector and it is integrated by a concave mirror array.

Later, it has been revealed that the pitch of mirror of the concave mirror
array should be sufficiently small in the projection-type Inlm configuration to
avoid the visual quality degradation coming from the limited exit pupil of the
projector [16]. The relationship between the pitch of the mirror and the vis-
ibility of the integrated image of the projection-type Inlm has been analyzed
using the Recognition-By-Component theory [36]. Other than many advanta-
geous features listed in [16], the use of directional image source launched by
the projector can avoid the flipping problem which is usual in the normal Inlm

which incorporates the diffusive image source.

3.2.2 Principle of the proposed scheme

As discussed in the previous chapter, the HMLF array is an optical struc-
ture whose external appearance looks like a transparent plate while the thin

concave/convex mirror array structure is buried in the middle as shown in Fig.
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Figure 3.5 Structure and function of HMLF array. (a) Cross sectional view of
the HMLF array. (b) Effect on the incident light when the incidental direction

is the concave side and (c) the convex side of the HMLF array.

3.5(a). HMLF array affects the optical path of the incident light in unique way
as shown in Fig. 3.5(b) and (c).

If the light is incident from the right side of HMLF array as shown in Fig.
3.5(b), a part of incident light will be reflected back by the concave mirror layer
inside the transparent plate. Then it will propagate just as it is reflected by the
ordinary concave mirror array except the refraction at the surface of the struc-
ture. On the other hand, the other part of the incident light will be transmitted
through the concave mirror layer because it has the half mirror characteristic.
Under the assumption that the concave mirror layer has infinitesimal thickness,
there is no change of refractive index through the transmission, so the trans-
mitted light will propagate just as it is passing through the transparent plate.
Therefore the incident light is separated into two paths - one is reflected by the

concave mirror array and the other is the path without any effect - by HMLF
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Figure 3.6 Concept of the see-through 3D display system.

array. For the case where the light is incident from the left side as shown in

Fig. 3.5(c), the result is much similar but the reflection is made by the convex

mirror array.

Figure 3.6 shows the concept of see-through 3D display system. The reflected

light of HMLF array can be used for the imaging process of the reflection-

type InIm because the concave mirror is the exact counterpart of the convex

lens [33,35]. And the rest of the incident light is transmitted as if it passes

through the transparent plate in the ideal case. With the ideal HMLF array

structure, it is possible to see the real world through HMLF array while a

3D integrated image is displayed by the reflection inside HMLF array when
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a proper elemental image set is projected by an auxiliary projector. This is
the basic concept of the see-through integral imaging display system by using
HMLF array structure.

However, in such configuration, the reflection of the surroundings by the
embedded half mirror inside HMLF array can appear as the halo effect and
it can be the cause of the image quality degradation. Such halo effect can be
resolved by balancing the reflection/transmission ratio of HMLF array. The re-
flection /transmission ratio of the incident light is determined by the reflectivity
of the embedded half mirror. Hence, if the reflectivity is sufficiently low, the re-
flection of the surroundings will not be noticeable and HMLF array will appear
as the clear window for the observer. However there is a tradeoff relationship
because the low reflectivity will result in the low brightness of the 3D integrated
image. As discussed later, a certain level of the reflectivity can be found where
HMLEF array is perceived as a clear window to the observer while the integrated
image has the brightness comparable to the image projected to the ordinary
screen. Under such condition, HMLF array can implement the see-through 3D
display that can be used for AR application.

Up to this point, assumed was to use the concave-side of the embedded half
mirror for the display of the integrated image. However, it is known that the
2D convex mirror array can also be used for the reflection-type Inlm [16]. The
only difference of using convex-side of the mirror array is that the ortho-pseudo
conversion occurs. Hence both sides of the embedded half mirror can be used
for the display of the 3D integrated image.

Figure 3.7 shows the system configuration of the proposed see-through bidi-
rectional Inlm system based on the principle discussed so far. The system is
composed of three parts; HMLF array and two projectors. Two projectors are

located in front and behind of HMLF array, respectively. Projector 1 projects
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Figure 3.7 Concept of the see-through and bidirectional Inlm system.

the elemental image set to the concave side of the embedded half mirror as
depicted in Fig. 3.7. The reflected light of the projected elemental image set
is integrated to show 3D image from the concave side of HMLF array. Pro-
jector 2 projects the elemental image set to the convex side of the embedded
half mirror, and the reflected light is integrated to show 3D image from the
convex side. However, in this case, the elemental image set should be generated
considering ortho-pseudo conversion because the integration by the convex mir-
ror array results in the ortho-pseudo conversion to the 3D image as mentioned
above [37,38]. And the transmitted term of each projected elemental image set
does not affect the displayed 3D image or see-through property.

Hence the bidirectional imaging of 3D volumetric image is possible by acti-
vating both projectors. Because Inlm provides the continuous viewing zone, the

group of observers surrounding the HMLF array can share the same volumetric
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Figure 3.8 Geometry for the ray optic analysis of the reflection-type Inlm.

3D image. Besides, the 3D image will look as if floating in the air because of the
see-through property of HMLF array. However it is not possible to observe the
displayed 3D image from the side of HMLF array because the viewing region
of Inlm is limited in a certain solid angle. Hence we will investigate how the
viewing angle of the projection-type Inlm is determined. Without the loss of
generality, only the case where one-dimensional (1D) concave mirror array is
used will be considered.

Figure 3.8 shows the geometry for the ray optic analysis where the 1D
concave mirror array is laid parallel to the z-axis. The 1D concave mirror array

is f distant from the z-axis where f is the focal length of each elemental mirror
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of the mirror array. Therefore, the coordinate of the center of the mirror array
is (0, —f). The projector aperture is located at (0, L) where L is the distance
between the projector aperture and the focal plane of the projected image.
The pitch of each mirror of the mirror array is ¢, so the center of the ¢™
elemental mirror from the center elemental mirror is at (q¢, — f). For the further
investigation, only the path of the chief ray of the projector aperture will be
traced and the small error will be neglected.

The reflection-type Inlm usually uses the focal mode where the projected
image is focused at the focal plane of each elemental mirror. Hence the projected
image will be focused along the z-axis, and the center of each pixel will be
denoted as (z,,0). Considering the rays reflected by the ¢'" mirror, the range
of z, should be

(¢g—1/2)¢ - (¢+1/2)¢ (3.1)

- <X .
A+f/L) =77 (A+f/L)
And Eq. (3.1) can be approximated as

T N I

because L is sufficiently larger than f in general. Then the chief ray passing
through (z,,0) will be reflected by the ¢™ elemental mirror. Therefore, if we

let 6 be the angle between the reflected ray and the z-axis, the range of tan 6

should be
¢ 1/1 1 g 11 1
{L—2(f—L>]¢<tan9<[L+2<f—L)]¢- (3-3)

As we can see from Eq. (3.3), the viewing angle of each elemental mirror varies
with its location. Hence the direction of reflection by the ¢** elemental mirror
can be represented by the mid value of the range in Eq. (3.3), and it can be
calculated as

q
tanf, = Lo, 4
an Ld) (3.4)

51 -":er -I_I' 1_-“



where 0. is the reflection angle corresponding to that mid value. And Eq. (3.4)

is limited by the size of the projected image as

—% < tan, < %, (3.5)
where N, is the number of pixels in the projected image and p is the pitch
of the pixel. In the viewpoint of the light field, Eq. (3.5) means that the light
field exists inside the range satisfying Eq. (3.5), so the viewing angle can be

estimated as

N,
Opicw = 2tan™? (212??) ) (3.6)

And this result still holds for the convex mirror case. Hence, by using our
proposed system, the bidirectional imaging of 3D image is possible for the total
viewing angle of

N,
20piew, = 4tan™! <2120> . (3.7)

From Egs. (3.6) and (3.7), it can be concluded that the viewing angle can be
enhanced by increasing N, and p, while decreasing L. However these parameters
are also related to the other quality factors of Inlm; so it is not simple to
change them. Because the direction of the reflected ray becomes more outward
for the outer mirror of the mirror array, only the image inside a certain viewing
window is shown to the observer. If we assume that the observer on the z-axis
is sufficiently far from the mirror array, we can estimate the boundary of the
viewing window by finding the condition where the lower ray of the uppermost
mirror and the upper ray of the lowermost mirror become parallel to the z-axis.

The size of the viewing window is calculated as

w = <§ - 1> é, (3.8)

which can be approximated as

o. (3.9)



And the lateral and depth resolution of the integrated image are also related
with those parameters. If R, denotes the lateral resolution and R, the depth

resolution, it is well known that
R, =— (3.10)

and

(3.11)

w

Combining Egs. (3.6), (3.9), (3.10) and (3.11), we obtain

eview
N, = 2tan <2> wRLR,. (3.12)

Therefore it can be concluded that the various quality factors of the reflection-
type InIm have a tradeoff relationship and they can only be enhanced by in-
creasing the number of the pixels of the projected image, N,. Equation (3.12)
is the reflection-type Inlm version of the characteristic equation in [39]. From
this equation, it can be shown that the viewing window and the viewing angle
has the tradeoff relationship. It is known that the reflection-type Inlm generally
enjoys the wider viewing angle than the normal Inlm, however such advantage
comes from the sacrifice of the viewing window. By using the recent directional
backlight technique [40], it might be possible to easily control the viewing win-

dow and viewing angle actively.

3.2.3 Implementation of the prototype

For the implementation of the prototype, the fluid filling method was adopted
among three fabrication methods. The 2D lenslet array, which is made of poly-
methyl methacrylate (PMMA) whose refractive index is 1.4917, was prepared
for the base layer. Hence the product #19576 of Cargille Lab. which has the

same refractive index with PMMA [17] was selected for the immersion.
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Figure 3.9 Transmittance of HMLF array in the visible range.

For the transreflective layer, the dielectric mirror coating was chosen and
the ratio between transmittance and reflectance of the dielectric mirror layer
can be designed by changing material and thickness of each dielectric layer.
The transmittance for the prototype was determined to be around 90% in the
visible range which will be discussed in the following subsection. The dielectric
mirror with around 90% of transmittance was coated on the prepared 2D lenslet
array and the transmittance according to the wavelength of the incident light
is shown in Fig. 3.9.

For the immersion process, the transparent box should be prepared and it
is preferred to match the material of the box with the base lenslet array. The

transparent box made of PMMA is prepared for the immersion process and
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Figure 3.10 (a) Prototype of HMLF array fabricated following the fluid filling
method. (b) Comparison between the region of the base lenslet array and the

region immersed by index matching liquid.

the surface of the box was treated with the anti-reflective coating to avoid the
unnecessary reflection of the projected image. Then the 2D lenslet array with
the dielectric mirror coating, which is the result of the first step of fabrication
process, is put inside the box and then the index matching liquid is injected
until it fully immerses the 2D lenslet array. Figure 3.10 shows the result of the

fabrication.

3.2.4 Characteristic of the prototype

As discussed before, the reflectance should be determined at the level where
the prototype is perceived as the clear window while it shows sufficient bright-
ness for the integrated image. Therefore, the brightness of the 3D image of the

reflection type Inlm will be compared with the 2D image on the normal screen
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under the condition using the same projector for both cases. The comparison
starts considering each pixel of the projected elemental image set with the same
geometry as in Fig. 3.8.

For the pixel whose center is located at (p;, 0), the chief rays from the projec-

tor passes through the range on the projected image defined by [p; — p/2, p; + p/2],

where p is the pixel pitch of the projected image. Then the tangent of the re-

flected rays in this range will be limited as

q¢>—p}—p/2 < tanfd < q¢—p}+p/2,

where 6 is the angle between reflected ray and the z-axis. tan in Eq. (3.13)

(3.13)

can be approximated by the first order expansion of Taylor’s series around 6.
where 6. is the reflection angle for the ray passing through the center of the
pixel. Therefore, if g™ elemental mirror of the mirror array is related to the

reflection of the considering pixel,

tan g, = 49— Pi (3.14)
f
holds and tan @ in Eq. (3.13) can be approximated as
5 2
tanf ~ tan 0. + \/(qu —n)y A F 0—46.). (3.15)

f

If we designate the maximum and minimum values of 6 in the range of Eq.

(3.13) as Opax and Oy, respectively,

AD = O — Ommin = Ip (3.16)
(¢ — pi)* + f2

can be obtained from Eq. (3.15). And this result also holds for the y-axis of the

2D concave mirror array case because we are considering the rectangular mirror

array. Hence the projected ray for one pixel of the elemental image set will be
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scattered in the angle defined by Eq. (3.16). If we assume that the intensity
of light projected on one pixel is uniform and the ordinary screen scatters the
projected image to all directions uniformly, the intensity of the scattered light
for the ordinary screen will have the uniform value of /27 over the solid angle,
where [ is the total power on one pixel of the projected image. For the integrated
image, Eq. (3.16) determines the scattering angle and it varies according to the
location of pixel. Considering the case where the intensity of the scattered light

is weakest, the scattering angle should be maximized and it will be

p
Abppax = = 3.17
7 (3.17)

because |g:¢ — pi| < ¢/2. Hence, the scattered light will approximately have

the uniform intensity of
11
27p?

(3.18)

over the solid angle if Al is sufficiently small. However the reflection type
InIm shows only one pixel per each elemental mirror to the observer, so the

perceived intensity will drop by

2 fQI f2
B e

considering the normal intensity throughout the entire image. Hence the per-

ceived normal intensity of the integrated image is f2m%/¢? times larger than
the ordinary screen. In my prototype, this can be calculated as 6.7 referring to
Table 3.1. The transmittance for my prototype was determined to be around
90% in the visible range and the perceived brightness of the integrated image
will be about 67% of the ordinary screen. It was empirically concluded that this
level of transmittance shows good see-through property while the brightness of
the image is enough for displaying 3D image. However the transmittance can

be adjusted according to the application. The prototype fabricated following
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Figure 3.11 System configuration of the experimental setup.

the process described above is expected to have the see-through characteristic
for the transmitted light. It is determined by how the refractive index between

the lenslet array and the index matching liquid was matched well.

3.2.5 Experimental results

The preliminary experiments were performed to show the feasibility of the
proposed scheme. Figure 3.11 shows the camera captured image of the exper-
imental setup. The configuration is composed of two projectors, two objective
lenses and the prototype of HMLF array. The projectors are the product of LG
Electronics whose model name is HS102. The resolution of the projector is 800
x 600.

The pixel pitch of the projector affects the depth expression of the inte-

grated image as shown in Eq. (3.11). However the ordinary projector does not
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Table 3.1 Specifications of the implemented prototype system.

Two-dimensional lenslet array

Lenslet pitch 1 mm
Base lenslet array Focal length 3.3 mm

Refractive index 1.4917 (PMMA)

Total size 150 mm x 150 mm
Resolution 800 x 600
Projector
Pixel pitch 133 pm
Objective lens Focal length 175 mm

support sufficiently small pixel pitch for the reflection-type Inlm, so an auxil-
iary objective lens was attached in front of the projector aperture to reduce the
pixel pitch of the projector. In this configuration, the pixel pitch was reduced
to 88 pum, however the operating distance where the integrated image is well
focused was shortened to 80 mm as the side effect.

The specifications are summarized in Table 3.1. To utilize the bidirectional
imaging functionality, two projectors with attached objective lenses are located
in front and behind of the HMLF array respectively as shown in Fig. 3.11. The
convex side of HMLF array directs to the projector 2, so the elemental image set
for the projector 2 should be generated considering ortho-pseudo conversion as
discussed before. To verify the see-through and bidirectional imaging function-
ality of the proposed system, two numbers “1” and “2” are integrated at 15 mm
in front and 15 mm behind of HMLF array from the concave-side view. So the
elemental image set for the projector 2 should be prepared to display backside

view of these letters. In other words, the left and right of two letters should be
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Figure 3.12 Camera captured images of the experimental results. (a)-(c): Frontal
side view of the displayed 3D image. (a) Left, (b) center and (c) right views,
respectively. (d)-(f): Back side view of the displayed 3D image. (d) Left, (e)

center and (f) right views, respectively.

reversed. And, of course, the depths of two letters should also be reversed in
display, but the depths should not be reversed in generating elemental image
set because of the ortho-pseudo conversion occurring by the convex-side mirror
array. Two real objects, green and blue cars, were also located to show the possi-
bility for AR application. The green car and blue car are also located at 15 mm
in front and 15 mm behind of HMLF array. So the situation where the green
car is labeled by “1” and the blue car is labeled by “2” will be demonstrated
by the experiment.

Figure 3.12 shows the camera captured images of the displayed integrated
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image from various directions. Because of the see-through property of HMLF
array, we can see that the virtual integrated image is naturally combined with
two real objects though the object is located behind HMLF array. And two cars
and their labels are aligned well regardless of watching direction because labels
are 3D images.

Moreover, as shown in Fig. 3.12, it is possible to observe the image from
frontal and backside of the system by the bidirectional imaging. Hence the pro-
posed system supports the collaborative work for the group of people surround-
ing the system [19]. We can see that the bidirectional imaging functionality is
enough for the group of people sitting face to face each other. When the ob-
server is around the optic axis of the projector, the halo image appears. The
multiple reflection of the transmitted term of the projected image causes such
effect and it can degrade the quality of the integrated image. If we can reduce

the reflection at the surface of HMLF array, the halo effect can be eliminated.
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3.3 See-through integral floating display system for

augmented reality

3.3.1 Introduction

HMD has been investigated since the early stages of AR research and it can
be categorized into video see-through and optical see-through types [42]. Opti-
cal see-through HMD has a relatively shorter history than the video see-through
type and some unresolved issues related to the optical see-through HMD still
remain. As discussed before, one of these is the accommodation mismatch be-
tween the virtual image and the real world scene that arises because the gap
between the real world scene and the virtual image is usually so large that the
human visual system (HVS) cannot accommodate them both. The other issue
is the demand to display 3D images of the overlaid virtual information.

Liu et al. proposed an HMD system that adopts a liquid lens for dynam-
ically changing the optical distance of the virtual image [43]. Though their
report showed that the accommodation response was successfully addressed,
their system cannot display 3D images. The recent super multi-view (SMV)
theory provides a way to display 3D images with an accommodation response
corresponding to the intended distance. Takaki et al. presented an optical see-
through system that satisfies the SMV condition of providing a distant 3D image
with a precise accommodation response [25]. Though their system successfully
provides 3D images with proper accommodation cues, the implementation of
SMYV has an inherent difficulty in that it demands an excessive number of rays
per lateral 3D image pixel. As seen from many reports related to SMV, the SMV

system is usually implemented in the form of a highly complicated system with
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Figure 3.13 Typical configuration of integral floating scheme.

a large volume in order to make use of time or spatial multiplexing [44]. Hence,
the SMV feature is not adequate for HMD adoption. The implementation of
HMD providing 3D images of an appropriate accommodation cue still remains
to be investigated.

In general, the real/virtual mode implementation of Inlm is thought to be
able to express a 3D image around the central depth plane regardless of its lo-
cation [34]. One might expect that the optical see-through HMD without issues
described above can be realized using the virtual mode Inlm if the longitudinal
range of the 3D image is not too large. However, general observations from
experiments related to the real/virtual mode Inlm show that the central depth
plane location is restricted to a certain range, which means that a displayed 3D
image cannot go farther than a certain distance.

In this section, an integral floating system with a concave floating lens, that

can be applied for HMD with a 3D image satisfying an accommodation response
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based on the principle of the wirtual mode Inlm, is proposed. Integral floating
display is a 3D display technique to display 3D image, combining Inlm and
a convex floating lens [45-49]. A typical configuration of the integral floating
scheme is shown in Fig. 3.13. Integral floating display is known to provide many
advantageous features than Inlm itself despite of its simple modification to the
entire configuration. Usually integral floating display provides a larger viewing
angle and depth expression than Inlm. Moreover, the appearance of borders
from the lenslets of the lenslet array, which is one factor that deteriorates visual
quality of Inlm scheme, is also eliminated from displayed 3D images.

As shown in Fig. 3.13, a convex floating lens floats the lenslet array of Inlm
system to the right-hand side of the floating lens. As a result, the lenslet array
is imaged as an array of floated apertures in the right-hand side. In the integral
floating system, these virtual apertures are considered as appropriate viewing
zones for the observer. When the observer is located at a certain aperture
location, the observer watches the corresponding cell of the elemental image
of Inlm system through the aperture. And the observed cell of the elemental
image is changed as the observer moves from one aperture to another. This is
the source of the disparity that provides 3D information to the observer. In
this imaging principle, the observer’s movable range is determined by the size
of the floated apertures which can be enhanced by increasing the number of
lenslets of the lenslet array maintaining other optical specifications. Hence the
viewing angle is usually much larger than Inlm where the viewing angle is only
determined by the optical specifications.

And, because the observer views only one cell of the elemental image at
a specific location, the boarders of the lenslet array are not usually observed.
However, the cost of advantageous properties obtained without increase in the

fundamental resource - the resolution of the display device - appears as draw-
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backs in other properties [47]. For example, the size of displayed image is limited
inside a certain region which is called viewing window; the motion parallax of
the displayed image has discontinuities because of the finite size of the viewing
zone; the crosstalk between the viewing zone becomes larger as the observer
goes farther from the longitudinal position of the floated apertures.

As investigated in the following subsection, the pixel pitch of display panel
that is adopted for the system is mainly related to the upper bound of the
distance of central depth plane from the lenslet array when the system is the
virtual mode Inlm. The use of a concave floating lens effectively reduces the
pixel pitch of display panel and extends the expressible range of the 3D image.
The characteristics of the proposed system is analyzed and verified by experi-
mental results. To impose a see-through characteristic on the proposed scheme,
a system adopting a convex side of HMLF is presented. The AR system can
be successfully implemented using the proposed HMLF, which has the same

optical property as the concave lens.

3.3.2 Limitations on a long distance imaging by integral imag-

ing

The final goal of this study is to design an integral floating system with a
see-through characteristic in the form of HMD for the purpose of AR, as shown
in Fig. 3.14. Instead of a concave mirror, which is equivalent to the convex
floating lens of the conventional integral floating system, the proposed scheme
adopts a convex mirror as a floating optic.

This configuration can be interpreted as an effective Inlm system with vari-
ous parameters changed (see Fig. 3.15. Detailed explanation will be provided in

subsection 3.3.3). As described before, a significant problem of the HMD-type

]
65 N =4



Integral imaging Optical path
system of integrated
image

Hypothetical
optical path of
integrated image

Optical path

Real object of real object

Convex side of
HMLF

Integrated Real object
image

Figure 3.14 Concept of optical see-through head-mounted display based on an
integral floating scheme adopting a convex side of HMLF. The integrated image
is provided to the observer through the optical path specified as the “optical
path of integrated image.” The integrated image appears as a virtual image
behind the HMLEF'; therefore, the perceived optical path is a dashed arrow

specified as the “hypothetical optical path of integrated image.”
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Figure 3.15 Interpretation of an integral floating scheme adopting a concave lens
instead of a convex lens. The entire system can be interpreted as an effective

Inlm system.
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AR system is that there is usually a large difference between the accommoda-
tion cues of the real world scene and the virtual image. In this subsection, the
limitations in long distance imaging by the Inlm method and their relations to
the system specifications are investigated in terms of three different constraints:
the lateral pixel pitch of the integrated image should satisfy a given angular
resolution requirement (Eq. (3.21), to be discussed more in the following); the
minimum resolvable depth around the central depth plane should be smaller
than the depth discrimination of the human visual system (Eq. (3.22), to be
discussed); and the central depth plane should be located inside the available
voxels (Eq. (3.29), to be discussed). The result of this investigation will be used
in designing the proposed system to address the appropriate accommodation
response from the displayed integrated images corresponding to a given real
world scene.

As discussed in Ref. [39], the resolution (or pixel pitch) of the display de-
vice used for implementation of the Inlm system is a fundamental resource for
three important visual quality factors: the lateral resolution, viewing angle, and
marginal depth, of a displayed 3D image. In other words, the visual quality of
a displayed 3D image is limited by the pixel pitch of the display device adopted
for the Inlm system. Under a given pixel pitch, it is only possible to balance the
quality factors; one quality factor can be enhanced by degrading other factors.
The viewing angle of most Inlm systems is not large enough, though it is a very
critical quality factor. Therefore, a number of techniques have been developed
for enhancing the Inlm viewing angle with various additional hardware compo-
nents [50]. Hence, it is very important to define an appropriate lower bound for

the viewing angle and strictly design the system accordingly. For simplicity, we

68 Sk



[}
|
Pixel of :
integrated image !

«——=

'T"IT::‘/(L/ Py

Lenslet array

Central depth
plane

Figure 3.16 Definition of parameters used for analysis in the virtual mode Inlm

scheme.

define the viewing angle parameter () as

Q=2tan"? (g) , (3.20)

where 6 is the viewing angle of the system. In our discussion, only the virtual
mode of the InIlm scheme, in which the central depth plane is located behind
the lenslet array, is considered.

Figure 3.16 shows the parameters defined for further discussions. To utilize
the virtual mode of the Inlm system, the lateral pixel pitch of the integrated
image, Py, should be smaller than the pitch of each lenslet of the lenslet array,

¢, as described in Ref. [39]. However, this point should be revisited because

6 . H kl 1_'_” i



a lateral resolution perceived by an observer is assessed by angular resolution
(cycles per degree). A more exact restriction on the lateral resolution can be
found by considering human visual acuity. The required lateral resolution of
the display device, defined as cycles per degree (or lines per degree), is well
established in the conventional 2D display device. For a given angular resolu-
tion requirement, say m lines per degree (Ipd), the lateral pixel pitch of the

integrated image, Py, is limited by the inequality

m (L+ D)
P —_ 21
1< 180 m ; (3 )

where D is the distance between the observer and the lenslet array and L is
the distance between the central depth plane and the lenslet array, referring to
Fig. 3.17; Otherwise, this inequality can be rewritten using the pixel pitch of

the display device, p, as
LO m (L+ D)
—P< i
0] 180 m
considering that Q = ¢/g and Pr = pL/g.

(3.22)

Equation (3.22) can be rewritten by imposing an upper bound on L as

L < D (3.23)

SOmpQ Y’
T ¢

and this inequality is valid only when

p> %% = Dlya. (3.24)
where pp,q is the required pixel pitch subject to a given angular resolution
requirement (i.e., m lpd) for the case where the observer is located at the
position of the lenslet array. The perceived angular resolution increases as the

observer goes farther from the lenslet array; therefore, if p < py,q, the constraints

given by Eq. (3.21) will always hold; i.e., Eq. (3.23) is meaningless.
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Figure 3.17 Relationship between lenslet pitch and lateral pixel pitch of the

integrated image used for enabling virtual mode InIm. Human visual acuity is

also depicted as cycles per degree.
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Figure 3.18 Conditions for avoiding crosstalk between the disparity information

of left and right eyes. Regions 1 and 2 should be completely separated.

Equation (3.23) shows that the upper bound of L has a dependence on ¢ as
well as p. However, a large ¢ value cannot be freely determined to give proper
depth information to the observer. To provide an accurate depth cue to the
observer, the images shown to the left and right eyes of an observer should be
independent of each other and not cause crosstalk in disparity information, as
shown in Fig. 3.18. On the basis of Eq. (3.28) in Ref. [51], the size of ¢ should
be limited by an inequality

L
d) < mde, (325)

where d, is the distance between the eyes of the observer, to avoid the crosstalk
in the disparity information.

From Eq. (3.25), though the upper bound of ¢ varies according to the values
of L and D, ¢ cannot be larger than d. for any case. It is well known that the

distance between human eyes is around 65 mm; this means that ¢ cannot be
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Figure 3.19 Minimum quantization step of the displayed integrated image

around the central depth plane.

larger than 65 mm. Hence, the upper bound of L is mainly affected by p under
the condition of Eq. (3.25).

The longitudinal quantization step (or depth resolution) of the system should
also be taken into account to assess its performance as a 3D display device. Fol-
lowing a similar analysis shown in Ref. [25], the minimum resolvable depth
around the central depth plane of the displayed integrated image can be es-
timated. It can be easily calculated by finding the perceived depth when the
left and right eyes of an observer focus on different adjacent pixels on the cen-

tral depth plane, as shown in Fig. 3.19. Accordingly, the calculated minimum
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Figure 3.20 Depth discrimination (or longitudinal resolving power) of the human

visual system around the central depth plane.

resolvable depths in front of and behind the central depth plane are

5 Pi(L+ D)
F= 7 o p
de + Pr
s _ PiL+ D) (3.26)
b — de — PI y

respectively. The system’s design is expected to have a longitudinal resolution,
determined by Eq. (3.26), which is higher than the depth discrimination of the
human visual system. The minimum resolvable longitudinal distance for humans
is related to various factors and deducing an accurate expression is difficult. We
will consider a relatively loose condition for the longitudinal resolving power of
the human visual system based on the perceived disparity.

As shown in Fig. 3.20, the longitudinal resolving power around the central

depth plane is determined by the range in which the disparity information is
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confused by the restriction in human visual acuity. Hence, &, should be restricted
by the inequality
_P(L+D) 7w (L+D)?

g, = L+ D) 7w (L D)7 3.97
VT T4 =P, 180 dum (3.27)

From this relationship, the upper bound of L can be calculated as

L< % [<¢de —180dem—D> +

pQ T
od, 180 2 4¢d.D
— dom—D . 2
+ \/(pQ p dem + 0 (3.28)

Of course, the actual upper bound of L should be much smaller than that in
Eq. (3.28) because we used the loose requirement. However, Eq. (3.28) can be
useful for investigating the tendencies of the upper bound of L according to
various parameters.

Other than the limitation related to human depth discrimination, L is also
restricted by a finite range of voxels created by the Inlm system. It was de-
termined that the locations of the available voxels, which are determined by
points where at least two different rays cross, are limited inside a certain range
owing to the finite pixel pitch of the display panel [52]. Such a range is bounded
by Ng, where N is the number of pixels per lenslet of the lenslet array and
g is the gap between the lenslet array and the display panel; i.e., the voxels
exist at the farthest (L + Ng) distance from the lenslet array, meaning that the
Inlm cannot display a 3D image over this distance. However, considering the
perceived depth resolution determined by Eq. (3.26), there should be at least
one resolvable depth behind the central depth plane because the longitudinal
expressible range of Inlm is determined around the central depth plane. Hence,
to show a 3D image behind the central depth plane, (L + ;) < (L + Ng), i.e.,

_ Pi(L+ D)

dp = Ng. 3.29
b d. — P, < Ng (3.29)
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This limitation can be rewritten as

de®
2D + pd(¢ + de )

Combining Egs. (3.23), (3.28), and (3.30), the limitation becomes

L <

(3.30)

1 L1 .1 > 4¢d.D
min 1] (G S ) (S0 p) D)

T Q7 P2
ded® D
p?Q2D + pp(p + de)V <180 mpY 1)
T ¢

(3.31)

where min(A,B,C) means the minimum value of A, B, and C.

Figure 3.21 shows the simulation results demonstrating the way in which
the upper bound of L is affected by p, 2, and m. The angular resolution of
the displayed image, m, is a subjective parameter that varies according to the
acceptable visual quality decision. The widely accepted standard in the 2D
display industry claims that 60 lpd is enough to satisfy human visual acuity [53].
However, it is common to regard a much lower visual quality as acceptable
for a 3D display system, considering the present status of display devices. A
lenslet array with a pitch of 1 mm is often used for the Inlm focal mode for
research purposes [54]. From a distance of about 600 mm, which corresponds to
about 10 Ipd, the display quality is such that simple symbols are recognizable.
Considering that the goal is to implement HMD, for calculation, D and {2 are
set to 100 mm and 0.2, respectively, and the required ¢ is assumed to be 2 mm.

As shown in Fig. 3.21(a), the upper bound for 30 Ipd and 60 Ipd is mostly
ruled by depth discrimination, which is explained by Eq. (3.28). However, the
upper bound for 10 Ipd is ruled by the existence of voxels when p is smaller

than around 18 pm. In Fig. 3.21(a), the upper bounds determined by the depth
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Figure 3.21 Results of a numerical simulation showing the dependence of the

upper bound of L on p, ¢, and m. (a) Upper bound according to p and m. (b)

Upper bound according to # and m.
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discrimination and voxel constraints are illustrated as dashed lines respectively.
Considering an angular resolution of 10 lpd, we can see that the 3D image can
be displayed at 1000 mm behind the lenslet array for p < 18um. However, an
angular resolution of 30 lpd requires p to be smaller than 6 um, which nearly
approaches the current best spatial light modulator based on liquid crystals [11]
and 60 Ipd requires a much smaller pixel pitch, even for displaying 3D images
at a distance of 1000 mm.

Hence, it can be said that displaying 3D images of 60 Ipd at farther than 1000
mm still needs further development. Figure 3.21(b) shows the dependence of
the upper bound on the viewing angle of the system. As expected, the viewing
angle has a tradeoff relationship with the upper bound of the central depth
plane. The viewing angle used for Fig. 3.21(a) corresponds to approximately
11.4°. Hence, a greatly reduced pixel pitch is required for enlarging the viewing

angle.

3.3.3 Integral floating display using a convex mirror

Integral floating display is a 3D display technique that combines an Inlm
scheme and a floating technique. Previous research has demonstrated that an
integral floating system can show more advantageous features than an Inlm
system, owing to an additional convex lens [46,47]. The additional convex lens
results in a wider viewing angle and a larger depth expression in the integral
floating system. Moreover, the appearance of borders from the lenslets of the
lenslet array can also be eliminated.

Adopting a concave lens instead of a convex lens for the floating scheme
is more beneficial for displaying a long distance 3D image. As conceptually
depicted in Fig. 3.15, the concave floating lens images the lenslet array and

the elemental image with a magnification factor less than one; i.e., the lateral
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size is reduced; this is unlike in the conventional integral floating system with
a convex floating lens. The entire system can be interpreted as an Inlm system
composed of the effective lenslet array and elemental images that are images
of the actual lenslet array and elemental images transformed by the concave
floating lens. With a simple calculation, the effective parameters of the effective

lenslet array and elemental image are

1 1 1
SGFr gt T a1 T Gr )

Pe f (3.32)

This means that the effective Inlm system is composed of an elemental image
with a pixel pitch, which is the fundamental source of the 3D image quality,
reduced by the factor of (G/F +g/F +1). As discussed in the previous section,
the effective system is capable of displaying a more distant 3D image because
the upper limit of the location of the central depth plane can be increased
according to the ratio G/F.

The effective Inlm system can be designed to have a viewing angle param-
eter 2 and a lenslet pitch ¢, by adopting a lenslet array with the following

parameters:

o

0= (G/F +1)¢of = (G/F +1)" fo = (G/F +1)° (3.33)

where the approximation holds for the sufficiently far location of the central
depth plane. Hence, for the case where the integrated image is displayed at a
far distance, the viewing angle of the lenslet array adopted for the system can

be estimated as

NS N S U
b = GIFT L T GIE ) (334

Equation (3.34) shows that the appropriate lenslet array for the system should

have a much narrower viewing angle than the required value. The lenslet array
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Figure 3.22 Simulation result showing the extended upper bound of L according

to G and F.

that can be used for the system is generally useless by itself because of the
narrow viewing angle. Hence, it is usually not commercially available and cus-
tomization is needed. Nonetheless, the physical implementation of our system
is guaranteed because the narrow viewing angle corresponds to a larger radius
of curvature of each lenslet.

Figure 3.22 shows how much the proposed system can enhance the upper
bound of the central depth plane according to the adopted concave lens. The
pixel pitch of the display device is set to 0.1 mm for the simulation. The ef-
fective lenslet pitch and the viewing angle parameter €2 must be 2 mm and
0.33, respectively. L is the upper bound of the proposed system and L, is the

upper bound of the ordinary Inlm system satisfying the same lenslet pitch and
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viewing angle. As G becomes larger, the upper bound of L is further extended
because of the increased reduction factor of the pixel pitch of the display device.
However, a larger G means that the adopted display device has a larger lateral
size for displaying images of the same size. Hence, the ratio between G and F
should be determined by considering the volume of the implemented system and
the system becomes more efficient as ' becomes smaller. However, the smaller
F' value usually causes lens distortion and severely affects the quality of the
displayed image. Hence, the values of F' and G should be carefully designed by
considering various factors.

The proposed integral floating system should have the ability to mix a real
world scene with a displayed 3D image in order to be used as an AR system.
The easiest way to achieve such a mixture is to adopt a half mirror between
the observer and the proposed system. However, an optical system adopting a
half mirror always suffers from a large implementation volume, which makes it
inadequate for HMD application. Instead of using the simple flat half mirror,
the volume of the system can be reduced by applying the concept of a HMLF
that combines the functions of a convex mirror and a half mirror. Considering
the implementation, the HMLF should have a structure whose external shape is
a transparent plate with a thin convex mirror embedded, as shown in Fig. 3.14,
which depicts the concept of the HMD system based on the integral floating
scheme implemented by a HMLF.

3.3.4 Experimental results

A preliminary experiment was performed to show the feasibility of our pro-
posed scheme, which uses a concave lens for an integral floating system to dis-
play 3D images that are located a great distance from the observer. As stated

in the previous subsection, a lenslet array adequate for the proposed scheme is
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Table 3.2 System specifications of experimental setup for integral floating dis-

play using concave lens.

Parameters
Pixel pitch of display device, p 124.5 pm x 124.5 pm
Focal length of lens let array, f 30 mm
Pitch of each lens let, ¢ 5 mm X 5 mm
Focal length of concave lens, —F - 100 mm

Gap between lens let array and concave lens, G 100 mm
Effective focal length of lens let array, fe 7.5 mm

Effectvie pitch of lens let array, ¢, 2.5 mm x 2.5 mm

generally not available as a readymade product because of an extremely small
viewing angle. Instead, an experiment was performed with an ordinary lenslet
array to prove the validity of our method for interpreting the proposed system
as an effective Inlm system. The system was configured as shown in Fig. 3.14.
The detailed system specifications are listed in Table 3.2.

Figure 3.23 shows a series of camera-captured integrated images displayed
by the proposed integral floating system with a concave lens. The considerably
enhanced fundamental capability gained by the effectively reduced pixel pitch
is used for enlarging the viewing angle because an ordinary lenslet array was
adopted. As shown in Table 3.2, the upper bound of L calculated by Eq. (3.31)
is around 40 mm. However, the range in which voxels exist extends to around
300 mm, according to Eq. (3.30). InIm images with L varying from 40 mm to
300 mm were displayed. For comparison with the theoretical values, L and 6
were experimentally calculated by measuring the disparity value with a ruler

located in front of the concave lens. Table 3.3 presents the comparison results,
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Figure 3.23 Camera-captured images showing the disparity in integrated images
displayed by an integral floating system with a concave lens for various values
of L: (a) L = 40 mm; (b) L = 70 mm; (¢) L = 149 mm; (d) L = 300 mm. For
each L, “3” and “D” are located 10 mm in front of and behind the central depth
plane. For (c) and (d), the camera focus could not cover both the ruler and the
integrated image. The center images of (¢) and (d) are focused at integrated

images.
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Table 3.3 Comparison of theoretical and experimental values of L and 6 using

interpretation of proposed system as effective Inlm system

Fig. 3.23 Target L Theoretical &8 Measured L. Measured 6

(a) 40 mm 22.4° 38 mm 20.1°
(b) 70 mm 20.9° 62 mm 18.0°
(c) 149 mm 19.9° 132 mm 15.3°
(d) 300 mm 19.4° 315 mm 16.0°

in which the experimentally obtained characteristic values are a good match to
those of the effective Inlm theoretical model system. Hence, we can conclude
that the fundamental capability of the Inlm scheme has been enhanced by the
proposed scheme.

The series of camera-captured images shown in Fig. 3.23 show that the
central depth plane located near the upper bound, 40 mm, provides acceptable
integrated image visual quality. However, the visual quality degrades as the
central depth plane grows farther from 40 mm. When L = 300 mm, the quality
of the displayed integrated image is degraded to a level where the shape is
not easily recognized, although the voxel still exists at that distance, because
the angular resolution of the displayed image reaches the limit determined by
human visual acuity. The distortion of the lenslet of the lenslet array is another
reason for the degraded image quality. Hence, the experimental results reveal
the following: 1) the upper bound of L determined by Eq. (3.31) provides a good
guideline for displaying an integrated image with an acceptable visual quality,
2) the interpretation of our proposed method, which considers the system to be
an effective Inlm system, explains well the investigated experimental results.

The adoption of a HMLF for HMD application was proposed in the previ-
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Figure 3.24 Implemented prototype of HMLF.

ous subsection. A prototype HMLF was implemented using the negative mask
method because the target structure includes only one convex mirror. The con-
vex lens used for the prototype has a focal length of 100 mm and a pitch of 50
mm. The transreflective layer was formed by Al deposition and the thickness
was controlled to make the reflectance 50%. The focal length is shortened to
about -25 mm when the optical concave lens function is provided by the tran-
sreflective convex mirror [33]. It is difficult to secure a sufficient optical path
length when implementing the system, because of the short focal length. Hence,
a convex lens with a much larger focal length is required for the base structure
when fabricating a HMLF for the actual product. The see-through characteris-
tic of the HMLF and the feasibility of an integral floating scheme that adopts a
convex side of HMLF instead of a concave lens are shown in experiments using
the prototype.

Figure 3.25 shows the camera-captured images of experimental results with

the lenslet array and display device listed in Table 3.2. The real object that is

85 Fodi ﬁt‘] & EH



Figure 3.25 Camera-captured images of integrated image “N” displayed by the
integral floating system adopting a convex side of HMLF. L was set to 30 mm.
Real objects “S” and “U,” which are printed on pieces of paper, were located
for disparity comparison. “U” is located at the same distance as “N,” while “S”

is 30 mm behind “N” and “U.”

located behind the HMLF is shown directly to the observer because of the see-
through characteristic of the HMLF. The HMLF also displays the integrated
image according to the principle of the integral floating system with a concave
lens. A ghost artifact appears because of reflection at the HMLF surface. It
might be possible to avoid such artifacts by using an antireflective coating on
the surface. The proposed system cannot implement real world scene occlusions,
unlike many other see-through displays. The real world scene will dominate over
the integrated image when the brightness of the real world scene is significant
compared to the integrated image. Hence, the brightness of the integrated image
should be sufficiently high to suppress perception of the overlapped real world

scene.
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3.4 Summary and conclusion

In this chapter, it was verified that the adoption of HMLF or its array can
inspire to spawn new ideas by providing two new types of 3D display systems.

In Sec. 3.2, the novel method to implement the see-through and bidirectional
InIm system has been proposed. For the implementation, HMLF array was fab-
ricated by the fluid filling method which can realize the perfect index matching
between the base and cover layer. And the characteristics of the reflection type
Inlm for the design of the system was analyzed. However there was tradeoff
relationship between quality factors, so they should be balanced according to
the application. The experimental results using the prototype of HMLF array
fabricated by the fluid filling method show that the proposed system can real-
ize the seamless overlay of 3D virtual image onto the real world. Moreover, the
bidirectional imaging functionality makes it possible to do collaborative work
for the group of people. It is expected that the proposed system can be a new
standard for AR display because it satisfies all of 4 requirements listed in Sec.
3.2.

Though the feasibility of the proposed system was verified, there are still
problems to be solved for the practical use of the proposed system. At first,
the projector optic should be redesigned for Inlm. The pixel pitch of projected
image should be much smaller with a sufficiently long operating distance. It
is expected that the projector with such specification will be developed as the
needs for 3D display increases. The other problem is that the reflection at the
surface of HMLF array results in the halo effect as discussed before. To enhance
the quality of the virtual 3D image, the method to reduce the reflection should
be investigated and it is remained as a future work.

In Sec. 3.3, a novel integral floating scheme, that adopts a concave lens in-

1 3
87 M=



stead of a convex lens, has been proposed. As discussed, the proposed system
can be interpreted as an effective Inlm system in which all of the system spec-
ifications have been changed. The pixel pitch of the display panel is reduced
and is helpful in extending the upper bound of the location of the central depth
plane, as explained in Sec. 3.3. However, a lenslet array with an extraordinarily
small viewing angle should be adopted in order to obtain a meaningful view-
ing angle and lenslet pitch when it is transformed to an effective InIm system.
Such a lenslet array is usually not commercially available because, by itself,
it is useless. Fortunately, a lenslet array with a smaller viewing angle is phys-
ically realizable. Hence, it is possible to customize the lenslet array for the
intended specifications. It was also demonstrated that the optical see-through
HMD, which is capable of displaying a 3D image with a proper accommoda-
tion cue, can be implemented by adopting a HMLF for the proposed integral
floating scheme. Actually, the focal length of the convex lens prepared for the
base structure of the HMLF must be sufficiently long to secure a sufficient op-
tical path length. The feasibility of the proposed system was verified with a
prototype implemented using the commercially available lenslet array, convex
lens, and concave lens. An actual system capable of providing 3D images with a
see-through property at far distances is expected to be implemented using the

customized optical components.
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Chapter 4

3D /2D convertible integral
imaging systems using half mirror
with lens function

4.1 Introduction

One of the important issues in the 3D display technique is that the industry
requires a new 3D display device to be compatible with the huge amount of
2D contents accumulated so far; i.e., 3D display device should operate as the
2D display while displaying 2D contents. Because of a lack of 3D contents
in the early market of 3D display, 3D/2D convertible feature is essential for
the fast penetration of 3D display into the display market. Stereoscopic display,
which is now commercially available, is readily 3D /2D convertible for the device
itself, though the standards for sharing the compatible contents are still in
progress. However the autostereoscopic display demands special techniques to
be implemented to provide 3D /2D convertible feature because a some kind of

optical component is usually attached in front of the display panel.
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Figure 4.1 3D/2D convertible Inlm scheme using PDLC and the collimated

light source.

The 3D/2D convertible feature for the autostereoscopic displays which pro-
vide only the horizontal parallax, such as the parallax barrier and the lenticular
lens, already had been investigated in various ways. Actually, the parallax bar-
rier can easily utilize the 3D/2D convertible feature by implementing barriers
using active mask such as LC panels. Providing 3D/2D convertible feature for
lenticular lens display is relatively much difficult because the switching between
different refractive optical functions - transparent plate and lens - should be im-
plemented. Though various types of LC lens has been developed to support the
electronic switching between lens and transparent plate [55-58], the investiga-

tions are still in progress to resolve practical issues such as long focal length.

3D /2D convertible feature of Inlm has been extensively investigated after

the research conducted by J.-H. Park et al. (to my knowledge, this is the first
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work implementing 3D /2D convertible feature in Inlm) [59]. The 3D informa-
tion of integrated image by Inlm system in focused mode is basically given by
the directionality of rays emitted from each pixel of display device (each lenslet
is perceived as a pixel in the focused mode of Inlm scheme) unlike 2D display
which emits conceptually ambient light from each pixel; i.e., the InIm of focused
mode can provide different color information from each pixel when the observer
is located at different position. The objective of early works related to the im-
plementation of 3D/2D convertible feature of Inlm was to make it possible to
alternate the status of backlight of display between the directional light and
the ambient light.

Figure 4.1 shows the configuration of Inlm system which can provide the
3D /2D convertible feature by the method proposed in Ref. [59]. The source light
is provided as a parallel light by the combination of the point light source and
the collimating lens. When this parallel light passes through the following lenslet
array, each lenslet creates the directional light by focusing the incident paral-
lel light at the focal length. By locating the polymer-dispersed liquid-crystal
(PDLC), which can be electronically controlled to be transparent or diffusive,
behind the lenslet array, the status of backlight can be alternated. When the
PDLC is transparent, the backlight is directional as described. However, when
the PDLC becomes diffusive, the parallel light becomes the ambient light be-
fore entering to the lenslet array. And, after passing through the lenslet array,
the ambient light source again becomes an ambient backlight. By electronically
changing the status of PDLC, the backlight becomes directional or ambient, and
the image information on the display device (usually transparent LC) creates
3D or 2D images.

Though the implementation in Fig. 4.1 successfully implements the 3D /2D

convertible feature of Inlm, the entire system configuration suffers from the
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bulky structure which comes from the preparation of the parallel light. Noticing
that the directional backlight of Fig. 4.1 is prepared as an array of point light
sources, the following researches had focused on creating an array of point light
sources maintaining the flat-panel-type configuration.

Figure 4.2 shows the configurations of some representative researches that
can provide 3D /2D convertible feature of Inlm in flat-panel-type implementa-
tion. Especially, the methods presented in Fig. 4.2(a) and (b) are practically
useful because they are based on the commercially available flat-panel display
devices, LCD and OLED.

Recently, the scheme of Fig. 4.2(a) had been developed to more effective
form with the aid of the light field representation which has been richly in-
vestigated in the computer science society. Instead of using the fixed pinhole
array pattern for the frontal layer, the researchers developed the algorithm to
find the optimal combination of images to be displayed on the frontal and back
display layer [64]. It is surprising that such optimization technique has been
developed just a few years ago in spite of long history of parallax barrier or
pinhole array type 3D display. The researchers argued that their method shows
effectiveness in the brightness of the displayed 3D image because the optimally
designed front layer does not unnecessarily cut the illumination from the back
layer. And, based on the similar idea, they also proposed the method to opti-
mize the multiple layers of display to reproduce proper light field [65]. Though
the topic has been extensively investigated recently, there still remain issues to
be resolved.

In this chapter, some applications of HMLF for resolving the issues related
to the 3D /2D convertible InIm system are presented. One of them is implemen-
tation of the 3D /2D convertible projection-type Inlm. In spite of the importance

of the projection-type implementation, there was no method so far to realize
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Figure 4.2 3D/2D convertible Inlm schemes utilizing an array of point light
sources. All figures depict the 3D mode state of their corresponding schemes.
(a) Scheme using LC panel. For 2D mode, LC panel displaying pinhole array
changes to be transparent (by displaying white image) [60]. (b) Scheme using
organic light emitting diode (OLED). For 2D mode, OLED displays white image
[61]. (c) Scheme using light emitting diode (LED) array. For 2D mode, LED
array for 2D mode becomes “on” instead of LED array for 3D mode [62]. (d)
Scheme using electroluminescent (EL) film. For 2D mode, EL film with pinhole

array becomes “on.” [63]
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the 3D/2D convertible feature to the projection-type Inlm. Because the the-
ater, which will be the most appropriate application of projection-type Inlm,
occupies the considerably large space, the 3D/2D convertible feature would
be especially important feature for the projection-type Inlm. In Sec. 4.2, the
scheme to provide 3D /2D convertible feature to projection-type Inlm using the
HMLF array is discussed.

The other issue is that the most of the developed 3D/2D convertible InIm
schemes only support the focused mode of Inlm which gives priority to the lon-
gitudinal expressible range of 3D image. However, sometimes the real/virtual
mode of Inlm is required when the resolution of displayed 3D image is considered
to be more important. Hence, the 3D /2D convertible feature that supports the
real /virtual mode of InIm is necessary for the wide adoption of InIm in commer-
cial market. In Sec. 4.3, the 3D /2D convertible InIm configured in real/virtual
mode is implemented using the HMLF array. Two proposed schemes adopting
the HMLF array demonstrate that the HMLF is an useful optical component

that can be adopted to various applications.
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4.2 3D/2D convertible projection-type integral imag-

ing

4.2.1 Introduction

Now the 3D theaters where we can see the stereoscopic 3D movie wear-
ing special glasses are easily available everywhere. However, it is still far from
widespread of 3D theaters based on autostereoscopy because of largely 3 un-
resolved issues. One is that it is difficult to provide 3D movies of the similar
visual quality to a large number of the audiences because it will require outra-
geous resolution of display device. The other one is that the frontal projection,
where the projection occurs from the backside of audience, is preferred to re-
duce the room space. Considering this issue, the projection-type Inlm is usually
implemented as a reflection-type using an array of concave mirror. Recently, the
frontal projection-type implementation of multiview display based on the paral-
lax barrier or pinhole array also has been demonstrated using the combination
of polarizer and quarter-wave retarding film [66].

Another issue is that the screen should be capable of displaying 3D and
2D images simultaneously in one scene to provide 2D image without any loss
of visual quality. By doing so, 3D/2D convertible feature is readily available.
However, most of 3D /2D convertible methods developed for various multi-view
display are not acceptable for the projection-type implementation because they
are usually rely on the active devices with size comparable to the screen. To
prepare the active device of such large size is economically inefficient and often
impossible. Hence, the scheme to provide 3D/2D convertible feature using the

passive optical element is indispensable for the application of projection-type
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Figure 4.3 System configuration of the proposed method.

implementation.
In this section, the scheme to provide 3D /2D convertible feature to projection-
type Inlm is developed using the passive optical element based on the HMLF

array.

4.2.2 Principle of the proposed scheme

To achieve 3D /2D convertible feature in the projection-type Inlm, the novel
optical structure HMLF array is used for the implementation. Figure 4.3 shows
the system configuration that achieves the 3D/2D convertible feature for the
projection-type Inlm by adopting HMLF array described in previous chapter.

For the proposed system, two projectors are used — one is for the 3D integrated
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Figure 4.4 Operation of the proposed system. (a) 3D mode. (b) 2D mode. (c)
3D on 2D mode.

image and the other is for the 2D image. In the proposed system, HMLF array
acts as the screen that shows the 3D integrated image.

As shown in Fig. 4.3, HMLF array is located in front of the observer and the
projector for 3D integrated image projects image from the direction of observer.
As mentioned in previous chapter, both concave and convex mirror arrays can
be used for the projection-type Inlm, so there is no preference in determining
which side of HMLF array will be the frontal side. In Fig. 4.3, the concave mirror
side was determined as the frontal side as an example. The rear projection-type
screen is located behind HMLF array for the display of 2D image. Then the
projector for 2D image is located behind the screen to project 2D image from
the back side.

Figure 4.4 describes the operation of the proposed system depicted in Fig.
4.3. To show the 3D integrated image to the observer, only the projector for 3D
image is activated as shown in Fig. 4.4(a). Then the projected image is separated
by HMLF array into reflected and transmitted light components as discussed
before, and the reflected part is shown to the observer. Because the reflected

part is modulated by the concave mirror array structure, the 3D integrated
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image is shown to the observer if the proper elemental image is projected. In
generating the proper elemental image, the refraction on the surface of HMLF
array should be considered. The refraction affects the optical path of both the
projection and integration. Hence the compensation of such refraction should
be incorporated in the elemental image, and it can be easily done by using
simple geometrical optics.

Part of the transmitted term can be backscattered on the rear projection-
type screen. Such backscattering can cause the emergence of halo or decrease the
contrast of 3D image. The way to avoid such effect is to reduce the luminance
of the backscattered light. The luminance of backscattering is reduced by the
ratio of t%¢, where ¢t is the transmittance of HMLF array and e is the scattering
efficiency of the rear projection-type screen. Therefore, if ¢t or € is lowered, the
backscattering can be reduced. The holographic diffuser with transmittance
over 90% is now available from several companies. When such diffuser is used
for the rear projection-type screen, the backscattering effect can be sufficiently
eliminated with low e.

The mode change can be easily done by alternating activated projectors. By
activating the projector for 2D image with the projector for 3D image inacti-
vated, 2D image projected on the rear projection-type screen will be shown to
the observer as the transmitted light as shown in Fig. 4.4(b). Moreover, if we
activate both projectors, it is possible to display 3D integrated image and 2D
image in one scene together as shown in Fig. 4.4(c). This will be called ‘3D on

2D mode.’

4.2.3 Experimental results

For the verification of the proposed method, a prototype of HMLF array

was fabricated for the several preliminary experiments by the soft lithography
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Figure 4.5 Camera captured image of the prototype. (a) Frontal side of the
prototype. The concave mirror side is used as the frontal side for this prototype.
(b) Rear side of the prototype. On the rear side, the rear projection-type screen
is attached. (c) Cross sectional view of the prototype. Three layers — the base,

metallic and cover layers - can be investigated.

method using PDMS as an elastomeric material. Figure 4.5 shows the camera
captured image of the fabricated prototype. We can see that the external shape
of the prototype is the plate. In this prototype, the concave mirror side was
determined as the frontal surface. On the backside of the prototype, the rear-

projection-type screen was attached for the display of the 2D image in 2D mode.

For the cover layer, Sylgard 184 base and curing agents was used in the soft
lithography process. Then they were mixed by the ratio of 10:1 for 10 minutes.
As shown in Table 1, the 2D lenslet array used as the base layer was made of
polymethyl methacrylate (PMMA) whose refractive index is about 1.49. But
the cover layer is made of PDMS and its refractive index is about 1.43. Because
of such slight mismatch in refractive index, the prototype HMLF array is not
a perfectly transparent plate for the transmitted light.

If the lenslet array made of PDMS is used as the base layer, the problem of

index mismatching would be resolved. But the PDMS lenslet array cannot be
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Table 4.1 Specifications of the implemented prototype system.

Two-dimensional lenslet array

Lenslet pitch 1 mm
Base lenslet array Focal length 3.3 mm

Refractive index 1.4917 (PMMA)

Total size 50 mm x 50 mm
Material Al

Metallic layer
Thickness 150 nm

Refractive index 1.43 (PDMS)
Cover layer
Thickness 2 mm

used because of the thermal evaporation which is the first step of the process.
To obtain the high surface uniformity of the mirror layer, the hardness of the
base layer should be more than certain level. The base layer made of PMMA
guarantees the uniform mirror surface, while the metallic layer evaporated on
PDMS does not show the mirror characteristic because PDMS is damaged dur-
ing thermal evaporation.

Though the lens effect is not perfectly canceled because of the slight mis-
match in refractive index, the proposed fabrication is still valid for the purpose
of implementing proposed scheme. The effective focal length of the prototype is
sufficiently larger than the focal length of the base lenslet array, so the quality
of 2D image is significantly enhanced by the existence of the cover layer. The
effective focal length of each lenslet can be estimated as 26.95 mm by using the
formula f = R/An where R is the radius of curvature of the lenslet and An is

the difference of the refractive index across the lenslet surface.
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Figure 4.6 System configuration of the experimental setup.

For the thin metallic layer, aluminum was evaporated with thickness about
150 nm. We can estimate the transmittance of the mirror array as 30% approx-
imately [33]. Then the reflectance of the prototype is about 70%. As a result,
the luminance of the 2D image will be reduced to 30% as it is shown by the
transmission.

Figure 4.6 shows the configuration of the experimental setup to implement
the system described in the previous subsection. The configuration comprises
two projectors, an objective lens, a beam splitter and a HMLF array prototype.
HS102 of LG Electronics, whose resolution is 800 x 600, was used for the both
projectors. The elemental image is projected onto the concave mirror-side of
HMLF array by the projector 1. To enhance the performance of the integration,
the pixel pitch of the projected elemental image should be much smaller than
the pitch of one concave mirror of HMLF array.

Because the commercial projector used in the experiment is not designed
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for the intention of Inlm, it is needed to reduce the size of the projected image
by using the objective lens as shown in Fig. 4.6. As a result, the pixel pitch
of the projected elemental image was reduced to 88 um. As the side effect of
using the objective lens, the operating distance where the projected image is
well focused was shortened to 60 mm.

To secure the enough watching distance, the beam splitter was located cross-
ing the optical path of the projection to separate the watching direction from
the projecting direction. In Fig. 4.6, the optical paths of the projection and
watching in 3D mode are depicted. The projector 2 used for 2D mode is located
behind the HMLF array and the pixel pitch of the projected image is 133 pm.

A preliminary experiment was performed to verify the proposed method as
shown in Fig. 4.7. In the 3D mode, two letters ‘S’ and ‘U’ are located at 7 mm
front of and 7 mm behind of the HMLF array. ‘N’ is located on the surface of
HMLEF array. The elemental image was generated to display these integrated
images by the computer aided calculation. Therefore the real image ‘S’, the
surface image ‘N’ and the virtual image ‘U’ can be easily displayed together.
In Fig. 4.7, the horizontal and vertical parallaxes are well expressed in the 3D
image displayed by reflection-type Inlm.

Though the ordinary diffuser was used for the rear projection-type screen,
the backscattering effect discussed in the previous subsection is hardly noticed
as image. In the experiment, ¢ is about 0.3 and e of the ordinary diffuser is
generally under 0.5. Hence the luminance of backscattering is reduced below
5% of the projected image. It means that this level of reduction is enough to
avoid backscattering effect in the experimental setup. Additionally, the fact that
the projected image is focused near the surface of the concave mirror layer was
also helpful in reducing backscattering effect.

As described in the previous subsection, the proposed system is also able
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Figure 4.7 Camera captured images of the integrated images displayed by the

3D mode of our proposed system.
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to display 3D integrated image and 2D image in one scene together. The ex-
perimental results shown in Fig. 4.8 illustrate this functionality. 3D integrated
images were the same as the experiment in Fig. 4.7. For the 2D image, the image
indicated as ‘Image used for 2D image’ was displayed in Fig. 4.8. The 2D image
is displayed with the pixel pitch of 133 pum as described before, and there is no
noticeable artifacts caused by index mismatch of the HMLF array prototype
as discussed. However the luminance of the 2D image is reduced to 30% of the
original image by the transmittance of the metallic layer. As we can see from
Fig. 4.8, 3D integrated image and 2D image were successfully displayed in one
scene. The luminance of the 2D image varies as the watching direction changes
because the rear projection-type screen used in the experiment has directionally

non-uniform diffusing characteristic.
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Figure 4.8 Camera captured image of the displayed images in ‘3D on 2D mode’
of the prototype. Original image used for 2D image is shown in the left side of

the figure; the main gate of Seoul National University.
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4.3 3D/2D convertible integral imaging using dual depth

configuration

4.3.1 Introduction

Recently, a number of investigations have been conducted to make Inlm
providing a 3D/2D convertible feature to meet a demand from commercial
market as introduced in Sec. 4.1. Most of them implement 3D/2D convertible
feature by generating an array of point light sources with active devices [50].
However the implementation of an Inlm system based on an array of point light
sources cannot retrieve full functionality of the Inlm scheme. As discussed, InIm
has two options, real/virtual mode and focused mode in displaying a 3D image.
And which display mode will be enabled should be determined considering a
usage scenario. Although a 3D /2D convertible InIm scheme that can utilize the
real/virtual mode is also necessary, when implementing a 3D/2D convertible
feature with an array of point light sources, only the focused mode can be
utilized. To date, only one method has been reported to implement a 3D/2D
convertible Inlm that can operate as a real/virtual mode [70].

Figure 4.9 shows the system configuration that can provide a 3D/2D con-
vertible feature in the real/virtual mode Inlm developed by H. Choi et al. [70].
In this scheme, two LC panels, which can act as active masks, are adopted in
front and behind of the lenslet array where each lenslet has pitch adequate for
the real/virtual mode. The 3D /2D conversion is easily implementable by op-
erating one of LC panel to be active and the other to be transparent. In 3D
mode, the LC panel behind the lenslet array becomes active and the LC panel

in front of the lenslet array becomes transparent. Illuminated by the backlight,
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Figure 4.9 3D /2D convertible scheme for real/virtual mode Inlm using two LC

panels.

the activated LC panel can display the elemental image and it is integrated by
the lenslet array to provide 3D image. Because the LC panel in front of the
lenslet array is set to be transparent, the displayed 3D image is delivered to the
observer as it is.

On the other hand, the LC panel in front of the lenslet array becomes
active in 2D mode. The illumination from the backlight is altered by the lenslet
array however the ambient light becomes the ambient light again after passing
through the lenslet array. The light reaching at the LC panel in front of the
lenslet array can be considered as a normal illumination from backlight in the
conventional 2D displays. Hence, by displaying intended 2D image on the LC
panel in front of the lenslet array, the configuration perfectly acts as a 2D
display device. Though the scheme described in Fig. 4.9 successfully implements

the 3D /2D convertible feature for the real/virtual mode configuration of Inlm,
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further study on finding another way to resolve this issue is still needed.

In this section, a novel scheme that can realize a 2D/3D convertible Inlm
system utilizing a real/virtual mode is proposed based on a dual depth con-
figuration. The feasibility of the proposed scheme is verified by experimental
results obtained from an implemented prototype. For the implementation of the
prototype, the fluid filling method has been used for fabricating a HMLF array.
The proposed system implements an Inlm scheme with a 2D array of concave
mirrors instead of convex lenses. In general, the focal length of a concave mirror
is shorter than that of the convex lens if the radius of curvature is the same.
It will be discussed that such a short focal length can provide advantageous

features for integrated images.

4.3.2 Principle of the proposed scheme

Figure 4.10 shows the configuration of the proposed 2D /3D convertible InIm
system using a combination of dual depth configuration and HMLF array.
HMLF array is an optical component which is a transparent plate to trans-
mitted rays, whereas the optical paths of reflected rays are modulated by the
embedded half mirror structure, i.e., a 2D array of concave mirrors [41]. Be-
cause a concave mirror is a direct alternative to a convex lens, if a properly
generated elemental image is provided, the reflected image can be used to gen-
erate 3D images based on the Inlm scheme [16,35]. A transmitted light can
provide a clear 2D image, which is not altered by the embedded half mirror
structure of HMLF array. However, HMLF array cannot provide a 2D /3D con-
vertible feature solely as the reflected and transmitted rays come out together.
By adopting a dual depth configuration, HMLF array can provide a 2D/3D

convertible feature without such a problem.
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A dual depth configuration is a display scheme that changes the optical path
length from observer to display by a polarization-based multiplexing method
[71]. It can be applied to HMLF array to separate reflected and transmitted
terms and selectively show one of them to an observer. As shown in Fig. 4.10,
HMLEF array replaces a half mirror of the conventional dual depth configuration.
A polarization state of the polarization shutter in Fig. 4.10 determines whether
the final image shown to the observer will be a 2D or 3D image by changing the
optical path of the displayed image. The optical path of each mode is described
in Fig. 4.10.

In 2D mode, the polarization state of the polarization shutter is the same
as the transmission polarization of the reflective polarizer, and this polarization
will be named T-pol. After passing through two crossed A\/4 plates, QWP1 and
QWP2, the polarization state of the 2D image is maintained as T-pol. Hence,
in 2D mode of the proposed system, a 2D image is directly delivered to an
observer through the reflective polarizer.

In 3D mode, the polarization state of the polarization shutter is the same as
the reflection polarization of the reflective polarizer, which will be named R-pol.
In this case, as the polarization state of the displayed image is R-pol after pass-
ing through QWP1 and QWP2, it is reflected back by a reflective polarizer.
The reflected image reaches the HMLF array again passing through QWP2.
Among the reflection and transmission of HMLF array, reflection has a valid
direction for delivering an image to an observer. By reflection of HMLF array,
the displayed image is integrated by a 2D array of a concave mirror structure
following the Inlm principle. During this round-trip between the reflective po-
larizer and HMLF array, the displayed image meets QWP2, HMLF array, and
QWP2 in sequence. As a result of the round-trip, the polarization state of the

displayed image is changed to T-pol. Hence, the displayed image is transmitted
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through the reflective polarizer and the 3D integrated image is delivered to the
observer.

Besides achieving a 2D /3D convertible feature, the proposed system can also
take advantage of using a concave mirror instead of a convex lens to implement
the Inlm scheme. Under the same radius of curvature, a concave mirror has
shorter focal length than a convex lens. If the focal length of the convex lens is

fo, the focal length of the concave mirror of the same shape is approximately

n—1, fo
5 Jo= S

f= (4.1)

where n is the refractive index of the reference convex lens and s is a scaling
factor. The refractive index of a convex lens is usually around 1.5; hence, the
focal length can be reduced to nearly a quarter with the concave mirror. A
shorter focal length brings a wider viewing angle of an integrated 3D image.

The viewing angle 0 of the Inlm system implemented by a concave mirror is

f = 2tan~! [“g <Jf0 - ;)} , (4.2)

where ¢ is the pitch of the convex lens or concave mirror and [ is the distance
from the convex lens or concave mirror array to the central depth plane where
image planes of the convex lenses or concave mirrors are superposed. Hence,
the viewing angle becomes wider as s increases.

Another advantage of adopting a concave mirror is that its short focal length
can also be helpful in overcoming a severe limitation in depth expression of the
Inlm system utilizing a real/virtual display mode. To enhance the expressible
depth range of the Inlm system with a real/virtual display mode, a number
of methods have been developed to make multiple central depth planes by
changing the gap between the lens array and the display panel mechanically

or electronically [50,72]. However, as the varied gap distance becomes larger,
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it becomes problematic because it can induce a vibration or time delay in me-
chanical implementation. It also gives a limitation in designing a system for
electronic implementation, as various system parameters are closely related to
the gap value.

A shorter focal length enables the generation of multiple central depth
planes at the same locations with a smaller change in the gap value. A change
in the gap affects the change in the location of the central depth plane by the

relationship
sl

AlN‘alA —(—1>2A (4.3)

Hence, a change in the gap can move the location of the central depth plane more
with s larger than one. Moreover, the proposed system configuration enforces
rays to have round-trips between HMLF array and the reflective polarizer when
the 3D mode is enabled. By changing the distance between HMLF array and
the reflective polarizer, the varied distance of the effective gap value is amplified
to be three times larger. As a result, the required distance in moving some part
of the system is reduced by a ratio of

(L - fo/1)?

3(s — fo/U)? -

4.3.3 Experimental results

A prototype system was implemented to verify the feasibility of the proposed
scheme. In constructing the HMLF array structure, the fluid filling method was
used for the fabrication. And the transreflective layer was formed by the thin
metallic layer. Aluminum was deposited by thermal evaporation and the thick-
ness was determined to make the reflectance 50% for the highest brightness in
the 3D mode. With this value of reflectance, the brightness of the 2D mode

is ideally two times larger than that of the 3D mode considering the leakage

A5
112 M=



Table 4.2 Specifications of the implemented prototype system.

Resolution 800 x 600

Display device
Pixel pitch 200 pm x 200 pm

Lens pitch 54 mm (H) x 7 mm (V)

Reference lens array | Focal length 41.9 mm

Material Glass

caused by HMLF array. Hence, the brightness of the image on the display panel
should be adjusted to balance the brightness of the image between the 2D and
3D modes. Moreover a leakage occurred by HMLF array incurs a reduction in
contrast ratio and it is required to use a brighter light source to enhance the
contrast ratio. A commercial twisted nematic (TN) LC panel was adopted for
the polarization switcher. The type of LC panel should be carefully determined
because it can affect the performance of polarization switching. For the usage
as a polarization switcher, polarizers attached to the LC panel were removed.
Detailed system specifications of the implemented prototype are listed in Ta-
ble 4.2.

Figure 4.11 shows the camera-captured images of experimental results for
the verification of the 2D/3D convertible feature of the proposed system. As
the polarization switcher was implemented using an LLC panel in the prototype
system, the polarization state of the switcher is addressable pixel by pixel.
Hence, it is possible to display 2D and 3D images in one scene simultaneously,
as shown in Fig. 4.11(a). A conversion to 2D mode can be done by simply
changing the polarization state of the polarization switcher to T-pol. The Inlm
principle does not work in the 2D mode of the proposed system; hence, the

elemental image used to show an integrated image in 3D mode is explicitly
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3D integrated image Elemental image

2D image

(@) (b)

Figure 4.11 Images displayed by prototype system operating on (a) 3D and 2D
display mode and (b) 2D display mode. (c) 3D image displayed by a focused
mode for the comparison of image resolution. Lens pitch of the lens array was
determined to be 1 mm to guarantee enough viewing angle and depth expres-

sion.
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shown in Fig. 4.11(Db).

In the real implementation, the characteristics of LC panel and reflective
polarizer are not ideal. Hence the ghost images can appear as observed in Fig.
4.11. The performance of each component in the implemented system should
be improved to reduce such artifacts. Figure 4.11(c) shows the 3D image recon-
structed by the focal mode of the Inlm scheme. As shown in Fig. 4.11, image
resolution is much higher in real/virtual mode.

Figure 4.12 shows the experimental result, comparing the viewing angle
between the conventional and proposed Inlm systems. The central depth plane
of the prototype system was located 31 mm in front of the system. Referring to
Table 4.2, the theoretical viewing angle of the prototype system is around 19.5°.
As shown in Fig. 4.12(a), an integrated image is well displayed inside the viewing
angle nearly up to the theoretical value. In this large viewing angle, lens grid of
the lens array becomes noticeable as vertical dark lines. However, a conventional
InIm system, which is implemented using a 2D convex lens array that has the
same radius of curvature as the concave mirror used for the prototype of the
proposed scheme, cannot support such a viewing angle, as shown in Fig. 4.12(b).
Though a viewing angle can be enhanced by reducing the f number of lens
array, it is difficult to make a diffraction-limited (or aberration-free) structure

compared with concave mirror [16].
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Left 9° Center Right 9°
()

Left 9° Center Right 9°
(b)

Figure 4.12 Comparison of a viewing angle between systems implemented by
proposed and conventional schemes. For both cases, ‘3’ is located 5 mm in
front of the central depth plane and ‘D’ is located 5 mm behind the central
depth plane. Integrated image displayed by the (a) proposed scheme and (b)
conventional scheme. A flipping problem is apparent in the integrated image

displayed by the conventional scheme.
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4.4 Summary and conclusion

In this chapter, it was verified that the HMLF is also useful for resolving
existing problems as well as inspiring new ideas by applying the HMLF to im-
plementing 3D/2D convertible feature which is a long known issue of Inlm.
It was presented that 3D/2D convertible feature for the projection-type Inlm
and real/virtual mode InIm could be implemented by adopting the HMLF ar-
ray. Especially, the 3D /2D convertible feature for the projection-type Inlm has
remained as an unresolved issue before this study is conducted.

In Sec. 4.2, the novel method to provide 3D/2D convertible feature to the
projection-type Inlm has been proposed. To my knowledge, this is the first
proposal that makes it possible for the projection-type Inlm to provide 3D /2D
convertible feature with the passive optical components. In fact, it is also the
first proposal for the autostereoscopic 3D display implemented as projection-
type to have 3D/2D convertible feature.

As discussed, the prototype has the slight mismatch in the refractive index
between the base and cover layers, but it is enough for our application as verified
before. Moreover the soft lithography process has advantage in that it is facile
and inexpensive. Hence our fabrication method will be acceptable in most cases.

This study will be useful for the 3D industry because the 3D theaters will
require autostereoscopic display as the next step. The advantage of adopting
the proposed system is not only the saving in space of the theater. It will give
a higher degree of freedom to 3D movie makers in doing their work because
it is easy to mix up 3D images and 2D images with the proposed system.
The proposed method will contribute to the widespread of autostereoscopic 3D
display in 3D theaters.

In Sec. 4.3, a new method to implement a 2D/3D convertible Inlm sys-
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tem operating as a real/virtual display mode has been provided. The proposed
method can be used for an application where the resolution of the reconstructed
3D image is highly important. As discussed, the proposed scheme shows a wide
viewing angle characteristic. However, the viewing angle is in a tradeoff relation-
ship with the depth expression of the integrated image [39], and it means that
the proposed scheme is disadvantageous in the depth expression. Compared
with the scheme in ref. [70], which is based on a convex lens, the proposed
scheme here is expected to be used for cases where a wide viewing angle is

required.
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Chapter 5

Conclusion

We all know what the ultimate 3D display should look like, however we all
do not know how to realize it. We have just faced to see the opening of 3D
industry based on the stereoscopy which is the oldest technique in the history
of development of 3D display. Despite of tens of years of researches, we are still
far from the satisfactory solution to the goal because of large gap between the
present status of related technologies and the required level. This dissertation
has shown that the introduction of new optical element can be helpful for
making a breakthrough by presenting a new optical component, HMLF, and
implementing 3D display systems based on it.

Investigation on AR displays had shown different aspect in approaching to
the development of 3D display though the final goal is eventually the same. By
adopting the HMLF, new 3D display systems, that consider the requirements
induced from AR display, could be established. In Sec. 3.2, the see-through and
bidirectional 3D display system, which nearly satisfies the requirements, has

been demonstrated. Recalling the requirements of interpreted version in the
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viewpoint of 3D display, it satisfies:

(1) Free space imaging without any noticeable frame; (2) Supporting inter-
action with 3D image; (3) Autostereoscopic 3D image.

However, it only partially satisfies the condition:

(4) Volumetric 360-degree viewable 3D image of high visual quality. It can-
not fully cover 360 degrees and the visual quality is significantly lower than the
acceptable quality. However, it is meaningful that the proposed display system
can provide 3D image around the system without any mechanical motion. For
the development of the method to increase the coverage to 360 degrees with-
out any mechanical motion, further study is required. The limitation to the
visual quality requires development of the projector and it can be relieved by
multiplexing techniques.

HMD is still popular in the field of AR, though it is very old-fashioned
technique, because it is the easiest way to implement AR functionality. The
adoption of the HMLF has provided the way to realize HMD displaying 3D
image in the strict sense. The HMD system developed in Sec. 3.3 is capable of
displaying 3D display which addresses a correct accommodation cue. Hence, the
accommodation-vergence mismatch, which can be a reason of nausea in using
HMD system, was resolved by adopting the HMLF.

Along with inspiring the totally new types of display devices, it was also
shown that the adoption of new optical element can be helpful in resolving
the existing issues. Chapter 4 has shown the usages of the HMLF array for
resolving the famous issues related to 3D /2D conversion. In Sec. 4.2, the 3D/2D
convertible feature of Inlm has been developed without the large-sized active
device by adopting the HMLF array. Hence, the proposed system could firstly
provide the 3D /2D convertible feature for the projection-type Inlm system. In
Sec. 4.3, the 3D /2D convertible feature for real/virtual mode Inlm, which has
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only one related study unlike focused mode, was implemented using the HMLF
array. Hence, it has been shown that the new optical component can provide a
solution to the unresolved issues of 3D display system.

Though this dissertation has only focused on the applications for the 3D
display system, it is expected that the HMLF can be adopted for various op-
tical systems. As discussed so far, the HMLF can inspire the new concept of
optical system as well as providing new methods to resolve the existing prob-
lems. To support various optical applications, the fabrication method of the
HMLF should be developed further. Among the proposed fabrication methods,
it seems that the fluid filling method is generally the best method because it
provides the perfect index matching even for the complicated structure. As in-
vestigated, the methods proposed in Sec. 2.2 is generally only acceptable for the
imaging purpose especially because of the additional transparent plate struc-
ture. For more general usage, the pellicle-type implementation is required, and

the fabrication method to realize such structure is remained as a future work.
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Portions of the work discussed in each chapter of this dissertation are also pre-
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[Chapter. 1] J. Hong, Y. Kim, H.-J. Choi, J. Hahn, J.-H. Park, H. Kim, S.-W.
Min, N. Chen, and B. Lee, “Three-dimensional display technologies of recent
interest: principles, status, and issues,” Appl. Opt. 50, H87-H115 (2011).

[Chapter. 3.3] J. Hong, S.-W. Min, and B. Lee, “Integral floating display sys-
tems for augmented reality,” Appl. Opt. 51, 4201-4209 (2012).

[Chapter. 4.2] J. Hong, Y. Kim, S. Park, J.-H. Hong, S.-W. Min, S.-D. Lee, and
B. Lee, “3D/2D convertible projection-type integral imaging using concave half

mirror array,” Opt. Express 18, 20628-20637 (2010).
[Chapter. 4.3] J. Hong, J. Kim, and B. Lee, “Two-dimensional/three-dimensional

convertible integral imaging using dual depth configuration,” Appl. Phys. Ex-
press 5, article 012501 (2012).
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