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Chapter 1

Introduction

1.1 Background

Near-eye display is an essential technology for realizing the virtual and/or augmented reality
because it can provide new visual experiences. The beginning of the near-eye display was
Sutherland’s head-mounted display in the 1960s [1]. Since his work, various near-eye display
technologies have been studied for decades. Behind the trend of such research is that liquid
crystal displays have been mass-produced, prices have fallen, and high-resolution and small-
sized ones have become easier to produce. With the distribution of liquid crystal displays
and the maturity of display technology, near-eye displays that can withstand practical use
have been being developed. In addition, the development of laser technology has made it
possible to reduce the size of the laser light source and increase the output power. The
prosperity of inexpensive and high-quality laser light sources has led to the realization
of displays with rich color tones and wave optics-based displays that take advantage of
the coherence of lasers. Especially, holographic near-eye display (HNED), which is based
on holographic computation, is considered to be an essential technology to display high
resolution and 3D images. Various methods of HNED have been proposed in the past few
years for the advancement of holographic display technologies. To make HNED easy to use
for more people, it is important to make the device customizable for each individual.
Owing to the characteristics of the optical design, the near-eye displays have different design
considerations than those of conventional displays. For example, it is necessary to consider
the characteristics of the human eye, which is considered as a type of the imaging optical
system in which a group of lenses consisting of a cornea and crystalline lens forms the image
on the retina. Aberrations are inherent in the eyes: myopia, hyperopia, and astigmatism
are some common ones. These eye aberrations are often measured to correct eye distortions
in daily life with eyeglasses and contact lenses. Although various measurement methods
and correction methods have been proposed, discussions in the area of near-eye displays
have not been sufficiently conducted. In fact, most existing near-eye displays are designed
for normal eyes and cannot be used with eyeglasses. Such a design is not a problem for
users who use contact lenses; however, it is problematic for users who have eye problems
that require eyeglasses.
The problem of eye aberrations has not been explored fully in the context of several near-eye
displays. Maimone et al. [2] treated aberrations caused by the eye and the near-eye display
as one "black box" and examined the importance and feasibility of aberration correction in
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HNED. Takaki et al. [3] studied the importance of aberration correction in a Maxwellian-
type near-eye display and demonstrated the realization of the correction. These studies
demonstrate only the results of aberration correction and do not provide a sufficient formu-
lation of the eye aberration problem and aberration correction method. Kim et al. [4, 5]
proposed a method for calculating the phase distribution on the spatial light modulator
(SLM) with aberration correction by the ray tracing of the optical system including the
eyes. However, previous studies have not demonstrated how a user could apply appropriate
aberration correction.

1.2 Research Motivation

In order to see the image displayed on the near-eye display clearly without eyeglasses, the
method of correcting eye aberrations is important. When correcting the user’s aberration,
it is necessary to find out how to provide the optimum correction for each user’s aberration.
There are two methods for correcting each user’s aberrations: measurement-based correction
and user-adjusted correction. Table 1.1 summarizes the pros/cons of the two methods. In
this research, user-adjust correction is adopted, because this method requires only a small
device and allows the user to make adjustments detailedly.

Table 1.1: Pros/Cons of measurement-based correction and user-adjusted correction.
Pros Cons

Measurement-based
Correction

•Aberration correction is possible au-
tomatically.
•It is possible to reflect the state of
the eyes in real time.

•The device size becomes large be-
cause the measuring device and the
display are integrated into one device.
•The sensitivity of the device becomes
higher because eye measurement is del-
icate.

User-adjusted
Correction

•The device size is small.
•The user can adjust the correction
detailedly.

•The user may fail to adjust the cor-
rection.
•The user may have to repeat the ad-
justment many times.

1.3 Proposal of This Research

In this study, an aberration-correctable HNED and a GUI which enables users to correct
aberrations interactively are proposed. To evaluate the proposed aberration-correctable
HNED, imaging simulations are performed and actual optical systems are developed. The
proposed aberration correction system has several coefficients for aberration correction,
and the user can adjust each coefficient via an interface while checking the displayed image
directly (Fig. 1.1). To test the effectiveness of the interface, an experiment involving human
subjects was performed. The subjects were required to perform a task similar to the visual
acuity test, which was aimed to demonstrate the quantitative improvement in the vision
after the correction. The experimental results demonstrated that aberration correction was
effective and considering the aberrations of the human eye could improve the quality of the
image in HNED.
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Aberration Aberration Correction

Figure 1.1: (left) Setup of proposed aberration-correctable holographic near-eye display and its
user. (right above) The interface for aberration correction adjustment. (right below) The result of
aberration correction that compensates distorted images.

1.4 Contributions

The main contributions of this study are the following:

• The propagation of light in the HNED including aberrated eyes was formulated and
a calculating method for the phase distribution on the SLM was proposed that can
compensate for the aberrations. A benchtop prototype of the HNED is also built.

• An interface that helps the users to correct aberrations interactively by themselves
was developed.

• An experiment involving human subjects was performed to verify the effectiveness
of aberration correction using the aberration-correctable benchtop prototype of the
HNED and GUI.
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Chapter 2

Related Work

2.1 Measurement, Correction, and Simulation of Eye Aber-
ration

Correct visual information is important for humans to survive. Therefore, devices have been
developed for those with poor or problematic eyesight. Technologies for the measurement
and analysis of eye aberrations have been developed to quantify vision problems. For
example, early studies on the measurement of vision were published more than two centuries
ago, and the existence of spherical aberration in the human eye was recognized as early as in
1801 [6]. Subsequent studies have advanced our understanding of the human eye aberrations.
These include the studies to measure the eye aberrations as a geometric aberration [7] and
analyzing the aberrations using a subjective assessment [8, 9]. In contrast with these early
methods, the wavefront aberration measurement using a Shack-Hartmann sensor led to a
sudden improvement in the accuracy of the aberration measurement [10, 11, 12, 13]. This is
an established method and has been incorporated into commercial aberration measurement
products.
Along with establishing measurement methods, many aberration correction methods have
also been developed. Eyeglasses are one of the most common methods of aberration cor-
rection. Because it is difficult to correct higher-order aberrations, a technology, such as
contact lenses, capable of correcting such aberrations are required [14, 15, 16]. In addition
to these two correction methods, various other methods of aberration correction have been
proposed: using phase plates for aberration correction [17], incorporating adaptive optics to
correct aberrations in real time while measuring eye aberrations [18], overlaying the com-
pensation image with an optical see-through HMD [19], inserting intraocular lenses [20, 21],
and corneal surgery using lasers [22].
Based on an improved understanding of the relationship between the aberration and visual
field images, studies have been performed to simulate or experience how eye aberrations
change the visual field image. Several methods, such as the point spread function (PSF)
method [23, 24] and the rendering method [25, 26, 27, 28] have been used to simulate the
visual field image with aberrations. As for the experienceable system for the aberrated
visual field image, studies have used an optical system with built-in adaptive optics, called
adaptive optics visual simulator (AOVS) that enables arbitrary aberrations to be delivered
to the eye [29, 30, 31].
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2.2 Vision-Correcting Display

People use displays naturally in their routines. This makes the comfort of viewing dis-
plays important for them. In the field of computational displays, a correction technique
without eyeglasses for the visually impaired people has been developed. This technique
is called "vision-correcting displays." An early method for computing the displayed image
was proposed by Huang et al. [32]. Their method improves the visibility of the image by
applying PSF to the displayed image, which is opposite to the aberration of the eyes. They
also proposed a display method that achieves aberration correction by stacking multiple
displays [33]. Later on, methods based on using light field displays for aberration correction
have been proposed [34, 35].

2.3 Aberration Correction for Near-Eye Display

Image distortion due to aberration has been a problem in many near-eye displays. This
problem is caused by optical system-dependent aberrations. Therefore, aberration correc-
tion methods have been considered [36, 37, 38, 39] to address this problem. Recent studies
suggest that aberrations specific to optical systems can be compensated for by incorporating
a camera into a feedback loop [40, 41].
Another important source of aberrations in near-eye displays is the human eye. Therefore,
several studies have investigated eye aberrations in near-eye displays. Maimone et al. [2]
considered both optical and eye aberrations together as a single aberration and described the
feasibility and importance of aberration correction accordingly. Takaki et al. [3] described
the effect of aberration in the Maxwellian-type near-eye display and presented the results of
aberration correction. Although the aforementioned studies succeeded in demonstrating the
results of aberration correction, they did not fully formulate the problem of eye aberration.
Kim et al. [4, 5] defined the eye using a schematic eye model and established a method
for calculating the phase distribution by adding aberration information to the ray tracing
of the optical system including the eye. However, this method requires the precise shape
of the eye of each user and cannot handle aberrations generally. Furthermore, there is no
discussion on how users can actually adjust the aberration correction.

2.4 Position of This Study

In Table 2.1, the existing methods are summarized that offer displays that adapt to eye
aberrations. These studies can be divided into two types: far-eye and near-eye display
studies. Most existing methods of both types do not offer a deeper insight into how the
user actually adjusts for the aberration correction, and no GUI for handling correction
parameters has been proposed. Although there are methods with real-time aberration
measurements, such as AOVS, it is difficult to incorporate them into a near-eye display
because the miniaturization of these measurement systems is difficult. Therefore, a method
for users to make their own corrections by providing a GUI is proposed in this thesis.
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Table 2.1: Comparison with previous vision-correcting displays.
Display
Position

Display Type
GUI for User-

defined Parameters
Real-time Aberration

Measurement
Huang et al.
(2011) [32]

Far-Eye LCD N/A N/A

Fernandez et al.
(2012) [29]

- AOVS N/A Available

Pamplona et al.
(2012) [34]

Far-Eye Light Field Display N/A N/A

Huang et al.
(2012, 2014) [33, 35]

Far-Eye Light Field Display N/A N/A

Maimone et al.
(2017) [2]

Near-Eye Holographic Display N/A N/A

Takaki et al.
(2018) [3]

Near-Eye Holographic Display N/A N/A

Kim et al.
(2019, 2020) [4, 5]

Near-Eye Holographic Display N/A N/A

This Study Near-Eye Holographic Display Available N/A
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Chapter 3

Principle

3.1 Light Propagation Formula in Wave Optics

HNED is a device that combines a near-eye display and a holographic projector [2]. This
device can output images based on hologram calculations. Hologram computation is based
on wave optics, which treats light as a wave and a point light source as a spherical wave;
the computed hologram is called a computer-generated hologram [42].
A spherical wave is described by the following equation and is the basis of all hologram
calculations:

1
r

exp(ikr) (3.1)

where i is the imaginary number, k is the wavenumber, and r is the distance from the light
source to the target position. In wave optics, the state of the light is expressed in complex
amplitudes.
When dealing with the light propagation from one plane to another, one calculates the
distribution of complex amplitudes on each plane. The source plane of the light propagation
and the destination plane are defined as u1 and u2, respectively (Fig. 3.1). It is considered
that the propagation of light between planes is composed of spherical waves generated from
each point of the source plane. The light propagation equation derived from this idea is the
Sommerfeld diffraction equation:

u2(x2, y2) = 1
iλ

∫
u1(x1, y1)exp(ikr)

r
cos θ dx1dy1 (3.2)

where λ is the wavelength and cos θ is the inclination factor which changes the propagation
intensity ratio according to the angle.
In this study, the Fresnel diffraction propagation equation is utilized to calculate the light
propagation. The Fresnel diffraction propagation equation is derived by substituting the
distance approximation equation into the Sommerfield diffraction equation (Eq. 3.2). The
introduced distance approximation is a Taylor expansion of the distance r, which is the
following approximation:

r = z

√
1 + (x2 − x1)2 + (y2 − y1)2

z2 (3.3)

≈ z + (x2 − x1)2 + (y2 − y1)2

2z
− ((x2 − x1)2 + (y2 − y1)2)2

8z3 + · · · (3.4)
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u₁(x1,y1) u₂(x2,y2)

z

Figure 3.1: Light propagation from plane to plane. It is defined that spherical waves propagate
from each point on the plane.

where z is the distance between the plane u1 and the plane u2 on the z-axis. When the
third term is considered to be sufficiently smaller than the wavelength, the distance r is
approximated by the following equation:

r ≈ z + (x2 − x1)2 + (y2 − y1)2

2z
(3.5)

λ ≫ ((x2 − x1)2 + (y2 − y1)2)2

8z3 . (3.6)

By substituting this approximation into Eq. 3.2, the Fresnel diffraction propagation from
u1 to u2 is represented by the following formula:

u2(x2, y2) = F−1
[
F [u1(x1, y1)] F

[
exp

(
iπp2

λz

(
x2

1 + y2
1

))]]
(3.7)

where F is the Fourier transform, F−1 is the inverse Fourier transform, and p is the pitch
size of the SLM. Because this equation is used many times in this thesis, it is defined as a
function Propz() as follows:

Propz(u1(x1, y1)) = F−1
[
F [u1(x1, y1)] F

[
exp

(
iπp2

λz

(
x2

1 + y2
1

))]]
. (3.8)

3.2 Lens Imaging with Aberrations

a
u1(x1,y1) u-(x,y) u+(x,y) u2(x2,y2)

b

z

Figure 3.2: Convergence of a point light source by a lens.

In general, the role of the lens is to refocus a point light source (Fig. 3.2). It is known that
the distance relationship between the point light source and the refocus point is represented
by the following equation:

1
a

+ 1
b

= 1
f

(3.9)
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where a is the distance between the point light source and the lens, b is the distance between
the lens and the refocus point, and f is the focal length of the lens. Utilizing Eq. 3.7 for
the light propagation from the point light source to the focal point, the converging feature
of the lens can be defined as the following phase distribution t(x, y):

t(x, y) = exp
(

−i
π

λ

(
x2 + y2

f

))
. (3.10)

In such imaging optical systems, perceptible distortions occur owing to distortions by the
lens. Such a distortion is defined as a wavefront aberration in wave optics. Wavefront aber-
ration is a measure of the distance between the ideal and distorted wavefronts. Wavefront
aberration is generally expressed using the Zernike polynomial as follows:

R±m
n (r) =

(n−m)
2∑

s=0

(−1)s(n − s)!
s!(n+m

2 − s)!(n−m
2 − s)!

rn−2s (3.11)

Zm
n (r, θ) =

√
2(n + 1) Rm

n (r)


1√
2 (m = 0)

cos |m|θ (m > 0)
sin |m|θ (m < 0)

(3.12)

W (x, y) =
i∑

m=0

j∑
n=0

αm
n Zm

n (r, θ) (3.13)

where R±m
n (r) is the radial polynomial, W (x, y) is the wavefront aberration, Zm

n (r, θ) is the
Zernike polynomial, and αm

n is the Zernike coefficient.
Because these aberrations are caused by the lens, the aberrations must be considered in the
lens equation. The aberration is included in the pupil function P and the generalized pupil
function P is defined as follows:

P(x, y) = P (x, y) exp(ikW (x, y)). (3.14)

Utilizing Eq. 3.10 and Eq. 3.14, the transformation equation for the complex amplitude
distribution with an aberrant lens is defined as

u+ = u− ∗ t(x, y) ∗ P(x, y) (3.15)

where u− and u+ are the complex amplitude distributions at the front and behind the lens,
respectively.
Figure 3.3 shows the simulation results based on Eq. 3.8 and Eq. 3.15 when parallel light is
focused by a lens with aberration. It can be confirmed that the state of the focusing point
(PSF) changes according to each aberration pattern.
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Z00 : Piston

Z11 : X-TiltZ1-1 : Y-Tilt

Z2-2 : Oblique Astigmatism Z20 : Defocus Z22 : Vertical Astigmatism

Z3-3 : Vertical trefoil Z3-1 : Vertical coma Z31 : Horizontal coma Z33 : Oblique trefoil

Figure 3.3: Each aberration of 10 kinds of Zernike polynomials. The image on the left is a map of
the wavefront aberration, and the image on the right is the result of the convergence point of the
lens with the wavefront aberration. The result of the convergence point (PSF) changes according
to the characteristics of the aberration.
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Chapter 4

Human Eye

4.1 Optics of Human Eye

Cornea

Pupil

Crystaline Lens

Retina

Iris

Figure 4.1: Anatomical sketch of the human eye.

The human eye is an optical imaging device. It consists of two lenses (the cornea and
crystalline lens), an aperture (the pupil), and a sensor (the retina), as shown in Fig. 4.1.
The cornea has a large curvature and contributes significantly to the refraction of light from
the outside. The ciliary muscles are attached to the crystalline lens, and the focal length
of the lens changes as the shape of the crystalline lens changes as the muscles shrink. The
pupil plays an aperture role and is used to regulate the amount of light entering the eye.
The retina is composed of rod cells and cone cells, and color information is transmitted to
the brain through cells’ reactions corresponding to wavelengths, similar to camera sensors.
In this way, the human eye is a type of optical imaging system consisting of a lens and a
sensor. The lens of the human eye has a similar distortion to the optical lens. For example,
if the shape of the cornea is abnormal, the outside world’s image cannot be properly imaged
on the retina, and the eyesight deteriorates. In addition, cataracts, in which the crystalline
lens becomes cloudy and visual acuity deteriorates, are also famous.
To properly deal with such eye abnormalities, it is necessary to know the eyes’ condition
accurately. Therefore measurement methods for eye aberrations have been developed to
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Figure 4.2: Schematic diagram of an optical system for measuring the wavefront aberration of the
human eye.

quantify these aberrations optically. For example, there is a double-pass PSF method that
analyzes the PSF that represents the optical state of the eye [43]. Because this method
can directly measure the PSF of the eye, it is easy to apply to the simulation of how the
visual field looks with aberration. However, the measurement steps are complicated and
the component analysis of the aberration cannot be performed.
On the other hand, it is the method of measuring wavefront aberration that can easily
analyze the aberration components and examine the eye’s aberration information in de-
tail [10, 11, 12, 13]. The basic configuration diagram of the measurement method is shown
in Fig. 4.2. In the measurement, the entire eye is regarded as one optical system, and the
cornea and the crystalline lens are regarded as one lens. In the measurement, an infrared
laser beam (generally superluminescent diode is used) with a tiny beam diameter is incident
on the eye. The incident light is diffusely reflected at the fundus and exits the eye through
the crystalline lens and cornea. By passing through the eye’s lens, the diffused light from
the fundus is collimated and becomes parallel light. Wavefront aberration can be found by
observing this parallel light with a sensor using a microlens array. In this study, as with
the measurement method, the eye is regarded as one optical imaging system and treated as
having one wavefront aberration.

4.2 Imaging Formula of Human Eye

In the previous section, the eye optics is defined as an optical imaging system consisting
of a composite lens and a sensor. To make the eye’s optical system simulable, the imaging
optics of the eye based on the wave optical calculations is formulated. In the human eye
without any refractive error, the focal length of the lens coincides with the distance to the
retina when the eye is focused at infinity. When observing an object closer than the infinity,
the focal length of the eye lens changes such that Eq. 3.9 holds. For example, when the
distance from the eye to the object is a and the distance from the lens of the eye to the retina
is b (depicted in Fig. 4.3), the image of the object on the retina is given by the following
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Figure 4.3: Schematic diagram of imaging onto the retina.

propagation equation:

uretina = Propb (Propa(uobject) ∗ t(x, y) ∗ P(x, y)). (4.1)

Since the lens and the aberration of the lens is expressed by the equation of t(x, y) ∗ P(x, y)
(P(x, y) includes the wavefront aberration W (x, y)), it is possible to simulate the imaging
process by the eye with aberration.
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Chapter 5

Holographic Near-Eye Display

5.1 Optical Design of HNED

In recent years, various methods of HNED have been proposed. In this section, two HNED
methods are formulated with reference to the method of Maimone et al. [2]. As shown in
Fig. 5.1, there are two types of optical systems of HNED. These two types are classified
according to whether or not the eyepiece is used.

z

z

Eyepiece

SLM

4f Optics

Fourier
Plane

Image
Plane

SLM

4f Optics

Fourier
Plane

Image
Plane

Virtual
Image

(a)  HNED without eyepiece

(b)  HNED with eyepiece

uslm (uslm) uprop

uslm (uslm) uprop uretina

c

c

uretina

Figure 5.1: (a) Schematic diagram of HNED optical system without eyepiece. (b) Schematic
diagram of the HNED optical system with eyepiece.

First, there is about HNED without eyepiece (Fig. 5.1(a)). In this optical system, the SLM
plane is imaged on the image plane by the 4f optical system. Although the SLM image is
flipped vertically and horizontally in the image plane, the phase distribution displayed on
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SLM is reproduced as it is. The target object appears at a distance of c from the image
plane. The user can see the object by observing this real image uprop.
Next, HNED using an eyepiece is described (Fig. 5.1(b)). In this optical system as well,
the SLM is imaged on the image plane by the 4f optical system and a real image uprop is
formed at a distance c from the image plane. The feature of this method is to observe this
image using an eyepiece. Observing an image with an eyepiece is the same principle as
magnifying an image with a magnifying glass. The observed image is a virtual image, and
the position of the virtual image changes depending on the positional relationship between
the real image and the eyepiece and the focal length of the eyepiece. The distance between
the real image and the eyepiece must be less than the focal length of the eyepiece.
Each of these two methods has its advantages and disadvantages. The eyepiece-less ap-
proach results in an optical design similar to looking directly into the SLM. This approach
can achieve the wide eyebox. However, the viewing angle depends on the diffraction limit of
the SLM, and it is difficult to secure a sufficient viewing angle with the existing SLM pitch
size. On the other hand, in the approach using the eyepiece, the real image is enlarged by
the eyepiece, such that a considerably wide viewing angle can be realized. However, the use
of eyepieces limits the position where the image can be observed, and the eyebox becomes
smaller. In this way, there is a trade-off between the eyebox and the viewing angle between
the two methods, and how to maximize both is still a research problem.

5.2 Calculating Phase Hologram on SLM

As shown in Fig. 5.1, while there are various methods for HNED, a standard optical design
is existing. The point is that the target image or 3D object is reproduced by displaying the
phase distribution on the phase SLM based on the hologram calculation. Calculating the
phase distribution on the SLM is the essential part of the holographic display, and various
methods have been proposed.

5.2.1 Iterative Fourier Transform Algorithm

Propagation

Back Propagation

Amplitude: Known
Phase: Unknown

� �

Source Plane Target Plane

Amplitude: Known
Phase: Unknown

Phase on SLM

Figure 5.2: Schematic diagram of GS algorithm.

The most used method for calculating phase holograms is the Gerchberg-Saxton (GS) al-
gorithm. This method was originally proposed as a phase retrieval method in 1972 [44]. As
shown in Fig. 5.2, this is the method for searching the phase distribution when only the
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amplitude value is known on the two planes. In the phase retrieval method, the phase is
calculated using the image measured by the image sensor and the target image. In the phase
calculation for hologram display, to derive the phase distribution to be displayed, the target
image and the amplitude value after propagation are fixed, and the phase distribution to
be displayed is optimized while the propagation is repeated. Various improved methods
have been proposed based on this method; however, this thesis introduces only the original
method.

5.2.2 Double Phase Amplitude Coding

Phase 1 (θ1)

Phase 2 (θ2)

(a) Principle of DPAC

(b) Phase Distribution created by DPAC

Figure 5.3: (a) Principle of DPAC method. Two phases are displayed in a checkerboard pattern.
(b) Actual phase distribution created by DPAC method.

In image reproduction by hologram, it is generally known that the image reproduced from
a hologram with complex amplitude (phase and amplitude) is reproduced more clearly than
the image reproduced from a hologram with only amplitude or phase. However, in most
cases, general SLM can only modulate either amplitude or phase. Therefore, research has
been conducted to reproduce complex amplitude by adding some ingenuity to the optical
system. In one famous approach, the principle was utilized to recover complex amplitude
by adding two phases. The principle was proposed several decades ago [45] and can be
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expressed by a mathematical formula as follows:

A exp(iθ) = exp(iθ1) + exp(iθ2) (5.1){
θ1 = θ + arccos(A

2 )
θ2 = θ − arccos(A

2 )
(5.2)

where A exp(iθ) is the complex amplitude to be reproduced, A is the amplitude, and θ is
the phase. The target complex amplitude is reproduced by two phases θ1 and θ2.
To utilize this principle, research has been conducted on phase or amplitude SLM using
some technique. For example, it is a method of displaying two phase distributions on a single
phase SLM and superimposing the two phase distributions utilizing a diffraction grating to
recover complex amplitude [46, 47]. In this method, it is easy to superimpose two phases
accurately; however, since two phase distributions must be displayed on a single SLM, the
resolution is inevitably reduced. Besides, a method for recovering complex amplitude using
two amplitude SLMs has also been proposed [48]. In this method, it is possible to avoid a
decrease in resolution by using two SLMs; however, there are drawbacks such as the need
for accuracy in adjusting the optical axis.
The double phase amplitude coding (DPAC) method proposed by Maimone et al. [2] ad-
dressed the problems of resolution reduction and optical axis adjustment. In this method,
two phases are displayed in a checkerboard pattern, each equivalent to a single SLM
(Fig. 5.3). This makes it possible to easily reproduce a complex amplitude distribution
consisting of two phase distributions on a single SLM. However, since the checkered pattern
is periodic, it is tended to generate diffracted light, and it has been pointed out that the
amount of light decreases.

5.2.3 Solving Optimization Problem
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Figure 5.4: Workflow for optimizing phase holograms.

The GS algorithm has long existed as the primary method for calculating phase holograms;
however, in recent years, the derivation of phase holograms has been treated as an optimiza-
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tion problem. Figure 5.4 shows a schematic diagram of the phase hologram optimization
problem. This is an optimization problem of finding the phase distribution ϕ that minimizes
the difference between the target amplitude amptarget and the estimated amplitude ampest.
The formulation of this optimization problem is as follows:

minimize
ϕ

L(ampest, amptarget). (5.3)

Recently, several optimization methods have been proposed to compute phase holograms on
SLMs [49, 50, 51, 52]. In particular, it was demonstrated by Peng et al. [40] that automatic
differentiation-based optimization is the best method for phase computation. However,
it requires iterative processing, which is not suitable for fast processing, and should not
be incorporated into interactive systems. Therefore, in this study, the DPAC method is
adopted, which computes the phase hologram directly.
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Chapter 6

Eye Aberration Correction

In this section, two methods of correcting eye aberrations in actual HNED are examined.
One is a correction method that calculates the phase distribution reproduced in front of the
eye with opposite aberration to the eye. The other is a method that calculates the shape
of the observed image which is opposite to the image distortion caused by eye aberrations.

6.1 Solution 1: Inverse wavefront aberration

z

SLM

uobject uprop uretina

a

human eye
simulation

b

uslm u-target

Figure 6.1: Schematic diagram of propagation in Solution 1.

The first method is to make the wavefront after passing through the lens with aberration
the same as the wavefront after passing through the lens without aberration. This method
utilizes the HNED optical system that does not use an eyepiece, as shown in Fig. 5.1(a). To
achieve this method, the wavefront u− in front of the lens should be reproduced with the
aberration which is the opposite of the lens aberration. First, the generalized pupil function
Prev is calculated, which has the inverse aberration of the lens. Since the aberration of the
lens is expressed by the wavefront aberration, when the aberration of the lens is W (x, y),
Prev is expressed by the following equation:

Prev(x, y) = P (x, y) exp(ik(−W (x, y))). (6.1)
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Second, the complex amplitude u−
target is defined to be reproduced just before the lens as

follows

uprop = Propa(uobject) (6.2)
u−

target = uprop ∗ Prev(x, y). (6.3)

Finally, to calculate the phase uslm to be displayed on the SLM, u−
target is backpropagated

from the front of the lens to the SLM plane:

uslm = Prop−a(u−
target). (6.4)

The complex amplitude distribution obtained in this way, uslm, is processed using the DPAC
method to obtain the phase distribution displayed on the single SLM.
In the simulation, the propagation from the SLM plane to the retina is calculated. This
formula is as follows:

uretina = Propb(Propa(uslm) ∗ t(x, y) ∗ P(x, y)). (6.5)

The simulation results of lens aberration correction using this method are shown in Fig. 6.2.
In this simulation, vertical astigmatism is set as the lens aberration. It can be seen that by
reproducing the reverse aberration in front of the lens, the aberration of the lens is canceled
out and a clean image is formed.

Phase Distribution at uslm Intensity Distribution at uprop Intensity Distribution at uretina
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Figure 6.2: Simulation results of correcting vertical astigmatism in Solution 1.

However, there is a fatal problem with this method. The human eye cannot see the image
directly (Fig. 6.1). This method is based on the premise that light propagates from plane
to plane, and since collimated laser light is used, the light propagates in parallel. Although
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it is easy to adjust the focus to an arbitrary position with a camera, the human eye cannot
adjust. This method is implemented in an actual optical system and several people observed
images through the setup. As a result, they could not observe the images like the simulation.
Since the eye’s focus adjustment is not possible, they could only see an image like a point
light source (Fourier transformed image). Therefore, another method is needed that would
allow human observation.

6.2 Solution 2: Inverse image shape

uslm

z

ureal uretinauvirtual

Eyepiece

SLM

a b
c d

uobject

Figure 6.3: Schematic diagram of propagation in Solution 2.

Because Solution 1 became unobservable to humans, a human-observable optical system is
designed. The main reason why the image could not be observed in Solution 1 is that the
light incident on the eyes was parallel light. Therefore, HNED was designed using eyepieces
(Fig. 5.1(b)). The aberration-correctable HNED system using an eyepiece is depicted in
Fig. 6.3. In this optical system, the real image ureal is observed through an eyepiece.
Because this optical system uses a virtual image, the imaging process with the wavefront
propagation cannot be directly simulated. Therefore, the image magnification of the virtual
image is ignored in simulations, and the image formed on the retina is calculated by treating
the virtual image as the real image.
The real image observed through the eyepiece is calculated such that the distortion of the
image is opposite to the distortion caused by the eye lens. The phase distribution to be
displayed on the SLM is derived from the following propagation calculation:

uslm = Propa(uobject) ∗ t(x, y) ∗ Prev(x, y) (6.6)

where Prev(x, y) contains aberrations that are the opposite of eye aberrations. The real im-
age to be observed by the eyepiece can be obtained from the following propagation formula:

ureal = Propb(uslm). (6.7)

Only in the simulation, the real image is formed on the retina along with the following
propagation formula:

uretina = Propd(Propc(ureal) ∗ t(x, y) ∗ P(x, y)). (6.8)
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The results of the simulation are presented in Fig. 6.4. In this simulation, corrections have
been made for cases where the eyes have vertical or oblique astigmatism. As shown by these
results, the aberration distortions can be corrected.
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Figure 6.4: Simulation results of correcting vertical and oblique astigmatism in Solution 2.
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Chapter 7

Result

In this section, an actual optical system is constructed based on the propagation formula
proposed in Chapter 6 and present the results of the aberration correction.

7.1 Optical Setup

The setup of the optical system is depicted in Fig. 7.1. The light source was a 520 nm laser
beam, which was collimated and then irradiated to the SLM through a linear polarizer.
The SLM used in this experiment was Thorlabs Exulus-4K-11, with a pitch of 3.74 µm
and a pixel count of 3840×2160. In this study, the central 2160×2160 pixels were used to
display the phase distribution. The SLM depicts the phase distribution calculated using
Eq. 6.6. Because the phase pattern displayed on the SLM included the lens pattern, the
light modulated by the SLM was focused. Because the zeroth-order diffraction light was
not included in the focused light, the aperture stop was set to cut off the zeroth-order light.
Additionally, the first-order diffraction light from the SLM was used in this experiment
because the amount of light coaxial to the optical axis was insufficient. The real image
formed by the SLM lens pattern was observed using an eyepiece. The observed image
was best seen when the position of the eyes was set at the focal length of the eyepiece.
When reproducing aberration, an optical element (e.g., a cylindrical lens for astigmatism
reproduction) was set at the position in front of the eye position.

1https://www.thorlabs.com/thorproduct.cfm?partnumber=EXULUS-4K1/M (last accessed Nov. 16, 2020)
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7.2 Display Result

The change in the observed image with and without correction is depicted in Fig. 7.2.
Images were taken with a camera (SONY ILCE-7RM2, 90 mm lens) in the position of the
eyes. The aperture was open for all shots (f/2.8) and the camera was focused at a distance
of 0.5 m. In Fig. 7.2, a ruler is attached to the image with no aberration as a reference
size at 0.5 m. This experiment considered four types of astigmatism (horizontal, vertical,
oblique, and mixed), myopia, and hyperopia. When reproducing horizontal, vertical, and
oblique astigmatisms, one cylindrical lens (focal length of 100 mm) was set at an angle
of 0◦, 90◦, and 45◦, respectively. To reproduce myopia and hyperopia, plano-convex and
plano-concave lenses with focal lengths of 100 mm and -100 mm, respectively, were used.
Mixed astigmatism was reproduced by using two cylindrical lenses with two different focal
lengths (100 mm and 150 mm) set at different angles.
For the sake of simplicity, the number of Zernike coefficients used in this experiment was
reduced. For vertical and horizontal astigmatisms, the Zernike coefficient of n, m = 2, 2 was
used; for oblique astigmatism, the Zernike coefficient of n, m = 2, −2 was used; for myopia
and hyperopia, the Zernike coefficient of n, m = 2, 0 was used; and for mixed astigmatism,
two Zernike coefficients of n, m = 2, 2 and n, m = 2, −2 were used (n, m are the same as
those used in Eq. 3.11).
Four different images are prepared with uppercase E, USAF 1951, baboon, and checker-
board, and the results for each of the different aberration setting have been presented.
In all cases, the image form was restored to an aberration-free state, indicating that the
aberrations have been corrected.
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Figure 7.1: (a) Optical setup of the benchtop prototype of HNED. (b) Schematic of the optical
setup. LD: laser diode; CL: collimator lens; PL: polarizer; BS: beam splitter; AS: aperture stop;
ND: ND filter; AL: aberrated lens.
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Figure 7.2: Display results by the HNED with and without aberration correction. Of each aber-
ration correction result, the upper and lower column are the image before and after correction,
respectively. There are six types of aberrations: horizontal astigmatism, vertical astigmatism,
oblique astigmatism, myopia, hyperopia, and mixed astigmatism. In all aberration patterns, the
displayed image can be compensated.
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Chapter 8

User Interface and User Study

In the preceding sections, the optics of the near-eye display, aberration correction method,
and display results are described. In this section, an interface is developed to enable users
to adjust the correction coefficients on their own. Additionally, the experiment on humans
is performed to analyze the results of the aberration correction using the proposed interface.

8.1 User Interface

In Section 5, the correction coefficients for each aberration were adjusted to demonstrate
the correction results. The objective of providing a simple user interface is to enable the
user to adjust the coefficients on their own.
Figure 8.1 (a) depicts the image of the experimental system and the user interface. The
user interface is provided and the phase calculation is processed on the same computer. The
SLM is connected to the computer via an HDMI cable. The user interface has a slide bar
for adjusting each coefficient, as depicted in Fig. 8.1(b). In this experiment, for the sake of
brevity, only correction coefficients corresponding to vertical and horizontal astigmatisms,
oblique astigmatism, and myopia and hyperopia were used (although it is possible to provide
coefficients for higher-order aberration corrections). The user can adjust the correction
coefficients by moving the slide bar, and each time the coefficients are updated by pushing
the button, a process is performed to calculate the phase distribution to be displayed on
the SLM. The user can repeat the adjustment of the coefficients until the image is displayed
correctly.

8.2 User Study

An experiment on human subjects is performed to validate the effectiveness of the proposed
method. In this section, the summary and discussion about the design and results of the
experiment is described.

8.2.1 Tasks

A visual acuity test-like task is set up to quantify the improvement in vision after correction.
The letter E, also depicted in Fig. 7.2, is often used in visual acuity tests [53]. In a typical
visual acuity test, participants are asked to name the direction letter E is pointing toward
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Viewing Angle

Interface

(a) User Interface with Optical Setup

(b) Interface Screen

Figure 8.1: (a) Exterior view of the user’s actual use of the interface with the HNED. (b) Screenshot
of user interface used in this experiment. There are three slide bars and buttons for updating and
resetting.

and their visual acuity is determined from their correct responses. In this experiment,
whether the correction improved the participants’ correct response rate is checked. The
following four experimental conditions were set up.

1. Without aberration reproduction lens (participant’s naked eyes only) and without
correction by HNED.

2. Without aberration reproduction lens (participant’s naked eyes only) and with correc-
tion by HNED.

3. With aberration reproduction lens and without correction by HNED.

4. With aberration reproduction lens and with correction by HNED.

Participants were asked to indicate the orientation (up, down, left, right) of letter E when
they could recognize the letter. For the aberration reproduction lens, a cylindrical lens was
used at a 45°angle to reproduce oblique astigmatism (same settings as shown in Fig. 7.2).
It is noted that the size of the E letter when the direction of E as answered by the participant
was correct. The magnitude of E was measured by the angle of view. It was assumed that 1
minute-angle (1/60°) at a distance of 5 m is equivalent to 1.454 mm, and the visual acuity
of 1.0 corresponds to the visual acuity that can discriminate 1 minute-angle (Fig. 8.2). In
this experiment, the minimum size to be displayed was 0.295°depending on the resolution
of the display itself.

29



1 minute view angle:
(1/60°=  1’ )

1.454mm
7.
27
2m
m

5m

Figure 8.2: Relationship between viewing angle and E letter size and distance. When the observer
can identify the equivalent of 1 minute-angle in the visual acuity test, the visual acuity is diagnosed
as 1.0.

8.2.2 Procedure

Participants worked on the experiment in a room where the benchtop prototype of HNED
was prepared. In the room where the experiment was conducted, the amount of light was
slightly reduced such that the image displayed by the HNED could be easily seen. The
participants first observed the sample image displayed by the HNED, confirmed which eye
was easier to see, and decided which eye to use in the experiment. Next, they answered
a pre-questionnaire about the eyes they used. After answering the questionnaire, they
received an explanation of the experiment contents and how to use the user interface, and
tried it to become familiar with the operation of the interface. The experiment was started
when the participants were fully accustomed to the interface. The participants performed
tasks 1 to 4 in sequence, and participants’ answers and correction results were recorded.
Since there were no restrictions on the number or time of trials for correction, the time used
for the experiment was different for each participant; however each experiment time for all
participants was within 30 minutes.

8.2.3 Participants

The participants were classified into two groups based on a pre-questionnaire. Group 1 (G1)
comprised people who could manage their daily routines with their naked eyes, regardless
of whether they owned glasses or contact lenses. There were nine participants (ages 20
to 26, mean 22.6±2.19) in this group, and their self-reported visual acuity had a mean of
1.056 and a standard deviation of 0.631. Group 2 (G2) comprised people who usually wore
glasses and would be unable to manage their daily lives without them. There were nine
participants (ages 20 to 24, mean 21.7±1.41) in this group , and their self-reported visual
acuity had a mean of 0.154 and a standard deviation of 0.100. Of all participants, 12 were
nearsighted, 1 participant was farsighted, and 6 participants were astigmatic. These two
groups were tested under the four conditions described above.

8.2.4 Result

The boxplots for each group are depicted in Fig. 8.3 for the minimum size of the discrim-
inable letter E measured under each experimental condition. The Wilcoxon rank sum test
was used to analyze the experimental results before and after the correction with a signif-
icant difference of 5%. In G1, there were no significant difference between tasks 1 and 2
in the Wilcoxon rank sum test (p = 0.1573), because users with good eyesight could see
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Figure 8.3: Boxplots of the results of the experiment. The orange line represents the median, box
represents the quartile range, whiskers indicate minimum and maximum, and dots indicate the
outliers.

the smallest size on the display, and there was no improvement from the correction. In
contrast, an improvement between tasks 3 and 4 with the aberration reproduction lenses
is recognized, with a significant difference in the Wilcoxon test (p = 0.0412). In G2, there
was a significant difference between tasks 1 and 2 (p = 0.0277) and between tasks 3 and 4
(p = 0.0112).
These results indicate that the proposed correction interface is effective. In particular, the
significant difference between tasks 1 and 2 in G2 is an important result that demonstrates
the usefulness of the proposed method in correcting the visibility even for the user’s naked
eyes.
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Chapter 9

Discussion

9.1 Optical Characteristics of Proposed HNED

9.1.1 Optical Limitations of HNED

As shown in Fig. 7.1, the HNED developed in this study is designed to observe the image
formed by SLM through the eyepiece. It is considered that the minimum resolution of the
HNED is slightly reduced due to the image formation by SLM and the image enlargement by
the eyepiece. In the subject experiment in Chapter 8, the minimum viewing angle displayed
by this HNED was 0.295◦ (17.7 arcmin angle). However, in a general visual acuity test, it
is necessary to present a minimum viewing angle of about 0.017◦ (1 arcmin angle) in order
to confirm a visual acuity of 1.0. Due to this lack of resolution, the accuracy of aberration
correction has not been fully discussed.
In addition, in this HNED, the eyepiece was used to expand the viewing angle and human
observability, which made the eyebox very narrow. To realize a practical HNED, it is
required to have both a wide viewing angle and a large eyebox. In the optical system of this
HNED, there is still room for improvement. In the future, when the eyebox is expanded (for
example, a holographic optical element with multiple focal points is used for the eyepiece
as in the previous research), it is necessary to precisely examine how effective the proposed
aberration correction method is.

9.1.2 Image Distortion Independent of Focal Length

Many near-eye displays use eyepieces, and the optics that place the eye at the focus of
the eyepiece are known as the Maxwellian view display or retinal display [54, 3, 55, 56].
The Maxwellian-type near-eye display has the advantage of displaying images independent
of the focal length of the eye. By aligning the light path to the center of the pupil, the
display is not affected by the eye. However, these displays are not completely free from eye
aberrations. For example, Takaki et al. [3] demonstrated the need to consider the effect of
astigmatism. In the experiments of this study, it is also found that people with severely
impaired eyesight are affected by eye aberrations.
To investigate the relationship between the aberration and Maxwellian view in the optical
system, the images at different focal positions are observed through an aberration repro-
duction lens (plano-convex lens with a focal length of 100 mm for myopia reproduction).
Figure 9.1 depicts the results with and without an aberration reproduction lens. Under
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Figure 9.1: Images depicting the characteristics of the Maxwellian view. The upper and lower
columns depict the images without and with an aberration-reproducing lens, respectively.

both conditions, the image does not depend on the focal length; in the presence of the
aberration, the image is blurred even when the focal length is changed.
However, it is also true that the images produced by the Maxwellian view are not affected
easily by aberrations. Therefore, although the proposed optical system is considered to be
a Maxwellian-type near-eye display, the discussion of aberrations is essential.

9.1.3 Full-Color HNED

In this study, monochromatic aberrations are only focused on because one laser wavelength
is only used for HNED. Colorization is an essential element in enriching HNED. Therefore,
an experiment on aberration correction in full-color HNED is performed, taking pictures
for each RGB wavelength and postprocessing them to simulate a full-color display. The
exposure time of each image was 1/320 s, and images were displayed at 30 Hz on the SLM.
The optical system used in the full-color experiment is depicted in Fig. 9.2(a). A laser
combiner was used to unify the optical axes at all wavelengths, and a cylindrical lens with
a focal length of 100 mm was used to reproduce the aberration.
Figure 9.2(b) depicts the results before and after the aberration correction. The same
correction factors were used for aberration correction for all wavelengths. It is evident that
aberration correction works even when the same correction factors are used. In the future,
more detailed aberration correction will be required for each wavelength, and a higher frame
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(a) Optical Setup for Full Color Test

(b) Display Result (images are post-processed)
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Figure 9.2: (a) An image of the optical system used in the full-color experiment. (b) Results of
aberration correction in the full-color experiment. All images were post-processed from the images
taken at each RGB wavelength.

rate of SLM will enable full-color observation.

9.1.4 Computer-Generated Hologram

The DPAC method was employed in this study to achieve a fast phase calculation. However,
in principle, this method causes a reduction in the intensity of light [40]. In the DPAC
method, a checkerboard pattern of phases on the SLM causes diffraction images and light
dispersion. In the experiment by Peng et al. [40], the diffraction image was ignored and
only the image generated coaxially with the optical axis was utilized. However, in the setup
of this study, the amount of light in the image on the optical axis is extremely low owing
to the use of the SLM with a smaller pitch size; hence, the diffracted image is only used.
To avoid these problems, a high-precision phase calculation method without a periodic
structure is required. If interactive computation is required, it is necessary to perform the
most appropriate phase computation based on the coefficient input by the user. Therefore,
it is possible to build a neural network architecture with user-defined aberration correction
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coefficients in the future.

9.1.5 Hardware Miniaturization

In this study, a lens pattern is added to the phase pattern displayed on the SLM for cut-
ting the zeroth-order light. In this design, the distance from the SLM to the image plane
is required, which increases the optical path length and enlarges the optical system. To
realize spectacle-type devices for augmented reality in the future, it is necessary to opti-
mize the phase distribution and make the optical design small. For example, if the phase
distribution displayed on the SLM is close to the real image for the observation and the
holographic optical element is placed at the position of the lens of the glasses as an eyepiece,
miniaturization can be achieved.

9.2 Correction Adjustment Interface and User Study

The results in Section 8.2.4 demonstrate that aberration correction via the proposed inter-
face was useful. However, further improvements to the proposed method and additional
subject experiments are necessary.

9.2.1 Exploring Optimal Coefficients Values

The most important drawback is that the user may not be able to reach the appropriate
coefficients in some cases. Although this interface allows users to adjust the coefficients
by moving the slide bar freely, the search for the appropriate coefficients requires many
trials. In the experiment, some users gave up adjusting the correction because the search
was unsuccessful. The key to solving this problem is to make the search easy and accurate
for users. The simplest method is to first move the slide bar slowly and automatically, and
let the user select the most improved condition. If the user searches around the selected
condition after making a selection, it is considered that accurate correction can be achieved
without failing to correct the aberration. However, since a large number of combination
patterns are presented to the user, this is a time-consuming method.
On the other hand, there are some pioneering works on this type of the optimization prob-
lem. These are the studies of treating an user as a black box or as a function that can answer
only likes and dislikes, and inferring appropriate coefficients from the few responses [57, 58].
In the HNED, there can also be a method to search for coefficients by showing users some
correction results and having them provide feedback on the quality of the adjustment results.

9.2.2 Hologram Calculation Time and Interactivity

As mentioned before, some people quit the search for the correction coefficient. This with-
drawal may be due to the time required for a single attempt. In this experiment, the phase
calculation to update the coefficients took approximately 4 s, and the coefficients had to be
specified and then the update button is pressed to reflect the correction result. It is needed
to reduce the calculation time to be able to see the result of the correction synchronized
with the slide bar movement.
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9.2.3 Lack of Human Subjects with Severe Astigmatism

In the subject experiment of this study, users with various eyesight participated. In par-
ticular, Section 8.2.4 revealed that the correction was effective for users with low eyesight.
However, all users with low eyesight were myopia or hyperopia users. Since users with severe
astigmatism were not recruited in the subject experiment, a lens that reproduces astigma-
tism was used in this experiment. In the future, it is necessary to experiment whether
appropriate correction can be realized when a user with severe astigmatism actually uses
this HNED.
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Chapter 10

Conclusion

In this study, an HNED with an interactive aberration correction mechanism is proposed.
A correction method for individual eye aberrations has not been studied thoroughly, and
no studies have been conducted on the user interface for correction adjustment. To develop
an HNED that can compensate for eye aberrations, light propagation including eyes with
aberrations is formulated based on wave optics. In the proposed HNED, the phase including
the aberration opposite to that of the eye is displayed by SLM. By propagating light from
the SLM plane with inverse aberration to the image plane, a real image with distortion
opposite to that of the eye can be obtained. This correction method was validated under
the condition of reproducing eye aberrations with a spherical lens or a cylindrical lens, and
it was verified that the correction was successful. Additionally, a GUI is developed that can
work with the HNED to enable the user to make his or her own corrections because eye
aberrations differ from individual to individual. This interface enables the user to search for
the best coefficient values of aberration correction on their own. An experiment on human
subjects is performed in which individuals with good and poor eyesight were invited to
participate to validate the proposed method. As a subject experiment, an experiment such
as a visual acuity test was performed. In this experiment, the minimum resolution that the
user can identify before and after the correction was measured, and the improvement of the
displayed image by the correction was quantitatively shown. Through the experiment, it is
found that the aberration correction using the interface can help make images discriminable.
In the future, some improvements and developments are required for aberration correction.
Firstly, it will be necessary to propose a method to perform more detailed aberration cor-
rection that can handle higher-order aberrations. Secondly, it will be necessary to improve
the correction method in order to reduce the burden on the user required for adjusting the
correction. Finally, a method of aberration correction for other types of HNED will also
be required. I believe that the formulation of the problem and proposed correction method
will be useful for designing these aberration correction methods in the future.
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