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Figure 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.

ABSTRACT
Distortions of observed images have been a long-standing problem
in near-eye displays. Although many correction methods for optical system-dependent aberrations have been proposed, the image
distortions caused by eye aberrations have not been studied thoroughly. In addition to the problem, eye aberrations are individual
specific. Therefore, a system capable of correcting the aberration
irrespective of the individual is necessary. In this study, we propose
an aberration-correctable holographic near-eye display (HNED)
that can be used to interactively compensate for image distortions
caused by eye aberrations. We formulate a propagation equation
that includes eye aberrations in the HNED and developed a GUI
that enables a user to correct eye aberrations on their own. In this
system, the image displayed on the HNED is updated based on the
correction coefficients specified by the user. We performed experiments on human subjects to verify the effectiveness of the proposed
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method. Our results indicate that the minimum identifiable size in
our HNED can be reduced by the aberration correction using our
interface, and especially our aberration correction method is useful
for the visibility of low visual-acuity users.
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INTRODUCTION

Near-eye display is an essential technology for realizing the virtual and/or augmented reality. It can provide various new visual
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Figure 2: Process to correct the image distortions caused by
eye aberrations. User can realize the aberration compensation by repeatedly checking the image and adjusting the correction parameters.

experiences. In particular, holographic near-eye display (HNED),
which is based on holographic computation, is considered to be an
important technology to display high resolution and 3D images.
Various methods have been proposed in the past few years for the
advancement of holographic display technologies.
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
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. If near-eye displays are not designed for
aberration correction, it will be problematic for users who have eye
problems that require eyeglasses.
The problem of eye aberrations has not been explored fully in the
context of HNEDs. Maimone et al. [32] 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 HNED.
Takaki et al. [43] 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 formulation
of the eye aberration problem and aberration correction method.
Kim et al. [22, 23] 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.

K. Yamamoto et al.
Therefore, the research on aberration correction in near-eye displays is limited in terms of usability and feasibility. In this study, we
propose an aberration-correctable HNED and a GUI to enable users
to correct aberrations interactively. We used imaging simulations
and actual optical systems to evaluate the proposed aberrationcorrectable HNED. 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. 2). To test the effectiveness of the interface, we
performed an experiment involving human subjects. 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.
The main contributions of this study are the following:
• We formulated the propagation of light in the HNED, including aberrated eyes, and proposed a method for computing
the wavefront that can compensate for the aberrations. We
also built a benchtop prototype of the HNED.
• We have developed an interface that helps the users to correct aberrations interactively by themselves.
• We performed an experiment involving human subjects to
verify the effectiveness of aberration correction using the
aberration-correctable benchtop prototype of the HNED and
GUI.

2 RELATED WORK
2.1 Measurement, Correction, and Simulation
of Eye Aberration
Correct visual information is important for humans to live. 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
1801 [50]. Subsequent studies have advanced our understanding of
the human eye aberrations. These include the studies to measure
the eye aberrations as geometric aberration [45] and analyzing
the aberrations using a subjective assessment [13, 14]. 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 [12, 27, 28, 40]. 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 correction. Because it
is difficult to correct higher-order aberrations, a technology, such
as contact lenses, capable of correcting such aberrations are required [36, 44, 46]. In addition to these two correction methods,
various other methods of aberration correction have been proposed:
using phase plates for aberration correction [35], incorporating
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Table 1: Comparison with previous vision-correcting displays.

Huang et al. (2011) [16]
Fernandez et al. (2012) [9]
Pamplona et al. (2012) [38]
Huang et al. (2012, 2014) [17, 18]
Maimone et al. (2017) [32]
Takaki et al. (2018) [43]
Kim et al. (2019, 2020) [22, 23]
Ours

Display Position
Far-Eye Display
Far-Eye Display
Far-Eye Display
Near-Eye Display
Near-Eye Display
Near-Eye Display
Near-Eye Display

Display Type
LCD
Adaptive Optics Visual Simulator
Light Field Display
Light Field Display
Holographic Display
Holographic Display
Holographic Display
Holographic Display

adaptive optics to correct aberrations in real-time while measuring
eye aberrations [10], overlaying the compensation image with an
optical see-through HMD [19], inserting intraocular lenses [1, 2],
and corneal surgery using lasers [33].
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 [6, 47] and the rendering method [3, 7, 21, 37] 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 [4, 9, 41].

2.2

Vision-Correcting Display

People use displays naturally in their routines. This makes the
comfort of viewing displays 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. [16].
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 [17]. Later on, methods
based on using light field displays for aberration correction have
been proposed [18, 38].

2.3

Aberration Correction for Near-Eye
Display

Image distortion due to aberration has been a problem in many neareye displays. This problem is caused by optical system-dependent
aberrations. Therefore, aberration correction methods have been
considered [26, 29, 34, 49] 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 [5, 39].
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. [32] considered
both optical and eye aberrations together as a single aberration and
described the feasibility and importance of aberration correction accordingly. Takaki et al. [43] described the effect of aberration in the

GUI for User-defined Parameters
N/A
N/A
N/A
N/A
N/A
N/A
N/A
Available

Real-time Aberration Measurement
N/A
Available
N/A
N/A
N/A
N/A
N/A
N/A

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. [22, 23] 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 Our Method

In Table 1, we summarize the existing methods 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, we propose a method for users to make their own corrections
by providing a GUI.

3 PRINCIPLE
3.1 Light Propagation
HNED is a device that outputs images based on hologram calculations. Hologram computation is based on wave optics, which
treats light as a wave; the computed hologram is called a computergenerated hologram. In wave optics, the state of the light is expressed in complex amplitudes. When dealing with the light propagation from one plane to another, we calculate the distribution of
complex amplitudes on each plane. The source plane of the light
propagation and the destination plane are defined as 𝑢 1 and 𝑢 2 ,
respectively (Fig. 3(a)). In this study, we use the Fresnel diffraction
propagation equation to calculate the light propagation. The Fresnel
diffraction propagation from 𝑢 1 to 𝑢 2 is represented as following:




𝑖𝜋𝑝 2  2
(1)
𝑢 2 (𝑥 2, 𝑦2 ) = F −1 F [𝑢 1 (𝑥 1, 𝑦1 )] F exp
𝑥 1 + 𝑦12
𝜆𝑧
where F is the Fourier transform, F −1 is the inverse Fourier transform, 𝑧 is the distance between 𝑢 1 and 𝑢 2 , 𝜆 is the wavelength, and
𝑝 is the pitch size of the SLM.
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Figure 3: (a) Schematic of refocusing of a point light source with a lens. (b) Schematic of imaging on the retina by the eye lens.
(c) Schematic of light propagation in our HNED, including SLM and eyepiece. The user observes the real image formed by the
SLM as an imaginary optical system through the eyepiece. (d) Results of aberration correction simulated based on the light
propagation formulated in (c).

3.2

Lens Imaging with Aberrations

The human eye is an optical imaging device. It consists of two lenses
(the cornea and crystalline lens) and a sensor (the retina). In general,
the role of the lens is to refocus a point light source (Fig. 3(a)). The
following equation represents the distance relationship between
the point light source and the refocus point:

P (𝑥, 𝑦) = 𝑃 (𝑥, 𝑦) exp(𝑖𝑘𝑊 (𝑥, 𝑦))

1 1 1
+ =
𝑎 𝑏
𝑓

In such imaging optical systems, perceptible distortions occur
owing to distortions by the lens. Similar to the optical lens, the
human eye is also prone to distortion, which is commonly called
astigmatism. Such a distortion is defined as a wavefront aberration
in wave optics. Wavefront aberration is a measure of the distance
between the ideal and distorted wavefronts. Wavefront aberration
is generally expressed using the Zernike polynomial as follows:
=

(5)

(2)

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. 1 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):



𝜋 𝑥 2 + 𝑦2
𝑡 (𝑥, 𝑦) = exp −𝑖
.
(3)
𝜆
𝑓

𝑊 (𝑥, 𝑦)

where 𝑊 (𝑥, 𝑦) is the wavefront aberration, 𝑍 𝑗 is the Zernike polynomial, and 𝛼 is the Zernike coefficient.
Because these aberrations are caused by the lens, we must consider the aberrations in the lens equation. We include the aberration
in the pupil function 𝑃 and define it as the generalized pupil function P:

𝑁
Õ
𝑗=0

𝛼𝑗𝑍𝑗

(4)

where 𝑘 is the wave number. Utilizing Eq. 3 and Eq. 5, the transformation equation for the complex amplitude distribution with an
aberrant lens is defined as
𝑢 + = 𝑢 − ∗ 𝑡 (𝑥, 𝑦) ∗ P (𝑥, 𝑦)
where 𝑢 −

(6)

and 𝑢 +

are the complex amplitude distributions at the
front and behind the lens, respectively.

3.3

Calculating Phase Hologram on SLM

Recently, several optimization methods have been proposed to compute phase holograms on SLMs. In particular, it was demonstrated
by Peng et al. [39] 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
cannot be incorporated into interactive systems. Therefore, we
adopted the double-phase amplitude coding (DPAC) method, which
computes the phase hologram directly. The principle of the DPAC
method was proposed several decades ago [15]. Recently, a method
for recovering complex amplitudes using a diffraction grating has
been proposed [11, 30]. The working principle behind this method
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Figure 4: (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.
is that complex amplitudes can be recovered from two phases:
𝐴 exp(𝑖𝜃 ) = exp(𝑖𝜃 1 ) + exp(𝑖𝜃 2 )
arccos( 𝐴2 )

(7)

arccos( 𝐴2 ).

where 𝜃 1 = 𝜃 +
and 𝜃 2 = 𝜃 −
This method
enables to handle complex amplitudes even when using only phase
SLMs. Maimone et al. [32] proposed a method for displaying two
phases in a checkerboard pattern, each being equivalent to a single
SLM. This method is also adopted in this paper.

We formulate the imaging optics of the eye in a near-eye display.
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. 2
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. 3 (b)), the image of the object on the retina is given by the
following propagation equation:
(8)

where 𝑃𝑟𝑜𝑝𝑛 () is the propagation computation in Eq. 1 at distance
𝑧 = 𝑛.

4.2

𝑢𝑠𝑙𝑚 = 𝑃𝑟𝑜𝑝𝑎 (𝑢𝑜𝑏 𝑗𝑒𝑐𝑡 ) ∗ 𝑡 (𝑥, 𝑦) ∗ P𝑟𝑒𝑣 (𝑥, 𝑦).

(9)

where P𝑟𝑒𝑣 (𝑥, 𝑦) contains aberrations that are the opposite of eye
aberrations. The real image to be observed through the eyepiece
can be obtained from the following propagation formula:
𝑢𝑟𝑒𝑎𝑙 = 𝑃𝑟𝑜𝑝𝑏 (𝑢𝑠𝑙𝑚 ).

(10)

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

4 EYE ABERRATION CORRECTION
4.1 Imaging Formula

𝑢𝑟𝑒𝑡𝑖𝑛𝑎 = 𝑃𝑟𝑜𝑝𝑏 (𝑃𝑟𝑜𝑝𝑎 (𝑢𝑜𝑏 𝑗𝑒𝑐𝑡 ) ∗ 𝑡 (𝑥, 𝑦) ∗ P (𝑥, 𝑦))

by the eye lens. The phase distribution to be displayed on the SLM
is derived from the following propagation calculation:

Eye Aberration Correction Formula

An aberration-correctable HNED system using an eyepiece is depicted in Fig. 3(c). In this optical system, the real image 𝑢𝑟𝑒𝑎𝑙 is
observed using an eyepiece. Because this optical system uses a virtual image, we cannot simulate the imaging process appropriately
with the wavefront propagation. Therefore, we ignore the image
magnification of the virtual image in simulations and calculate the
image formed on the retina 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

𝑢𝑟𝑒𝑡𝑖𝑛𝑎 = 𝑃𝑟𝑜𝑝𝑑 (𝑃𝑟𝑜𝑝𝑐 (𝑢𝑟𝑒𝑎𝑙 ) ∗ 𝑡 (𝑥, 𝑦) ∗ P (𝑥, 𝑦)).

(11)

The results of the simulation are presented in Fig. 3 (d). In this
simulation, we attempted to correct for vertical and oblique astigmatisms. As shown by these results, the aberration distortions can
be corrected.

5

RESULT

In this section, we construct an optical system based on the propagation formula proposed in Section 4 and present the results of the
aberration correction.

5.1

Optical Setup

The setup of the optical system is depicted in Fig. 4. The light source
was a 520 nm laser beam (Thorlabs LP520-SF151 ), which was collimated and then irradiated to the SLM through a linear polarizer,
and an ND filter with an optical density of 2.0 was used to reduce
the amount of light incident on the eye. The SLM used in this experiment was Thorlabs Exulus-4K-1/M2 , 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. 9. Because the phase pattern
1 https://www.thorlabs.co.jp/thorproduct.cfm?partnumber=LP520-SF15

(last accessed
Jan. 31, 2021)
2 https://www.thorlabs.com/thorproduct.cfm?partnumber=EXULUS-4K1/M (last accessed Jan. 31, 2021)
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Figure 5: Display results by our HNED with and without aberration correction. The results of the aberration correction were
observed in four types of images: uppercase E, USAF 1951, baboon, and checkerboard. Of the results of each aberration correction, the upper and lower column are the images before and after correction, respectively. Throughout all shooting, the camera
was focused at a distance of 0.5 m with a shutter speed of 1/320 seconds. A ruler is attached to the image with no aberration as
a reference size at 0.5 m. 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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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.

5.2

USER INTERFACE AND USER STUDY

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

6.1

(a) User Interface with Optical Setup
Viewing Angle

Interfac

e

(b) Interface Screen

Display Result

The change in the observed image with and without correction is
depicted in Fig. 5. Images were taken with a camera (SONY ILCE7RM2, 90 mm lens) in the position of the eyes. The aperture was
open for all shots (f/2.8). 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, only three Zernike coefficients
were used in this experiment: vertical or horizontal astigmatism,
myopia or hyperopia, and oblique astigmatism.
We prepared four different images with uppercase E, USAF 1951,
baboon, and checkerboard, and have presented the results for each
of the different aberration settings in each image. In all cases, the
image form was restored to an aberration-free state, indicating that
the aberrations have been corrected.

6
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User Interface

In Section 5, the correction coefficients for each aberration were
adjusted to demonstrate the correction results. Our objective was
to provide a simple user interface to enable the user to adjust the
coefficients on their own.
Figure 6(a) depicts the image of our 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. 6(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

Figure 6: (a) Exterior view of the user’s actual use of the interface with our HNED. (b) Screenshot of user interface used in
this experiment. There are three slide bars and buttons for
updating and resetting.

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.

6.2

User Study

We performed an experiment on human subjects to validate the
effectiveness of the proposed method. In this section, we summarize
and discuss the design and results of the experiment.
6.2.1 Tasks. We set up a visual acuity test-like task to quantify the
improvement in vision after correction. The letter E, also depicted
in Fig. 5, is often used in visual acuity tests [31]. In a typical visual
acuity test, participants are asked to name the direction letter E is
pointing toward and their visual acuity is determined from their
correct responses. In this experiment, we checked the extent to
which the correction improved the participants’ correct response
rate. 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 correction 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°

6.2.2 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 eye they decided to use. 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.
6.2.3 Participants. In this experiment, 18 members from our laboratory were selected as 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
20/19 and a standard deviation of 20/32. 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 20/130 and a standard deviation of 20/200. 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.
6.2.4 Result. We verified the improvement with and without correction in the four eye conditions: good eyesight, good eyesight +
oblique astigmatism, poor eyesight, and poor eyesight + oblique
astigmatism. The boxplots for each group are depicted in Fig. 7 for
the minimum gap size of the discriminable 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 significant difference of 5%. In G1, there was no significant
difference between tasks 1 and 2 in the Wilcoxon test (p = 0.1573),
because users with good eyesight could see the smallest size on
the display, and there was no improvement from the correction.
In contrast, we see an improvement between tasks 3 and 4 with
the aberration reproduction lenses, with a significant difference

G1: with naked eyes in daily life

*

No Correction (1)

Ours (2)

No Aberration Lens
(Good Eyesight)

Minimum Viewing Angle (arcmin)

angle to reproduce oblique astigmatism (same settings as shown in
Fig. 5). We noted the gap size of the E letter when the direction of
E as answered by the participant was correct. The magnitude of E’s
gap size was measured by the angle of view. It was assumed that
1 arcmin (1/60°) at a distance of 5 m is equivalent to 1.454 mm, and
the visual acuity of 20/20 corresponds to the visual acuity that can
discriminate 1 arcmin. In this experiment, the minimum gap size
to be displayed was 3.5 arcmin depending on the resolution of the
display itself.

K. Yamamoto et al.

Minimum Viewing Angle (arcmin)
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No Correction (3)

With Aberration Lens

(Good Eyesight + Oblique Astigmatism)

G2: with eyeglasses in daily life

*

No Correction (1)

Ours (2)

No Aberration Lens
(Poor Eyesight)

* : p<0.05

Ours (4)

*

No Correction (3)

* : p<0.05

Ours (4)

With Aberration Lens

(Poor Eyesight + Oblique Astigmatism)

Figure 7: 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.

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
naked eyes of users with poor eyesight.

7 DISCUSSION
7.1 Aberration-Correctable Holographic
Near-Eye Display
7.1.1 Image Distortion Independent of Focal Length. Many neareye 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 [20, 24, 42, 43]. 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. [43] demonstrated the need to consider the effect of
astigmatism. In our experiments, we also found that people with
severely impaired eyesight are affected by eye aberrations.

Interactive Eye Aberration Correction for HNED
Focal Length : 0.5m

Focal Length : 3m
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(a) Optical Setup for Full Color Test

No Aberration

LD

Laser Combiner
Camera
AL
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CL
PL
SLM

AS

Aberration (Vertical Astigmatism)

BS

(b) Display Result (images are post-processed)
No Aberration

Aberration

Aberration Correction

Figure 8: Images depicting the characteristics of the
Maxwellian view. The upper and lower columns depict the
images without and with an aberration-reproducing lens, respectively.

Figure 9: (a) An image of the optical system used in the fullcolor experiment. (b) Results of aberration correction in the
full-color experiment. All images were post-processed from
the images taken at each RGB wavelength.

To investigate the relationship between the aberration and
Maxwellian view in the optical system, we observed the images
at different focal positions through an aberration reproduction
lens (a cylindrical lens with a focal length of 100 mm for vertical
astigmatism reproduction). Figure 8 depicts the results with and
without an aberration reproduction lens. Under 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.

wavelength, and a higher frame rate of SLM will enable full-color
observation.

7.1.2 Full-Color HNED. In this study, we focused on monochromatic aberrations only because we used only one laser wavelength
for HNED. Colorization is an essential element in enriching HNED.
Therefore, we performed an experiment on aberration correction
in full-color HNED, taking pictures for each RGB wavelength and
postprocessing them to simulate a full-color display. The exposure
time of each image was 1/320 seconds, and images were displayed
at 30 Hz on the SLM. The optical system used in the full-color
experiment is depicted in Fig. 9(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(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

7.1.3 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 [39]. 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. [39], the diffraction image was ignored
and only the image generated coaxially with the optical axis was
utilized. However, in our setup, 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, we only used the diffracted image.
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 coefficients in the future.
7.1.4 Optical Hardware Considerations. In this study, we added a
lens pattern to the phase pattern displayed on the SLM for cutting
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 optimize the
phase distribution and miniaturize the optical design. For example,
if the phase distribution displayed on the SLM is close to the real
image for the observation and the holographic optical element
(HOE) is placed at the position of the lens of the glasses as an
eyepiece, miniaturization can be achieved.

AHs ’21, February 22–24, 2021, Rovaniemi, Finland

K. Yamamoto et al.

In addition, when the proposed HNED is used as a see-through
type, the visual field image of the outside world must also be corrected. The optical design of near-eye displays to address this issue
has begun to be discussed in some studies [48, 51]. In HNED as
well, it will be necessary in the future to deal with the problem by
properly designing the spectacle layer and the HOE layer.

other types of HNED will also be required. We believe that our
formulation of the problem and our correction method will be
useful for designing these aberration correction methods in the
future.

7.2

This research was supported by Pixie Dust Technologies, Inc., and
we would like to thank So Nishimura for his many advices.

User Interface

The results in Section 6.2.4 demonstrate that aberration correction
via our interface was useful. However, further improvements to the
proposed method are necessary. We discuss these improvements in
this section.
7.2.1 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 our interface allows users to
adjust the coefficients by moving the slide bar freely, the search for
the appropriate coefficients requires many trials. In our 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. For example, opticians use the
staircase method to determine the optimal spectacle lens based on
user feedback. There are also studies of treating users as a black
box or as a function that can answer only likes and dislikes, and
reducing the number of user feedback by inferring appropriate
coefficients from the few responses [8, 25]. 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.
7.2.2 Calculation Time and Interactivity. As mentioned before,
some people quit the search for the correction coefficient. This
withdrawal may be due to the time required for a single attempt.
In this experiment, the phase calculation to update the coefficients
took approximately 4 seconds, and we had to specify the coefficients and then press the update button to reflect the correction
result. We need to reduce the calculation time to be able to see the
result of the correction synchronized with the slide bar movement.

8

CONCLUSION

In this study, we proposed an HNED with an interactive aberration
correction mechanism. We developed a correction method for individual eye aberrations, which has not been studied thoroughly
in the past. To develop an HNED that can compensate for eye
aberrations, we formulated light propagation including eyes with
aberrations to enable phase calculation for HNED. Additionally, we
developed a GUI 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 aberration correction on their own. We performed an
experiment in which individuals with good and poor eyesight were
invited to participate to validate the proposed method. We found
that the aberration correction using our interface can help make
images discriminable.
In the future, it will be necessary to propose a method to perform
more detailed aberration correction while reducing the time burden
on the user. Furthermore, a method of aberration correction for
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