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Abstract

The Metaverse is a digital living space built by human beings for an extended experience beyond
the real world. It is a virtual world in nature that maps, transcends, and reacts with the real world,
with a new social system. The Metaverse is highly immersive and interactive such that people
can socialize, learn, play, live and work, just as they do in the real world. Augmented reality
(AR) is an important medium to support the Metaverse by connecting the virtual world and the

real world.

The optical imaging module is a key component of AR display, providing the users with a clear
digitalized image or video that can be superimposed on a realistic external view. For AR, the
main requirements on the optical module include a large field of view (FOV), large pupil exit,
clear display, small size, light weight, and a small shift in the centre of gravity. Although there
have been significant advances in AR displays in the last decade, better optical performance
and more compact hardware structures are still being pursued as a long-term goal. This is also
a major barrier that obstructs the wide uptake of AR devices in the consumer market, as it is
still quite challenging to make a satisfactory balance between the system compactness and

optical display performance.

Based on the requirements mentioned above, this thesis presents an in-depth study of near-eye
see-through displays and proposes some innovative research outputs on both the optical system

design and AR application mode. The main contents are as follows:

This thesis starts with the motivation for carrying out this project, followed by a comprehensive
literature review. The identified challenges in this area underpin the objectives presented in
Chapter 1. In Chapter 2, based on the characteristics of human eyes, the main design
requirements and performance indicators of AR imaging systems are analysed. By comparing
the mainstream AR display technologies, the geometrical waveguide is considered as the most
promising solution in virtue of its 85% transparency, large FOV over 50°, large eye relief around
20mm, large eye box, smaller size, and lightweight. In Chapter 3, based on the requirements of
the AR display system, we develop a one-dimensional geometrical waveguide with 72° FOV
and two-dimensional geometrical waveguide with 69° horizontal FOV and 56° vertical FOV.

The illumination uniformity can reach 83% after optimization. Stray lights causing ghost images

v



are systematically discussed and tailored solutions are presented which suppress the stray light
to under 1% as proven by simulations. Another major barrier for AR display, vergence
accommodation conflicts are discussed in Chapter 4. A dual-layer waveguide design is proposed
to achieve depth changing with 34° FOV to mitigate the dizziness caused by vergence
accommodation conflicts in long time use. The angular uniformity of the intensity across the
exit pupil is more than 70%. Another varifocal geometrical waveguide is also developed and
evaluated by the illumination of different depths. Manufacturing of geometrical waveguide is
discussed in Chapter 5. Manufacturing is a major obstacle for widespread uptake of such a
promising solution. Besides, the evaluation indicators, tolerance and characterization methods
of each step are analysed and proposed. Finally, based on the study of near-eye see-through
display, a fast positioning and calibration system combining waveguide and micro-lens array is
proposed to improve the depth accuracy of 3D imaging. The system could filter out a useful
object from complex background or in poor lighting condition, and scope targeted information

rapidly. It can also calibrate the synthesized images by plenoptic cameras.
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Chapter 1 Introduction
1.1 Background

Augmented reality (AR) "seamlessly" integrates the information from the real world and virtual
world. This burgeoning technology can blend virtual information into the real world by 3D
immersive simulations and then superimpose human senses, such as olfactory and haptic
stimulation, enabling a sensory impression beyond reality [1]. The real environment and virtual
objects are superimposed on the same screen or space in real time, through specially designed
devices such as a helmet-mounted display or AR glasses that combine the real world with

computer graphics.

Augmented reality technology converges multimedia, three-dimensional (3D) modeling, real-
time video display and control, multi-sensor fusion, real-time tracking and registration, scene
fusion and other new techniques. Augmented reality provides the information which is different

from what humans can perceive with fewer dimensions.

In general, there are two definitions of augmented reality. One proposed by Ronald Azuma in
1997 is that augmented reality included three aspects: virtual and reality integration, instant
interaction and 3D markers [2]. The other is Milgram's reality-virtuality continuum proposed
by Paul Milgram and Fumio Kishino in 1994 [3]. They take the real environment and the virtual
environment as two ends of a continuous system, and what is in the middle is called mixed
reality. In theory, AR is in proximity to the real environment, while augmented virtuality (VR)

is closer to the virtual environment as is shown in Figure 1.1.

Mixed
reality (MR) l

-€ >

Real Augmented Augmented Virtual
environment reality (AR) virtuality (AV)  environment

Figure 1. 1 Mixed reality among augmented reality and virtual reality.

Various techniques are developed to enhance the users’ experience and cognitive level, wherein
imaging systems are the fundamental to the AR technology. Optical near-eye see-through

display is the key component, through which the virtual information is presented on the real



environment. Different from the panel displays, near-eye see-through displays are wearable and
close to human eyes. They can be categorized into two types, i.e., optical see-through systems
and video see-through systems. For the optical see-through display shown in Figure 1.2 (a), the
visual information is projected by a light source and displayed in front of the eyes by a
transparent optical element without blocking the view to the real world. In the case of video
see-through display, as is shown in Figure 1.2 (b), it captures the real-world information with
video cameras mounted on the head gear, and projects the digital content to observers on an

opaque display [4].
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(a) Schematic diagram of optical see-through

Digital world m Real world
Video
camera
Video
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Display (opaque)

(b) Schematic diagram of video see-through

Figure 1. 2 Schematic diagram of near-eye see-through display [5]

The optical part consisting of various optical elements is the most important part in the whole
system. However, traditional optical elements cannot meet the demands of such high-end

applications. Consequently, the capability of optical elements has received considerable



attentions, as well as the optical technologies that are used to achieve the field combining

functionality.
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Figure 1. 3 Optical building blocks of an augmented reality headset system [6]

Figure 1.3 illustrates the building blocks of an optical see-through display. The display is where
images are formed and then transferred to form the pupil through an optical combiner. The
building blocks in the optical see-through display are designed to obtain images, exit pupil
expansion and combiner functions synchronically, to accomplish the expected function. As the
essential part, the optical element is the bridge to connect human, the virtual world and the real
world. There are many technical parameters to determine the optical performance of AR devices,
including the form factor, the eye box, and the field-of-view (FOV). To provide a better user
experience, compact optical elements with large FOV, large eye relief, high-resolution, and

lightweight are becoming inexorable tendencies [7-12].

Compared with traditional bulkier displays, like digital screen display, the optical see-through
display is more socially acceptable due to its excellent wearability and compatibility to mobile
applications. The requirements of complicated optical performance induce complex demands
on optical designs which drives the development of on/off-axis optics, freeform optics,
diffractive waveguide, and geometrical waveguide. Among these, waveguide technology has
more advantages over the others and strong potential to dominate relevant applications.
However, due to technical challenges, such as shifting focus and decreased chromatic aberration,

there is a vast gap between the theoretical model and practical products.



1.2 Development and applications of AR displays

The earliest near-eye see-through display concept emerged during the World War I for a helmet-
mounted display around 1915 to 1917 [13, 14]. However, limited by the development of
technology, the first AR system was 1940s, which only developed in the gunsight in military
applications, especially in the condition of bad visibility. The gunsight was projected in front of
the pilots [15]. The first AR system didn’t have promising performance in fulfilling the users’
requirements due to the large weight, limited eye freedom, risk of force loading on pilots’ faces,
etc. In 1961, the world’s first see-through head-mounted AR system was devised, which
employed the conventional cathode ray tube (CRT) display, and the source is an electronic
magazine for imaging. The success of this system also inspired the research and development
of a lighter device because it was suspended to the ceiling, the pioneering part in the work is to
reduce the device weight and loading pressure on people’s head [16]. In 1972, the hybrid
combination system of lenses and hologram, based on diffractive and refractive optics was
introduced, which offered a new optical design for the optical display elements [17, 18]. Despite
the continuous technical innovation in AR, the inveterate disadvantage of the AR applications

was its large keystone distortion since it came out.

In 1980’ies, the concept of head-mounted display (HMD) for pilots’ training in commercial
aviation was proposed. In the same year, the Eye Tap was invented, including the computer, the
camera, and the projector, which allowed users to see the virtual data and the real environment
at the same time. In 1984, the first visual coupling system was invented, which connected pilots
to aircraft with a half-mirror optical combiner. In 1986, the first modern military HMD, the
DASH GEN III, was designed, which provided a collimated image by a spherical visor. The
second modern HMDs reaching 20-degree FOV was developed by Elbit system which is limited
by the monocular system. The third modern HMD can reach the FOV up to 40-degree [14, 19].
In 1968, a headset with two CRTs from the ceiling was built. In 1997, three characteristics of
AR were defined, 1) real and virtual objects in a real (3-D) environment, 2) running interactively
and in real time, 3) aligning real and virtual objects with each other, which contribute to the
future development of artificial intelligence and machine learning [20]. The freeform prism was
first applied into the HMD in 1998 [21]. ARQuake, the first outdoor mobile AR game was
developed in 2000 which represented a milestone of AR development. In the following years,

optical see-through displays developed so fast that more and more products were released while



some mobile applications were even prevailing. In 2013, Google released the wearable optical
head-mounted display (OHMD), namely Google Glass, which is a glass-type device employing
see-through technology based on polarization gratings [15]. In 2014, Holographic waveguide
structure was presented, for which optical transmission of visible light can reach 85%. The
technology makes the system more compact. In 2015, the first commercial holographic
waveguide product, HoloLens was released by Microsoft, which reached a new phase of “mixed
reality (MR)”. MR combines the VR and AR to realise more immersive and diverse interactions
between the real world and virtual world [22]. In 2016, Meta 2 was developed, which applies
the off-axis optics. Then Magic Leap One applying two-layer diffractive waveguides, released
in 2018, solving the dizzy problem to some extent. Microsoft Hololens 2 was released in
February 2019, which achieved an FOV of 52 degrees. In the same year, LetinAR released the
pinhole display, which applied light field technology to achieve varifocal depth with 22 degrees
FOV. Figure 1.4 shows the main history of optical technologies for AR display.
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Figure 1. 4 Highlights of development of optical technologies for AR [11, 23-28]

With the progress of AR technology, AR is increasingly used in various industries, such as
education, training, medical care, design, advertising, etc. AR has injected new vitality into
education with its rich interactivity. Compared with stuffy paper books, AR combines text and
dynamic 3D images together, which provides an immersive experience and facilitates a quicker
understanding of the knowledge. AR enhances the clarity and intuitiveness and perceptual
impact of real situations, making situational learning more friendly, dynamic, and natural [1,

29-31]. For example, for training on medical and clinical treatment, the application of AR makes



the esoteric and profound medical theories more lively and concrete, which greatly improves
learning efficiency and outcomes, especially in minimally invasive surgery [32-35]. In tourism,
such as museums, AR provides virtual text, pictures, videos, and other information for the
introduction and description of exhibits. AR has also been applied for restoring and displaying
cultural relics by virtually filling up the incomplete part, which brings an immersive feeling to
tourists [36, 37]. In addition, in the manufacturing industry, based on smart AR glasses, data
collection and process investigation are carried out through the AR cloud to provide visual
information for the technical support team, therefore realizing expert-level remote assistance.
This truly makes the communication of industrial issues more direct, accurate, efficient through
visualized way, and eliminates the risk of unavailability of qualified experts in the field for
urgent problems, and significantly saves cost and time. AR helps abandon complicated work
manuals, flowcharts, walkie-talkies, etc., and completely liberates the hands of
workers/operators [38]. Pilots can also use HMD to observe navigation information and even
warning information about the potential risks. The Synthetic Training Environment based on
AR systems helps users be trained in a more immersive way, by placing them in a more
physically and psychologically stressful simulated combat zone [39-41]. For entertainment, AR
is applied to create interactive games, like racetracks and basketball rivalry games, for which
the camera can track the locations or even the body language to give a more accurate response
[42-44].In the field of AR hardware, it can be divided into three parts based on upstream
components, midstream modules, and downstream machines, as shown in Figure 1.5. The
following picture is a good illustration of the industry chain composition. Most components and
modules are already commercially available. The battery, storage and the imaging optical
module are precisely the areas being pursued in the hope of improving performance by research
institutes and commercial companies. The imaging optics module is a very important part in
AR systems, which directly determines the virtual imaging effect. There is a long history of
development and technology iteration in the imaging optical module. On the strength of the
continuous contribution from involved organizations, AR is moving forward from the
accumulation of patents to the breakthrough of technical difficulties, now stepping into the

construction of the industrial chain.
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Figure 1. 5 Illustration of the industry chain composition in AR hardware system

1.3 Challenges

The optical imaging module is recognized as the key element of optical see-through displays.
For better wearability and human perceptual capabilities, there is still a long way to achieve
perfect optical performance. There are three main challenges to be solved on optical
performance and vergence—accommodation conflicts, which will be briefly discussed in detail

below.

1.3.1 Optical performance

The optical imaging module and the screen determine the optical performance of the system.
The optical imaging module is designed to expand the exit pupil and provide proper FOV to
enhance the immersive feeling. The eye box and eye relief have reciprocal influences on the
FOV [45]. The design of the imaging system is crucial to reach a consensus on a quantifiable
and measurable optical specification that meets the requirements. Thus, the design of the optical
imaging module determines the optical performance to a large extent. The projector is also a
crucial part of the AR system to manipulate the brightness and contrast of the virtual images.
Brightness refers to how much light appears in the virtual image displayed by the optical system
and high brightness guarantees users to have clear vision in a direct sunlight environment. Low
brightness is one of the major challenges faced by the existing AR devices. It was reported that

HoloLens and DAQRI Smart Glasses reach brightness of about 300 nits, and Magic Leap One



reaches brightness of about 200 nits [46, 47]. The brightness of most AR devices on the market
is only applicable for indoor use, and challenging to use outdoors. To alleviate this problem,
some AR headsets use optical means to block ambient incoming light or use dyed lenses to
improve the relative brightness of the optical module, however this method has a drawback of
reducing the light transmission rate correspondingly. Light transmission refers to how much
ambient light can be received by the human eye through the optics. The ideal light transmission
rate is 100%, but it is impossible to achieve this rate with existing AR technology. Low light
transmission rate may meet requirements of consumers-oriented products, but it is insufficient
to complete missions in many professional application scenarios, because the light transmission
rate has a great impact on operational safety. For existing mainstream AR devices, HoloLens is
known to have a light transmission rate of about 40%; Magic Leap One has a light transmission
rate of about 15%; Nreal model shown in early 2019 has a light transmission rate of about 25%
[48-51]. Although the human eye can adapt to the lower light transmission rate of AR glasses,

it would degrade to be imperceptible in dark working environment [52, 53].

1.3.2 Chromatic aberration

In light-transmissive AR devices, the display part usually consists of virtual images (waveguide
or semi-reverse semi-transmissive, etc.), external light shields, additional optical module
protectors, etc. Although some of them help to enhance the optical display, they inevitably affect
the real-world light to some extent which leads to the distortion and deformation of the real-
world view. Consequently, AR not only loses resolution during optical propagation, but may
also cause image distortion. For example, a rectangle projected by the display will look slightly
different in shape compared to the view from human eyes. If the degree of distortion is relatively
large, it may cause local resolution degradation. Image distortion is usually ignored by AR
devices compared with some other major issues. Image distortion can be solved during
rendering by display calibration, and it does not require much additional processing power. In
some cases, it is even possible to "mask" the distortion by reducing the field of view. The
refractive index of the optical element is related to the wavelength of light, and therefore also
has a variety of different focal lengths depending on the light color. This also occurs in cameras
and can usually be compensated by combining multiple lenses of different glasses, but this
approach is not suitable for AR glasses/headsets due to size and weight considerations.

Therefore, chromatic aberration remains an unresolved problem for most AR systems [54-56].



All optical systems have problems caused by chromatic aberration (dispersion), but the
resolution of the human eye is the baseline of the system. No matter how much the stray lights
or the dispersion is, the color and the brightness of the light source must be excellent, which is
the first step of the imaging. In the process of designing and simulating the film layer of the
waveguide for different color lights, researchers should try to minimize the color difference
(dispersion) to the human eye [57, 58]. Besides, the ghost image is also one server problem of
AR devices as shown in Figure 1.6. The precise coating of multiple different reflective surfaces
is a highly demanding process, prone to stray lights ghosting [59]. Stray light is the primary

cause of ghost images in AR devices.

Figure 1. 6 Ghost images of augmented reality device [60]



1.3.3 Vergence—accommodation conflicts

Considering the stereoscopic imaging mechanism of the human vision, only when the display
meets the requirements of psychological perception and the physiological perception at the same
time, it can be defined as a satisfactory display. The psychological perception can be achieved
by affine, occlusion, shadow, texture, and prior knowledge to define whether it is near or far
and the three-dimensional shape of the objects in images. The latency between the real and the
virtual image makes the observer feel dizzy, which can be solved by software. The
psychological perception can be met by existing designs. However, the speed of

industrialization approaching physiological perception is restricted.

There are three basic elements in the physiological perception as shown in Figure 1.7: 1)
Binocular parallax; 2) Motion parallax and 3) Accommodation and vergence. While the first

two have had solutions, the accommodation and vergence have not been solved yet.

O O
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(a) Binocular disparity (b) Motion parallax

Figure 1. 7 The illumination of the viewing parallax. (a) Binocular disparity, (b) Motion
parallax [61]

Vergence—accommodation conflicts (VAC) help eyes to shift focus between far and near objects.
Focusing far objects makes the ciliary muscle relax while focusing near objects makes the
muscle contracted [62-64]. For example, observers can lift one finger and make sure there are

far trees and near finger in observer’s field of view. When you focus the near finger, the far
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trees would be blurred. On the contrary, the nearby finger is blurred. Most optical designs in
optical see-through displays have the problem of identical VAC. In the displayed images, no
matter near or far objects they are all displayed in one plane, the ciliary muscle does not change
at all, which obeys the physiological perception. Thus, observers feel dizzy when they wear the

displays for a long time [65, 66].

Based on the above discussion, it is clear that one more display plane means one more dimension.
Thus, in order to solve the VAC problem, increasing the display layers to simulate several
different depths to get higher visual quality of displayed images can possibly work. [67]. Adding
any more dimension in the plenoptic function may make great progress in the images displayed.
For the evaluation of this solution, several methods can be applied, such as subjective user
studies [62], oculomotor responses measurement [68], physiological fatigue indicators

measurement [69], brain activity measurements via tools such as EEG or fMRI [70, 71].

The sliding optics is the first solution to VAC. A lens was placed between the see-through
display and the exit lenses to change the optical depth [72]. Deformable membrane mirrors were
then proposed, the deformations of which could be controlled by a pneumatic system. Curvature
values and maximum displacement of the deformable membrane mirrors are crucial to the eye
relief [73]. In addition to the aforementioned technique issues, the existing product also cannot
meet lightweight requirements of the system. The actual production manufacturing should also

be improved to get closer to the design for actual deployment in practical applications.

1.4 Objectives

The optical structure of AR glasses determines the final imaging effect. The main cost of AR
glasses is the optical display module carried inside the glasses. Basically, the performance of
the optical system determines the imaging effect of AR glasses. To address the major challenges
mentioned above and provide a better user experience, this thesis aims at developing a novel
near-eye see-through display system with slimmer structure, reduced weight and better imaging
performance. The aim of this thesis is to get through the whole process of AR glasses from
design, analysis, optimization to manufacturing. This thesis analyses and breaks the bottleneck
from the point of design to design the geometrical waveguide model with high optical properties,
and provides a complete manufacturing process and characterization method from the point of

manufacturing. Thus, the objectives are summarized as the following.
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(1) Develop one dimensional and two-dimensional geometrical waveguides to achieve large
FOV, large eye relief and large eye box, with superior structural compactness and weight
over exiting optical solutions.

(2) Analyse the causes of stray light and propose tailored solutions regarding both optical
design and manufacturing to control the generation of ghost images.

(3) Develop multifocal and varifocal near-eye see-through solutions to mitigate VAC.

(4) Develop innovative application model based on AR mechanism.

Based on the above objectives, the technical route is planned as follows.

Original System and parameter Combine waveguide
waveguide set-up | — optimization o— system with the -
human eye Design and
l simulation of fixed-
focal AR device
Obtain 1D/2D AR device with large FOV
and non-stray-light
System design based . i -
on stray-light-free System and pa_rametet Varifocal interaction
waveguide —| optimization — model based on
human eye resolution
l Design and
simulation of
Obtain optimized multifocal AR device for varifocal AR device
solving VAC
Selection of materials I SerERn -Hanac o
slicing
Coaﬁng and Sample imaging
characterization e —
Fabrication and
Optimal imaging for lightweight AR glasses with testing of geometric
large FOV optical waveguides

Plenoptic camera Geometrical waveguide Application of
geometric optical

O : : waveguides
Positioning and calibration system

Figure 1. 8 The specific technical route
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Chapter 2 Development of augmented reality

2.1 Human vision

Human eyes are the receivers of AR display, which is the core of the whole optical imaging
system and the destination of projected images. Therefore, it is essential to understand the
functions that AR optical systems can achieve when designing the optics of such visual
instruments. For example, if an AR optical system is required to identify a target of a designated
size or to perform a designated precision measurement or to exhibit a designated performance,
the light transmitted through the optical system must ensure that the eye can recognize the
details in the received image. Otherwise, the designed imaging system would fail to bring
expected vision. Based on the visual requirements of human eyes, the assessment parameters of

the designed imaging module can be determined.

2.1.1 Physiological structure of the human eye

Light acts on the visual organ, makes its sensory cells excited, and the information is processed
by the visual nervous system to produce vision. Through vision, humans can perceive the size,
light and shade, color, movement of external objects, and various information. At least 80% of
our external information is obtained through vision, which is the most important sense for
humans. The human eye of which the structure is shown as Figure 2.1, including the cornea,
iris, aqueous humor, vitreous, retina, and optic nerve. The path of vision formation is: light -- >
cornea -- > pupil -- > lens (refracting light) -- > vitreous (fixing eyeball) -- > retina (forming
object image) -- > optic nerve (transmitting visual information) -- > visual center of brain

(forming vision).

Sclera
\

Iris

Retina

Optic nerve

Macula

Cornea

Pupil

Lens

Retinal blood

Ciliary body vessels

and muscle

Conjunctiva Vitreous body

Figure 2. 1 The structure of the human eye [74]
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Functionally, the eyeball can be divided into a refractive system and a photoreceptor system.
The transparent cornea, aqueous humor, lens and vitreous constitute the refractive system, and
the retina is the photosensitive system. The study of receiving light is very similar to that of a
camera, including the ability to control the amount of incoming light, to bend light into focus,
and to present external images, as shown in Table 2.1 below. The refractive system limits and
determines the assessment parameters of the designed system. For example, the cornea and the
pupil limit the FOV, eye relief and eye box. Only virtual images from a proper eye relief range
can be processed by human eyes. Longer or shorter eye relief affects human eye to receive
whole virtual images. The photoreceptor system determines the threshold value of the

illumination or brightness uniformity.

Table 2. 1 The relationship between eye and camera

Eye Function Camera

Cornea/Aqueous humor Converge light from the | Focusing lens
target

Lens Finely focused Second lens

Hyaloid canal Refraction Camera obscura

Pupil Change depth and flux Aperture

Retina Optical signal to electrical | CCD/CMOS sensor
signal

Optic nerve Data transfer Signal output

The human eye's binocular viewing angle limit is about 150 degrees vertically and 230 degrees
horizontally, as shown in Figure 2.2. If all the screens are within this viewing angle, it will give
us a sense of immersion. In fact, human vision in 10 degrees is a sensitive area, 10 to 20 degrees
can correctly identify information, 20 to 30 degrees is more sensitive to dynamic things. When
the vertical perspective of the image is 20 degrees, the horizontal perspective of 36 degrees,
there will be a very good visual immersion, and it will not cause eyestrain by the frequent

rotation of eyes.
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Figure 2. 2 Horizontal and Vertical FOV for binocular view [75]

2.1.2 Optical model of the human eye

Over 150 years, dozens of papers concerning models of the human eye have been published.
These models range from a simplified version of the human eye consisting of only one refractive
plane to a complex model of the human eye consisting of more than 4000 refractive planes.
Some models have a gradient refractive index lens, some have two or more homogeneous
lamellar structures to represent the gradient of refractive index, and some have only a uniform

refractive index lens.

A one-size-fits-all human eye model for any situation does not exist. And it does not mean that
a more complex human eye model is better. For example, using a model that includes a gradient
refractive index lens that does not provide more valid information than a uniform refractive
index lens model is not necessary at all - because such a model can significantly slow down the
computation of large amounts of light in optimized or non-sequential modes as shown in Figure
2.3 In general, only a very simple spherical model is needed for single-wavelength near-axis
calculations as shown in Figure 2.4. A representative simplified model for near-axis calculations
can consist of a refractive surface with a diopter of 60 and a refractive index of 4/3. This model
is particularly useful for calculating retinal imaging dimensions. Since the node is 5.55 mm
from the surface, the image size of an object with a known position, size, or field of view on the
image plane can be easily derived by projecting light at 16.67 mm. This near-axis model has an

error of about a few percentage points when calculating a 10° FOV. Thus, the imaging module

15



should be designed and optimized based on the eye model. The receiver of the imaging module
should be consistent with the characteristics of the human eyes as far as possible for the stray

lights or illumination analysis.

-

b

Figure 2. 3 Non-sequential modes of eye model [76]

Figure 2. 4 Sequence pattern model of Eye Retinal Object.zmx in Zemax [77]

2.2 Projector system

Performance of the projector directly affects the imaging quality of the virtual images. There
are some critical parameters assessing the performance of projector screen, such as the pixel,
resolution, pixel per inch (PPI), and contrast. The pictures on the projector screen are made of
millions of pixels. Each pixel is composed of three-color pixels, including red, green, and blue
(RGB). The variety of colorful pictures is projected by adjusting RGB. Resolution is the number
of pixels. PPI is the number of pixels per inch on the screen. The higher the PPI, the smaller the
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pixel size, and the sharper it is. Screen contrast refers to the ratio between the brightness of
black and white. The higher the contrast, the brighter and more colorful the images.

2.2.1 Liquid-crystal display

A liquid-crystal display (LCD) is a flat-panel display technology commonly applied in
televisions and computers. The first mass-produced LCD panel technology is twisted nematic
(TN). As shown in Figure 2.5, when there is no electric field on the liquid crystal modules, the
molecules in the LCD cell twist by 90 degrees. When the light from the environment and
backlight passes through the first polarizer, the light is polarized and distorted by the liquid
crystal molecular layer. When it reaches the second polarizer, it is blocked. Thus, the viewer
observes the black screen. When there is an electric field applied to the liquid crystal molecules,
they unravel. When polarized light reaches the liquid crystal molecular layer, the light transmits
directly without distortion. When it reaches the second polarizer, it can pass through
equivalently, and the observed screen is bright. The electric field rather than the current makes
the technology consume less power. By controlling the voltage, the deflection angle of the liquid
crystal layer can be adjusted, and the brightness of each sub-pixel of RGB can be controlled
respectively. By changing the brightness ratio, all colors can be realized by mixing RGB in
different proportions. Due to the liquid crystal molecules can't close completely, LCD is not
capable of showing pure black. LCD technology has the great advantage of being light, thin and
low power consumption [78-80]. However, its drawbacks include slow response time
(especially at low temperatures), limited viewing angles, and backlighting requirements.
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Figure 2. 5 Working principle of LCD [78]
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2.2.2 OLED
A single Organic light-emitting diode (OLED) is a pixel, thus there are millions of OLED dots
on the screen. As shown in Figure 2.6, there is an organic light-emitting layer between these
two electrodes. When the positive and negative electrodes crush in the organic material, the
light emits. Each pixel of an OLED is composed of three sub-pixels, RGB, which light up when
power is on. The brightness of each sub-pixel can be controlled by adjusting the voltage. The
brightness of the three colors can be mixed in different proportions to show the desired color.
Except OLED lights themselves, no backlight source is needed, and each pixel can
independently control the switch, enabling pixel-level light control. Compared with the LCD,
OLED can provide pure black, and achieve no light leakage and perfect contrast. Besides,
OLED screens have very short response times when switching between colors, with almost no
drag. OLED screens are much thinner than LCD screens and can be bent considerably. OLED
screens consume relatively little power by switching on and off independently for each pixel.
However, the working life of OLED is shorter than LCD by aging and burning problems due to
the self-light principle. Moreover, there is an obvious strobe in low brightness, resulting in
visual fatigue by pulse-width modulation (PWM) dimming [81, 82]. Epson is using their own
OLED for AR glasses and SONY’s OLED is applied for Nreal glasses.

Light output

\‘
«Glass
-

*—Anode
-«—Hole transport layer

“—Organic emitters
“~Electron transport layer

Figure 2. 6 Working principle of OLED [83]
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2.2.3 QLED

Quantum-dot light-emitting diode (QLED) works based on the principle of quantum dots, which
is to place quantum dots on a flat surface of a display and then use a control circuit to display
the pictures, as shown in Figure 2.7. Quantum dots (QDS) have excellent optical properties,
including continuously tunable peak positions of whole-spectrum luminescence, high color
purity, and good stability, which are excellent luminescence and photoelectric materials. QLED
display is built on these special properties of QDS to achieve high performance and low cost.
Compared with OLED, QLED can provide higher brightness and a wider spectrum, and the size
is flexible with longer lifetime [84-86]. However, OLED has more advantages in no light
leakage, shorter response time, and wider visible view. Besides, OLEDs can provide a purer

black display, better contrast, lighter and thinner, less power consuming, and performs better at

night.
Bazel
QDs
BEF
Light
QDEF™ Reflector Guide
Back Blue plate
plate  LEDs
Figure 2. 7 Working principle of QLED [86]
2.2.4 LCOS

Liquid Crystal on Silicon (LCOS) is a new reflective display technology combining LCD and
CMOS integrated circuit. The birefringence characteristic of the liquid crystal molecule itself is
applied for the light controlling. And the polarization of the incident light is modulated by the
switch of the circuit to promote the rotation of the liquid crystal molecule. As shown in Figure
2.8, when the applied voltage of the LCD layer pixel is zero, the input light does not enter the
projection light path and there is no light output, that is, the pixel presents a dark state. When

there is an applied voltage in the pixel, the bright is state, so the image is displayed on the screen.
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The voltage applied at both ends of the pixel will affect the optical performance of the liquid
crystal molecule, and then determine the grey scale of the pixel. Its advantage is that it is mature
and cheap, and its pixel density is relatively high, and the overall energy rate is also relatively
high [87, 88]. Its disadvantages mainly lie in its relatively low contrast, especially at large
incident angles, and it must be used in conjunction with polarized beam splitter (PBS), which
limits the miniaturization process of the overall optical system, and it cannot work at low

temperature [87, 89, 90]. Mini Glass and Magic Leap use LCOS for the AR glasses.

Glass substrate
Glue seal

Liquid crystal layer jnment ia!

Figure 2. 8 Working principle of LCOS [87]

2.2.5 Comparison

Table 2.2 shows the performance comparison among the above projector technologies.
However, the state of the art cannot achieve ideal performance for optimal imaging quality in
the optical see-through near-eye display. That is the one of the reasons why the virtual image
of AR display requires high light efficiency and high transparency for imaging module. Table
2.3 shows the performance gap between the ideal condition and the current craft of AR display.
When the imaging module is designed, the specification of the light source should be consistent
with the current craft, because the illumination and the brightness of the projector affects the
final imaging quality. There is still a long way to go for perfect match between projector and

imaging module.
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Table 2. 2 Comparison among existing projector technologies [91, 92]

LCD OLED QLED LCOS
Substrate Glass Glass/polymer Glass Glass
Material of LED/CCFL | Organic light | Quantum dot | LED/CCFL
luminescent emitting luminescent
layer material materials
Polaroid Line Circular Line Line
polaroid*2 polaroid polaroid*2 polaroid*2
Backlight Yes No Yes Yes
module
Color filter Yes No Yes Yes
Light panel Yes No Yes Yes
Emitting Backlight Organic QD Backlight
principle (inactive) | layer(active) (inactive) (inactive)
Contrast >10000:1 >1000000:1 >1000000:1 >1500:1
Angle of <150°, ~180°, no ~180°, no ~180°, no
visibility chromatic aberration aberration aberration
aberration
Power High Low Low High
consumption
Thickness >1.2mm <1.5mm <1.5mm >1.2mm
Service life Long Short Short Long
Cost Low High High Low
Mobile phone Yes Yes Yes No
screen
Flat-panel screen Yes Yes Yes Yes
Working 20°C~60°C -40°C~80°C 40°C~80°C None
temperature
Impact on Small Big Small Small
environment
TFT needed for 1 2 1 1
each pixel
Toxic potentials No Yes No No
Spatial color Great Good Great Good
uniformity
Light Transmission | Transmission | Transmission | Birefringence

propagation




Table 2. 3 Performance gap [93, 94]

Key Merits Ideal Status quo
Brightness 10°~10° nits 10*nits
Contrast Ratio (ANSI) >300:1 <100:1
Refresh rate >75Hz 60Hz
Resolution >60 pixel/DEG 30 pixel/DEG
Power consumption <50mW 100mW
Endurance -55°C~100°C -10°C~60°C
Form factor Driver integrated, Panel about 2*screen
panel no larger than area
screen
Emitting angle Comply with exit Lambertian
pupil

2.3 Assessment parameters of AR imaging system

The user experience is related to image quality and wearable ability of the device. Thus, the
optical design and optical elements are crucial to the system performance. For different
application scenarios and users, diverse demands rise which requires customized optical design.
It is hard to identify which specific parameter is the most important one, the expected
applications of this field are always the decisive factor in the optical design. However, all of
these assessment parameters should be determined by the visual requirements of human eyes
and the comfort standard of wearable device. The parameters include:

Field of view (FOV) It refers to the solid angle between the outline of the object observed by
the human eye and the line connecting the center of the pupil of the human eye. FOV includes
the vertical field of view, horizontal field of view, and diagonal field of view, as shown in Figure
2.2 [95]. The size of a person's retina is limited, so the corresponding viewing range of the
human eye is also limited. The FOV is the major indicator that many developers are concerned
with primarily.

Eye relief Eye relief of an optical display represents the distance from the exit pupil area to

the optical combiner within which the user's eye can obtain a full view and clear images. Most
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near-eye displays need binoculars or monocular with a minimum of 16mm eye relief [96]. It is
an important parameter to evaluate comfort level.

Eye box Eye box is defined by the space within which the images can be effectively viewable.
Therefore, images within the eye box can be observed in both angular and lateral movements
of the human eye. It's how far off center your eye can be and still see through the scope properly.
Within the eye box area, the observer at any position can reach the entire FOV. Exceeding this
area may result in distorted images, incorrect color rendering, or even no content [97]. A larger
eye box allows the user to have greater freedom on head movement to observe the whole visual
image.

Distortion Lens distortion is a general term for the inherent perspective distortion of optical
lenses, that is, the distortion caused by perspective. There are three kinds of distortions including
pincushion distortion, barrel distortion, and linear distortion. Pincushion distortion is a
phenomenon caused by the lens "shrinking" the picture toward the center. Barrel distortion is a
barrel-shaped expansion caused by the physical properties of the lens and the combined
structure of the lens. Linear distortion is defined as a change in amplitude or phase with no new
frequencies added [98-100].

Stray light For the optical imaging system, any undesired light that propagates to the detector
can be defined as stray light. Due to the multiple optical elements and complex architecture
used in an integrated display system, stray light may be induced by diffraction, unwanted
reflection, and scattering. Theoretically, stray light has a veto effect on optical systems. If the
stray light affects the imaging quality, all ray paths should be traced back to the receiver for
defects shooting. However, stray light cannot be completely eliminated, but can only be
suppressed to a certain extent [101, 102]. Supposing that stray light is controlled within an
imperceptible range by human eyes, or within some acceptable or permissible extent defined by
users, it is regarded as the completion of stray light suppression.

Brightness and transmittance Brightness refers to the amount of light in the virtual image
displayed by the optical system. Enough brightness allows users to see the image clearly in
direct sunlight. It is also one of the major challenges faced by current AR devices. The
brightness of most existing AR devices can be only used indoors. In order to alleviate this
problem, some AR headsets use optical designs such as birdbath to block ambient light or use

tinted lenses to improve the relative brightness of the optical module, but the associated adverse
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effect is reduced light transmittance. Light transmittance refers to how much ambient light the
human eye can receive through the optical element [103-106]. The ideal light transmittance is
100% although it is still difficult for the existing AR devices to achieve. Lower light
transmittance may be acceptable to consumers for some specific application scenarios in
entertainment, but it is generally unacceptable in many professional/industrial application
scenarios because light transmittance has a great impact on users’ safety.

Resolution and contrast Resolution refers to the number of pixels a display can cover, and
the optimal display resolution should be close to or slightly higher than the limits of human
vision. There is no official definition or measurement of contrast or contrast ratio, for the user
experience, it's a perception, a display's property to produce both bright and dark pixels. With
low contrast, bright content and dark content will not be displayed correctly. In the optical
perspective AR display system, dark or black color is hard to render, so high transparency areas
may appear dark color in low contrast. Thereby, the brighter the AR display is, the higher the
requirement for contrast is. For AR display, the color perceived by human eyes is also related
to the real environment background superimposed by the virtual image. As with contrast, pixels
vary in color quality depending on where they are on the display [107, 108]. For example, the
same pixel color may look different on the left and right sides of the display with distinct image
patterns, as well as depending on the location of the user's pupils.

Vergence accommodation conflicts There are two main reasons for vertigo: (1) conflicts
between binocular parallax and accommodation on visual perception; (2) the conflict between
motion perception and visual perception [45, 109-113]. The display system mainly focuses on
solving the accommodation problem.

Size and weight  Size is one of the biggest challenges of the see-through near-eye display.
Larger FOV and eye box always mean bigger size and weight at the same time. The larger size
usually implies inconvenience to wear and tends to block sight. Besides, there is a limit to the
amount of weight that the human ear, bridge of the nose, and top of the head can hold.

Delay All virtual images are produced by the projectors, it affects the conflicts between motion
perception and visual perception. Thus, the response time of hardware is very important for the
reaction of the human brain and eye. An imaging delay of fewer than 5 milliseconds is generally
considered benign for optical perspective systems. A longer delay would cause dizziness. It is

mainly determined by the response time of projector.
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IPD Interpupillary distance (IPD) is the distance between the pupils of your eyes measured
from center to center when your eyes are focused on infinity. IPD varies from person to person,
and is also smaller when looking at something nearby. The same term also applies to the distance

between the centers of a binocular’s exit pupils.
2.4 Comparison of AR display technologies

2.4.1 On-axis optics

Birdbath design is a typical on-axis optical system, which combines a spherical mirror and a
beam splitter for a simple design and low cost. Most commercial AR glasses adopt this optical
solution. However, the primary disadvantage of the birdbath design is light loss. The
transmissive light and reflective light passing through is Lr x Lt. For example, if the
transmissive percentage is 58% and the reflective percentage is 38% ( with 4% total loss), the
passing light is only around 22% (0.58*0.38) [114]. Google Glass employs a kind of alternative
method using a polarized beam splitter, which is one of the birdbath architectures, as shown in
Figure 2.9. Polarized beam splitter (PBS) is the simplest optical design used to split light beam
from the light source, which is basically a cube glass. PBS, based on the crystal birefringence
of the natural materials or the polarization selectivity of the multiple layers, usually provides
high extinction ratios and a wide angular bandwidth in order to get high-resolution images [25].
When the PBS is applied in the HMD or AR glasses, a cube PBS is placed in front of the
intended sight. PBS is easy to integrate with 0° of incidence (AOI) with no beam shift. The
optical path of reflective light is the same as the optical path of the transmitted light. Based on
the imaging principle, there would be double images or ghost images if the entrance angle is
not 45°. Due to the polarized system, the maximum light throughput from the real world is no
more than 45%. Furthermore, such design is bulky and heavy, and not friendly to larger FOV.
Besides, the polarization beam splitting film has a high requirement on the selected light angle,
and the light outside the range does not have a good effect on beam splitting. Hence, the angle
of the light in the system should be controlled strictly within the range, which causes a low FOV
range of 15°. PBS can hardly get colorful and sharp images, with wide frequency spectrum and

a large paraxial range. Besides, the FOV of the prism display technology is greatly limited [26].
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Figure 2. 9 Beam splitter (a) the principle of PBS, (b) the schematic diagram of Google Glass

[2, 115]

According to the law of etendue, a diagram is given to correlate the interpupillary distance, and

the combiner thickness is limited by the law, as shown in Figure 2.10. Considering the

manufacturing difficulties and the wearability, the optical design should be in the gray window.

When applying the birdbath architectures, larger interpupillary distance (IPD) always means

thicker optical elements. When applying the waveguide, it can be noticed that the thickness of

the waveguide keeps constant with increased eye box, because waveguide design folds and

resituates the FOV and lossless transmits the light by TIR. However, for the waveguide design,

higher FOV means longer lateral size.
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Figure 2. 10 Typical design space for specific interpupillary distance (IPD) coverage and ID

requirements [6]
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2.4.2 Oft-axis optics

The off-axis optical system is a kind of system in which the optical axis of the aperture does not
coincide with the mechanical center of the aperture. Meta 2 is the representative of commercial
off-axis AR products in that the display is not perfectly perpendicular to the combiner, which is
a binocular display. Actually, it also applies the plate beam splitter as shown in Figure 2.11. It
is much lighter than the cube PBS and can achieve higher FOV (Meta 2 achieves 90 degrees
FOV). However, the transmitted light has beam shift, and the 45 degrees AOI requires an

additional alignment time.
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Figure 2. 11 The principle of off-axis system [33]

Compared with the coaxial system, the off-axis system can reach a wider FOV. It was measured
that the Meta 2 pass 60% light and reflect 40% light. It manifests this design generates 3 to 4
times brighter images than other AR devices with the same display [116]. It also reduces the
curvature hybrid. However, off-axis optical system usually contains many optical elements,

which means larger size and heavier weight, so not suitable for long time use.

2.4.3 Freeform optics

Freeform is defined as any non-rotationally symmetric surface, which is very different from
spherical and aspherical geometry. Freeform lenses can enable unique optical performance,
such as low f-number, large eye relief, and wide FOV. One possible form of freeform optics is

the eccentric use of rotating symmetrical lens, thus accommodating off-axis ranges. There are
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three main ways to describe free-form surfaces, including NURBS, XY polynomials, and radial
basis function representation. The use of freeform optics reduces the number of components in

an optical system, resulting in a smaller, lighter, and more efficient system [117, 118].

Olympus Corporation was the first to apply the freeform prism into the HMD in 1998 [21, 119].
In 2009, a combination of a wedge-shaped freeform prism and a freeform lens is designed,
where it has a diagonal FOV of 53.5° and an f/# of 1.875, with an 8mm exit pupil diameter and
an 18.25mm eye relief as shown in Figure 2.12. Until 2010s, mainstream systems started to
integrate freeform optics into production, especially in VR and AR HMDs. For HMDs, a
compact form with high optical performance, high resolution, large field-of-view (FOV) and
good image quality are needed. This was significantly enabled by freeform surfaces with an

additional corrector element [120].
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Figure 2. 12 Optical simulation of FFS prism [121]

Differing from the on/off-axis optics, the image detector is just placed at one side of the element
because the freeform prism can fold the optical path into one single element [122-125]. Overall,
the unique freeform optical design combines the imaging and the HMD eyepiece to achieve
better display without auxiliary devices. The biggest advantage of freeform surfaces is that they
can achieve very good imaging quality due to their special geometry and a high degree of
freedom. However, compared with the traditional symmetric lens, the optical design and

manufacturing process from freeform surfaces are more complex and demanding
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Pros/Cons

Easy to manufacture
Hard to measure

Concave Hard to manufacture
Easy to measure

[}

Hard to manufacture
Hard to measure
Does more optically

~ Freeform Harder to manufacture

‘ Harder to measure
Little to no symmetry

Figure 2. 13 Different types of surface (pros and cons) [126]

2.4.4 Optical waveguide

Waveguide structure has been applied in many fields, such as optical communication and
optoelectronics. Optical waveguide is an optically transparent medium that guides the
propagation of light waves or electromagnetic waves in it. Different from the metal-enclosed
waveguide, optical waveguide is total internal reflection (TIR) on the interface with different
refractive index in a limited area. Figure 2.14 shows the basic structure of the fiber optical
waveguide for illustration. The refractive index of core (transmitter) is higher than that of the
cladding (reflector) [127-129]. Any light with incident angle larger than the critical angle can
be totally internally reflected within the waveguide where the critical angle is the angle of
incidence when the angle of refraction is 90°. The light must travel from an optically more dense
medium to an optically less dense medium. The light passing through the optical fiber have
negligble loss in light quantity and can be emitted to the receiver. The materials of the core and
cladding influence the reflective index, which determines the critical angle. Thus, the materials
and refractive index influence the angle of incident light. The number of the transmitting light

is limited. However, the wavelength has no effect on the transmission due to the TIR.
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Figure 2. 14 Layout of the fibre/waveguide [127]

To obtain the three-dimensional (3D) images and better see-through optical performance,
researchers proposed that waveguide could be applied replacing the half mirror of HMD.
Recently, more and more companies applied the optical waveguide in the design of new optical
see-through displays, such as Lumus, LingXi, Mircosoft, Waveoptics, etc. The FOV of previous
generations of products were too small because of the paraxial approximation in optical design.
The light near the optical axis has high efficiency and the light far from the optical axis may
have quality differences. Waveguide technology bypasses the paraxial approximation problem.
Optical waveguide structures are thin, which makes the optical system small and lightweight to
bring more favorable wearability. It is a promising optical solution to satisfy the large eye box,
enough eye relief and large FOV. In contemporary HMD systems, several waveguide methods

are used for AR applications: reflective, polarized, diffractive and holographic waveguides.

1) Diffractive waveguide

Diffractive waveguides are currently widely used in the optical see-through display. The
incident light wave is collimated into the waveguide with a certain angle through the first slanted
grating (in-coupler). After passing through the waveguide, it would finally extract the pupil
through the second slanted grating (out-coupler). The diffractive optical element (DOE) is the
couple-in and couple-out part of the system as shown in Figure 2.15 [15]. DOE waveguide is
thin, light and has high light transmission (usually higher than 89%), which enhances

wearability.

The diffractive waveguide, also called a surface relief waveguide, was patented and first
commercialized by Nokia. The transparent AR system Vuzix produced by Nokia and Microsoft
Holographic Lens applies the diffractive waveguide, which has low-resolution for the

transferred light information. Magic Leap aimed to use the laser as light source, the principle of
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which is the same as the DOE waveguide. The application of nanometer beam sources can
reduce some defects, but cannot eliminate, such as flares for the capturing light from the real
world. Additionally, they applied the multilayers optical waveguide to solve part of the
Vergence—Accommodation Conflicts (VAC).

Surface relief . . Surface relief
gratings VvVl Intermediate region gratings
In-coupling | Out-coupling

Planar waveguide(reflective surface) vV

@ Diffractive waveguide

Figure 2. 15 The schematic of the diffractive waveguide[130]

Diffraction grating observation can blur and distort the image of the real world, and the
waveguide would soften/blur the virtual image (not all light can pass through the waveguide).
There are two undeniable problems for DOE waveguides. One is the rainbow effect of the
diffraction grating, and the other is the darkening of the real world. The rainbow effect is due
to the diffraction effect. The diffractive waveguide has a common problem that the blue and
blue-green color shifts in image as consequence of the rainbow effect. Meanwhile, the optical
efficiency of the waveguide is too low. Only a small part of the light can be seen by human eyes.
It is estimated that diffractive waveguide blocks about 85% of the light. Different from the
prisms, diffractive gratings diffract the light into a series of diffractive orders as shown in Figure
2.16. Only one of these orders is of the essence when using the diffractive waveguide, with the
rest of the light being lost, resulting in reduced contrast of the whole system when those orders
bounce back in the optical system. If the angle of the incident light is too large for the in-coupler,
the light cannot be diffracted/coupled into the waveguide. The function of the grating is
influenced by the angle and spacing of the orders of the grating, which also affects the

transmission of visible light from the real world [131-133].
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Figure 2. 16 Diffraction grating [134]

The molding and UV-replication processes are applied for the mass production but the high cost
is still an obstacle for consumer products [135-138]. Meanwhile, nano-imprint master
manufacturing stage is widely applied because the cost can be controlled and the yield rates are

suitable for the commercial production [120, 139].

2) Holographic waveguide

Holographic waveguide display is developed with the maturity of holographic imaging
technology. This technique was developed in 1990s by Kaiser optical system [140].
Holographic optical element includes a lens, filter, beam splitter and diffraction grating.
Holographic technique is applied to record and reproduce the real three-dimensional image of

the object using interference and diffraction principles. [7, 23, 141-143].

The principle of the holographic waveguide is total internal reflection and diffraction as shown
in Figure 2.18. The system is composed of a microdisplay, a holographic grating and slab
waveguide. Holographic grating is a film, the principle of which is similar with that used in the
diffractive waveguide. They are all used as the in-couplers and out-couplers. The light wave
from the projector goes through the collimating lens, becoming the parallel light beam and then
reflected into the in-coupler. The transmission direction of the light in the waveguide will be
altered by the diffraction effect of the holographic. When the light beam arrives at the out-
coupler, the condition of TIR is destroyed and hence the light is transmitted out of the waveguide

to reach human eyes, projecting images on the retina.

32



Holographic optical Holographic optical
element Planar waveguide(reflective surface) element
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Figure 2. 17 Schematic of the holographic waveguide [130]

There are two kinds of holographic waveguides, one applies the transmission hologram, another
applies the reflection hologram as shown in Figure 2.18. The spectral bandwidth of reflection
hologram is narrower and the angular selectivity of it is narrower than the transmission
hologram. Wider angular bandwidth allows larger FOV, while narrower spectral bandwidth
allows broader spectral source, which helps eliminate the color crosstalk problem. Thus,

reflective hologram is more widely used in holographic waveguide in AR HMDs [120].

Transmission
hologram

//////////‘//////////

Reflection

H hologram

>

)
450 50 650 4 (nm) !

_______________________________________________________________________

Figure 2. 18 Angular selectivity and spectral selectivity of transmission and reflection
holograms [144]

The diffraction efficiency of the same color fluctuates depending on the incident angle, resulting

in a different proportion of red, green, and blue light across the entire field of view (FOV),
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which is called the rainbow effect. This is caused by the inherent physical characteristics of
diffraction gratings, and the color uniformity problem can only be optimized but not completely
eliminated by design. Besides, the optical efficiency of the diffractive elements is very low,
with nearly 85% of the projected light blocked, so only a small part can reach the human eyes.
As a result, usually, an extra shading lens is needed for the observer to see the virtual images

clearly and the contrast of the whole system is also reduced.

3) Geometrical waveguide

The geometrical waveguide is employed by Epson and Lumus. The reflective coating film is
used as the in/out-coupler for the light propagating. The light is totally internally reflected by
the in-coupler and bounces within the waveguide. When the light hits the out-coupler, part of
the light is reflected out of the waveguide towards the eye while another part transmits through
it for further propagating to the next out-coupler, as shown in Figure 2.19. The partially reflected
mirror array (PRMA) expands the exit pupil and achieves uniform light for virtual images. Since
the light will be reflected out from each out-coupler which makes the light density arriving at
each out-coupler distinct, each of the out-couplers in the array needs a different reflection and
transmission ratio (R/T) to ensure that the amount of light coupled out within the whole range
of the eye pupil is uniform. The wavelength will not affect the imaging quality, but the R/T ratio
would result in fringes in light and dark. The PRMA replicates the pupil to increase the total
exit pupil area, however, it reduces the amount of light at each exit pupil area. Thus, the
efficiency of the geometrical waveguide is less than that of conventional optical systems. It is
complicated in manufacturing of geometrical waveguide, which presents rigorous requirements
to each step of the process chain for high precision, usually at the micro and nano scale. Figure
2.20 shows the position of the projector and the waveguide, and how the light beam travels in
the system. For the projector and the waveguide, they can be manufactured by common optical
materials. This technology provides high brightness, compact and lightweight optical see-
through display.
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Figure 2. 19 Schematic of the geometrical waveguide

Figure 2. 20 The light beam travels in the system, betweeen the projector and the waveguide
[145]

Compared with all above technologies, geometrical waveguide has great advantages in
thickness, FOV, eye box, light efficiency and size. Based on the imaging principle of
geometrical waveguide, the trade-off process of the parameters is crucial to reach better physical

performance. The stray light should also be supressed to reach better optical performance.

GodView, a company which is focusing on AR/MR core optical modules and smart glasses
application demand solutions, released the world’s first resin arrayed geometrical waveguide as
shown in Figure 2.21. Different from the glass material diffractive waveguide, the GodView
resin array optical waveguide technology can produce new nano-resin materials with lower cost
and higher plasticity. It liberates from the bottlenecks of glass material, such as the

manufacturing difficulty, low portability, weight, fragility and safety. At the same time, it has
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better performance than glass material regarding FOV and transmittance, which greatly reduces
the cost and improves the optical performance and productivity of lens. The thickness of
GodView resin array optical waveguide is around 1.3-2.0 mm, which is thin and it solves the
problem of atomization caused by temperature difference. Lightweight and strength of resin
materials can also provide the property of anti-fall performance and safety. This is the key
reason why GodView resin array optical waveguide lenses have attracted significant attention

[25, 146, 147]

S }4{‘__‘;» 3
Figure 2. 21 The resin materials applied in the waveguide by GodView [148]

Comparison of waveguide technologies
As discussed above, the optical waveguide is one of the most promising technologies for the
optical see-through display. Table 2.4 compares geometrical waveguide and diffractive

waveguide.
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Table 2. 4 Commercially available waveguide see-through displays [149]

Waveguide Category

Geometrical waveguide

Diffractive waveguide

Representatives

Lumus, Lingxi,
Lochn,etc.

Microsoft, Magic Leap,
Digilens, Waveoptics, etc.

Optical element

Transflective film array:
glass or plastic with thin

Surface relief grating
(SRG), volumetric

film coating holographic grating

(VHG)or holographic
optical element (HOE)

Input Reflective film SRG, VHG

Output Transflective film array SRG, VHG

Largest FOV 65° 55°

Eye relief ~20mm ~20mm

Eye box I5Smm*5Smm 12mm*13mm

Thickness ~2mm ~3mm

Transparency >80% >35%

Imaging effect Ghost images, fringes Rainbow effect, color
dispersion

Light efficiency 10%-15% 2%-5%

Manufacturing method

Conventional optics,
coating, stacking, slicing,
etc.

Microfabrication in
semiconductor foundry,
nanoimprint, holographic
laser interferometry

MP

Hard

Easy

1) Transparency

As shown in Table 2.4 compared with the diffractive waveguide, the transparency of
geometrical waveguide is much higher. The diffraction gratings soften or blur the virtual images.
If more lights from the real world are reflected into observer’s eye, the observer would not see
the virtual image clearly. It is defined as waveguide glow when it is out of focus reflections.
The contrast and resolution of the images is lower when in larger bright environment. The image

of Magic Leap is even blurrier than HoloLens.
2) Color issue

The DOE and HOE are based on the diffractive theory. Diffractive grating has both angular
selectivity and wavelength seletivity. For the angular selectivity, the transmission of the light is

determined by the light frequency, and the diffractive intensity is influenced by the incident
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angle of the light beam, as shown in Figure 2.22. The diffractive light cannot be seen at a

diverged viewpoint, which intrinsically limits the FOV.

Ray2
/ HOEC
N
Re { * Rayl
ay Ra Ray

Wavelength of rayl = wavelength of ray2
(a) Transmission type (b) Reflection type

Figure 2. 22 Basic principle of angular selectivity of DOE/HOE [23]

Another side effect is the rainbow effect, which is due to the fact that the holographic grating
can only diffract single wavelength, which there should be three colors (RGB) sandwiched
together, meaning that each of which needed to be exposed by a laser in a special direction. If
single wavelength is slightly diffracted by another color grating, there will be color “cross-talk™.
Although this can be corrected by software, the nuance of color sensitive can still be noticed
[150]. As shown in Figure 2.22, HoloLens stacked RGB waveguides with slanted sub-
wavelength gratings (SRGs) acting as couple-in and couple-out for lights transmission and
reflection. The Microsoft holographic lens can block 60% of the light but can penetrate 2.67

times more real light than the diffractive waveguide.

However, for geometrical waveguide, no matter the reflective waveguide or polarized
waveguide, they have no grating color issue. The largest problem of the geometrical waveguide
is the uneven strips because of the foldding and unfoldding of the images. Precision
manufacuring is the main method to resolve the strips problem. Thus, the image quality of

geometrical waveguide could be higher than the diffractive waveguide.
3) Light energy utilization

The light energy utilization of the geometrical waveguide is much higher than the diffractive
waveguide. Due to the way of the couple-in, when the light enter the coupler, the DOE/HOE

influences and blocks some lights to reduce the light energy.

4) Eye box and FOV
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The eye box and FOV are pertinent to the optical design. Diffractive waveguide and goemetrical

waveguide both apply the waveguide TIR. Thus, there is no big difference between there two

waveguides.

Based on the above discussion, it can be seen that the geometrical waveguide is more promising

in the future development.

2.4.5 Comparison of mainstream AR display technologies

Among the above technologies, geometrical waveguide is confirmed to possess best optical

properties potentially as shown in Table 2.5 [26, 115, 145, 151].

Table 2. 5 Comparison of some mainstream AR display technologies [149, 152]

Technology Prism Freeform Birdbath Diffractive | Geometrical
waveguide | waveguide
Represent Google Glass | EPSON NedAR Microsoft LUMUS OE-
Products BT-35E AR180120 | Hololens 2/ | 50/ LingxiAR
WaveOptics | 2D-1
Difficulty in | Weak Medium Medium Strong Strong
manufacturing
Thickness >10mm >10mm >8mm <2mm <2mm
FOV ~55° ~30° 30°~50° >40° >40°
Transparency | ~50% ~50% <50% >80% >90%
Efficiency 10%~20% 30%~50% | 10%~15% | 0.3%~1% >15%
Size Large Large Small Small Small
Projector LCoS LCoS/Micr | Micro- DLP/Micro- | LCoS/Miceo-
screen 0-OLED OLED LED OLED/Micro-
LED
Weakness Large volume | Thick Thick, low | Rainbow Hard
brightness | effect, low | manufacturing
efficiency

As compared in Table 2.4 and Table 2.5, the waveguide technology performs much better in
thickness, transparency, and size, which directly affect the lightweight requirement and
immersive feeling. However, compared with the manufacturing of conventional technologies,
waveguide technology has more complex manufacturing process. Complicated manufacturing
increases the difficulty of the product yield. Only by meeting the commercial standards of
lightweight can products be applied to more scenarios more flexibly. Overall, waveguide
technology is the most promising method in AR devices, and geometrical waveguide can

achieve better optical performance than diffractive waveguide.
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2.5 LightTools process

LightTools is a professional optical simulation software commonly used to design and optimize
optical systems. The LightTools Core Module provides graphical 3D solid modeling
functionality and interactive optical ray tracing for creating and visualizing optical and opto-
me-chemical systems, including the capability to specific properties for materials and optical
surfaces. LightTools enables designers to simulate and analyze light as it traverses the optical
and mechanical components in a model. Includes state-of-the-art Monte Carlo ray tracing for
accurate predictions of intensity, luminance, and illuminance throughout the model, as well as
powerful illumination analysis capabilities. It automatically improves the performance of
virtually any type of illumination system. Full integration with the LightTools 3D solid
modeling environment ensures practical, realistic solutions in a fraction of the time it would
take to accomplish manually. In this thesis, we mainly applied advanced design module,
illumination module, stray light analysis module and optimization module. Here is the basic
flow of optical simulation using LightTools:

1) Create the model: Use the tools in LightTools to create the geometry and materials of the
optical system.

2) Set the light source: Select the appropriate light source type and set the light source
properties, such as light intensity and wavelength.

3) Add materials: Add appropriate optical materials such as glass, metal or plastic to different
parts of the model.

4) Define boundary conditions: Set appropriate boundary conditions on the surface of the
model, such as reflection, transmission or absorption.

5) Run simulation: Run optical simulation and collect data by selecting appropriate
simulation Settings.

6) Analysis results: Use the analysis tools in LightTools to evaluate the performance of the
optical system, such as light intensity, spot size, and transmission efficiency.

7) Optimization model: Optimize the optical system according to the simulation results, such
as changing the position of the light source, changing the shape of the optical element or
changing the optical material.

8) Export results: Export simulation results into graphs or data files for further analysis or

use.
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The process of stray light simulation module in Chapter 3/Chapter 4/ Chapter 5 can be

concluded as:
1) Ray path analysis that visually identifies stray light issues and summarizes energy flux
and total power

2) Receiver data filtering for multiple analyses from a single simulation
3) Aim areas for efficient analysis of stray light in systems

4) CAD import and export to leverage existing data

2.6 Summary

For optical see-through display systems, there are many important parameters in evaluating the
display performance. To achieve the high brightness required for AR display, the choice of both
projector and optical combiner is very important. Generally, there is no universal display
solution that can satisfy various application scenarios. AR display systems are an integration of
projector, optical combiners, digital processing unit, power source, etc, which requires to work

synergistically to suit different AR system specifications.

The requirements of the human eye visual system provide quantitative standards for AR
displays and point to the main issues that need to be addressed in current AR head-mounted
displays, such as resolution, field of view, display brightness, convergence-adjustment conflict,
and volume size. The larger the field of view, the higher the display brightness, the bulkier the
display device becomes. The convergence-adjustment conflict is generally resolved by
changing the display plane distance or providing different display planes. Optical combiners
combine virtual objects with real scenery and determine the display brightness of AR head-
mounted displays. Geometrical waveguides have better imaging quality, high efficiency, and
larger size. Although the size of the grating waveguide combiner is small, the display brightness
is insufficient, and the grating diffraction tends to make the brightness distribution and color
distribution nonuniform. Under the contemporary technology level, how to find the delicate
balance between the field of view and display brightness and other indicators is crucial for AR
devices. With the development of micro-projector, optical imaging technology and digital
processing, the future AR head-mounted display will certainly be more compact and
comfortable and would be competent to diversified application scenarios for various

applications.
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Chapter 3 Design and optimization of geometrical waveguide

Waveguide technology has great prospects of development in optical see-through near-eye
displays with larger field of view, lower thickness and lighter weight than other conventional
optical technologies. However, the stray light is usually inevitable in current optical design and
manufacturing, causing a poor imaging quality. In this chapter, the principle and structures of
stray light generation in 1D and 2D model are analysed, and the causes are discussed by non-
sequential ray-tracing with mass precision calculation. These designed models perform much

better than prior models in optical performance.

3.1 Design of 1D geometrical waveguide

For the geometrical waveguide, as shown in Figure 3.1(a), the visual information is projected
by a light source, then collimated and coupled into waveguide. The projected light is totally
reflected by the in-coupler. The light can be totally reflected internally within two edges of
waveguide component and coupled out to observer’s eyes until it transfers to out-coupler,
partially reflective mirror array (PRMA), which break the TIR condition. The geometrical
waveguide works as an entrance pupil expander, as shown in Figure 3.1(b). The PRMA should
keep the uniformity of the illumination to human eyes. This property of the waveguide has great
advantages in optimizing the design and appearance of the headset. However, several exit pupils
increase the total area of exit pupil, which decrease the luminous flux at each exit pupil. The

optical efficiency of the waveguide is low, and a powerful projector is required.
PRMA
1

, 9
ERF s

EPD % Collimation optics
- “
\/ Dinax projector

(a) Schematic diagram of the geometrical waveguide near-eye display
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. Entrance

(b) The process of the system

Figure 3. 1 The geometrical waveguide system

Figure 3.1(a) shows the schematic diagram of the geometrical waveguide near-eye display,
where n is the refractive index of the base material, D is the thickness of the waveguide, 0 is the
angle between the edge of waveguide and in-coupler. The angle between the out-coupler and
the edge of the waveguide is also 6. There are 5 mirrors (out-couplers) in the waveguide. The
maximum field angle along the direction of entrance pupil expander (EPD) can be defined as

Eq. (3.1). EPD is the best observation area on the exit pupil plane.

N+D

t o) _tanf _ EPD
A Lmax = prr
(3.1)
where the N is the number of PRMA. The FOV of the waveguide is expressed by Eq. (3.2).
N+D
FOV = 2 tan~'1g "
2ERF

(3.2)
The lights transfer inside by TIR, which means the lights inside angle with the edge w, (shown

in Fig. 3.4) must be larger than the critical angle 6. and satisfy the following formula:
0.=sin™?! (%)

a)2=29'a)1> 9(:

(3.3)

(3.4)
where w; is the refractive angle of the light along the entrance pupil expansion in the waveguide.
Any angle lower than the critical angle cannot be totally-internally-reflected (TIR) within the

waveguide. In engineering optics, the refractive index of air is often regarded as 1. Thus,

sin™? (%) + w,
2 (3.5)

From the above, it is obtained that larger refractive index of the substrate results in larger FOV

0 >

when keeping the other variables constant. The whole length of the waveguide cannot be too
long, as expressed in Eq. (3.6). Usually, the maximum length is set as Lypo1e, Which is set for

the waveguide before reaching the out-couplers.
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N*D n mx*D
tan® tan(20—-wq)

Lwhole= (36)

where m is the number of reflections of the light before reaching the first out-coupler. Hence, it

1s derived below:
LW ole N
m < (—B le _ =) * tan(26 — w,) (3.7)

To increase the range of eye moving, the exit pupil diameter (EPD) is usually 10mm. ERF is
set to 20mm to satisfy the observers with glasses. People pursue large FOV, according to Eq.
(3.2), the larger D, the smaller 0, smaller EPD and ERF could reach the larger FOV. However,
in practise, larger FOV, thinner waveguide and bigger EPD and ERF are all expected. Thus, the

parameters selection is a trade-off process depending on specific application focus.

3.2 Design of 2D geometrical waveguide

The schematic diagram of 2D geometrical waveguide system is shown in Figure 3.2, which is
the orthogonal combination of a horizontal waveguide and a vertical waveguide. Both
waveguides have in-coupler and out-coupler elements. The information is projected from the
projector, then collimated and transferred into the vertical waveguide. The light is coupled into
the middle of the vertical waveguide and transfer upwards and downwards simultaneously.
Partial light transfers through the in-coupler and directly couples out into the horizontal
waveguide, while the other part propagates by TIR for the vertical expanding and then couples
out to the horizontal waveguide when light meeting the out-couplers (partially reflective mirrors
array). Similarly, horizontal waveguide works in the same way as that of vertical waveguide.
After horizontal expanding, the light arrives at observers’ eye pupil. The specific way of two-
dimensional expanding has great advantages in optimizing the design and appearance of the
near-eye display. However, several exit pupils of the 2D waveguide increase the total area of
exit pupil of the system, which decrease the luminous flux at each exit pupil. Thus, a high-
performance projector is required to increase the optical efficiency of the waveguide. The
waveguide works in expanding the exit pupil from projector. The pupil could intercept the
complete image information from a certain plane, which could be transmitted to the retina by a
lens. The light from the out-couplers produces a sub-exit-pupil array. Since the light rays exit
at the same angle, light from any two or more adjacent out-couplers can converge to a single
point in the eye's lens to form an image. The human eye can observe whole FOV in the eye box

(any places, which could receive the entire light from the out-couplers to form an entire image).
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Therefore, the light from the same angle would theoretically cover one visual cell, like a pixel
in the image sensor, without any double shadows or ghost images. If the gap between the out-
couplers is beyond the eye resolution 60”, double shadows or image gap would be observed by

human eye. The design could obey the visual requirements as discussed in Chapter 2.1.

Horizontal waveguide

~I~

LSS
NERNININ
NN

Vertical waveguide

Figure 3. 2 Configuration of two-dimensional geometrical waveguide.

3.2.1 Horizontal waveguide
Figure 3.3 shows the schematic diagram of the horizontal geometrical waveguide. Entrance
pupil expander (EPD) is the best observation area on the Fourier plane. The FOV of the

horizontal waveguide is defined as Eq. (3.8).

N+D

—1tand ~ EPD
FOVhorizontal: 2 tan W
(3.8)
N=xD
EPDhorizonal = tan O )

where D is the thickness of the waveguide, 6 is the angle between the edge of waveguide and
in-coupler equal to the angle between the out-coupler and the edge of the waveguide, N is the

number of out-couplers in the waveguide. Eq. (3.9) is the horizontal eye box of the model.
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Figure 3. 3 Configuration of horizontal waveguide.

The light propagates by TIR, thus, the transferring angle with the edge w, (shown in Figure 3.4)
must be larger than the critical angle 6, (any angle smaller than the critical angle cannot be

totally internal reflected within the waveguide) which must satisfy Eq. (3.10).

wy =20-w; > 6, =sin"1 (nil)
(3.10)
where w; is the entrance angle of the light along the entrance pupil expansion in the waveguide,
n, is the refractive index of the substrate material. Any angle w,, which is lower than the critical
angle cannot propagate with TIR within the waveguide. Thus, 8 is derived as the following.
sin™} () +a,

By (3.11)

2

0>

From the above equation, it is obtained that the larger refractive index of the substrate results in
larger FOV when keeping the other variables constant. The exit pupil diameter (EPD) is set as

10 mm and ERF is set to be 20 mm to give the observers more flexibility. According to Eq.
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(3.8), the larger D, the smaller 0, smaller EPD and ERF could result in the larger FOV. Larger
FOV, thinner waveguide, bigger EPD and ERF are expected at the same time in practical
application. However, the parameter selection is a trade-off depending on the specific
requirements of the application.

The length of the waveguide should meet ergonomic principle, as expressed in Eq. (3.12).

N=D
Lwavegudie= tan 6 +m* D * tan w, (312)

where m is the number of reflections of the light before reaching the first out-coupler. Hence, it

1s derived below:

L

waveguide N
D tan @
m<—L—— (3.13)

Figure 3. 4 The included transferring angle in the horizontal waveguide

3.2.2 Vertical waveguide

The vertical waveguide is designed based on the parameters of the horizontal waveguide to
match the eye pupil, as shown in Figure 3.5(a). The projector is set in the middle point of the
vertical waveguide to reduce the total travelling distance so as to reduce the stray lights. Figure
3.5(b) is the back view and (c) is the side view of the vertical waveguide. When the light
transfers to the in-couplers of vertical waveguide, partial light continues transferring with the
original direction and couples out of the substrate, and the other part of light is reflected and
couples to the substrate by TIR and continues to travel to the other out-couplers. Therefore, for
each out-coupler, a part of the light is coupled out to horizontal waveguide and the other part
transfers to next out-coupler except the last one with total reflection. The out-couplers are

designed with different coating films to achieve different reflection/transmission ratios. The
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coating characteristics on different out-couplers should ensure that the coupled-out light is

evenly distributed on every out-coupler.
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(a) vertical waveguide model (b) Back view (c) Side view

Figure 3. 5 Configuration of vertical waveguide.

The light is expanded by vertical waveguide in vertical direction, the FOV is also expanded
correspondingly. If the light from the projector is directed perpendicular to the vertical

waveguide, the FOV can be calculated as

1 fang = EPP
FOVyerticw= 2 tan "~ SERF
(3.14)
Mxd
EPDyertical = ano (3.15)

where M is the number of the couplers and d is the thickness of the vertical waveguide.

3.3 Analysis and suppression of stray light

3.3.1 Causes of stray light generation
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The waveguide works in expanding the light information from projector. The pupil plane of the
system is the exit pupil plane of the virtual image. The pupil could intercept the complete image
information from this plane, which could be transmitted to retina by lens. Therefore, the light
from the same angle will cover one exit pupil area, without any double shadows or ghost images
[12].
According to the geometry of the waveguide, the pupil is expanded by PRMA. In this process,
some unwanted ghost images would occur due to the inconsistency (error in geometric position)
of the out-couplers of the waveguide, so stray light would be generated by these inevitable
reflections. The contrast, modulation transfer function (MTF) and sharpness of the image would
be greatly reduced by stray light and energy distribution of the image plane would undergo a
significant change. Severely, the target image would be annihilated in the background stray light.
The stray light would become stronger when FOV increases in the direction of entrance
expansion. The ghost image in the edge is more obvious than it in the centre. There are several
cases of the stray light. The first case is caused by twice reflection at the in-coupler, as shown
in Figure 3.6(a). All light just need to be reflected once by in-coupler and the second reflection
change the original direction of the normal lights and cause stray light. The first case usually
happens when

w, <Tm/2-30 (3.16)
The second case is caused by twice reflection by one out-coupler, as shown in Figure 3.6(b).
All light should be coupled out to observer’s eye by once reflection at out-coupler. But some
light may not break the TIR condition after the first reflection at the out-coupler and hit the
same out-coupler again. In this case, the lights may not transfer in the expected direction and
become stray light. The second case happens when

wq <30 -1/2 (3.17)

As shown in Figure 3.6(a), the first case may also cause the second case at the edge of the
waveguide. The third case and the fourth case are both caused by reflection at the back of the
out-coupler, as shown in Figure 3.6(c) and (d) respectively. For ideal design, all light, no matter
from projector or from real world, should pass through the back of out-couplers. But the lights
reflected on the back of the out-coupler still transfer within the waveguide and then may be
coupled out to observer after once or twice reflected by the next out-coupler (once reflection by

next out-coupler in Figure 3.6(c), twice reflection in Figure 3.6(d).
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Figure 3. 6 Stray lights in geometrical waveguide (a) twice reflection at in-coupler; (b) twice
reflection at out-coupler; (c) and (d) lights are reflected by the back of out-coupler.
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From Figure 3.6(c) and Eq. (3.4), the angle of normal light along the expansion direction before
it passes through the waveguide w5 can be derived as

w3 = W (3.18)
The angle of third and fourth cases of stray light along the expansion direction before it passes

through the waveguide w, and ws can be derived as

Wy =T — 60+ W, (3.19)
ws =60-3 12+ w,q, (3.20)
which happens when
W< 46- /2 (third case), (3.21)
w; > 40- /2 (fourth case). (3.22)

From above, stray light can be summarized as shown in Figure 3.7. When 6 and w, are set up,
the kinds of stray light would be determined. Then the stray light can be solved in a targeted
manner. Green line is first case stray light, blue line is second case stray light area, red line is

third stray light area and the black line is the fourth case of stray light.

Figure 3. 7 All kinds of stray light (green line is 1° stray light, blue line is 2" stray light, red
line is 3™ stray light and black line is 4™ stray light).
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3.3.2 Stray light suppressing of 1D geometrical waveguide
To suppress the first case of stray light, a part of the in-coupler Y could be removed, or the edge

of the waveguide X could be blocked, which shows the critical condition as seen in Figure 3.8.
The light hits the edge of the in-coupler after it’s reflected by in-coupler. X and Y part can be

expressed as:

D 2D sin(26—-wy)

Y= sin @ cos(wy—0) (3.23)
__ Ycos(w;+6) (3 24)
T coswg ’

Figure 3. 8 Suppression of first stray light

For the second case of stray light, the abnormal light would be suppressed when first stray light
was eliminated, and the angle meets Eq. (3.16) and Eq. (3.17).

The suppression of the third and fourth conditions mainly rely on the coating of the out-coupler.
Stray light is caused by the convergence of real light rays, which is reflected from the back of
the out-couplers, usually normal light passing through even times on the working surface. For
optical imaging systems, stray light increases the noise on the image surface and decreases the
contrast of the image. The normal light hits the back side of the out-couple surface in a large
angle with the out-coupler and the stray light hits the surface in a small angle with the surface.
Thus, the coating film can be designed to weaken the reflection of the beam with large incident
angle as much as possible and divide the light of small incident angle in a certain proportion, so

as to expand the field of view.
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Figure 3. 9 Selection of the coating film on out-coupler (red line is reflected light, blue line is
transmitted light, green line is totally transmitted light and purple line is transmitted light with
very low percentage).

As shown in Figure 3.9, the light from one side can be reflected by the film while a part of
which could be transmitted through the film, where the reflection and transmission ratio is
different on every film. The light from the other side can totally transmits through the film. The
selection of coating materials should consider such issues as the low absorption rate in the
required band, the matching level between the coating layer and the incident medium, and the
refractive index of the substrate material.
Besides, if the stray light in the third and fourth conditions can be transmitted out of EPD, they
can be ignored, as shown in Eq. (3.25) and Eq. (3.26).
Lstray = ERF * tan[sin"*(n; * sinw,)] = EPD (3.25)
Lstray = ERF * tan[sin"*(n; * sinws)] = EPD (3.26)
from which, the w, and ws could be derived to suppress these two conditions.
Besides the stray light in the waveguide system, there are some situations of stray light caused
by manufacturing. The errors in manufacturing break the original light path and cause stray
lights. As shown in Figure 3.10, the manufactured waveguide has a parallelism tolerance
between two edges, which is noted by angle A. After the light hits the waveguide edge with
some error, it continues to transmit in the wrong way. Whenever the light hits the error edge,

the transmission deviates more from the normal angle [14].
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Figure 3. 10 Stray light caused by manufacturing error at substrate of waveguide.

Eq. (3.27) expresses the angle error before the light through-out the waveguide along the normal
direction.

Aw;=2A

Aw,=3A

Aws=4A

Awg_1=q*A. (3.27)
where the q is the number of hits of light at the error edge of waveguide.
As the angular resolution of the human eye is 60” [153], the manufacturing error could be

accepted if the largest angle error is below 60”. Any angle beyond this would cause ghost images.

sin™1[n = sin(q * A)] < 60" (3.28)
Sin_l[sm 60"]

The length of waveguide and the number of the out-coupler determine q. Thus, only when the
manufacturing tolerance meets Eq. (3.29), observers could get the virtual information with no

ghost image.
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The same light is coupled out by PRMA in parallel. The parallelism of the out-couplers is crucial.
If the parallelism tolerance of out-couplers is beyond some permittable value, the light
transmitted deviates from the normal angle, as shown in Figure 3.11. There are two kinds of

parallelism errors, larger or smaller than the right angle.

A(Us

normal light — light with upper angle > light with lower angle

Figure 3. 11 Stray light from the manufacturing at out-coupler of waveguide.

Eq. (3.30) express the parallelism error in upper and lower angle from the normal angle.

Awz=2 A’
Awg=2 A" (3.30)
where A’ is lower angle and A” is the upper angle.
sin~1[n * sin(AwsorAwg)] < 60” (3.31)
yorar < ST (3.32)

2

When the manufacturing error meets Eq. (3.32), the virtual information could be seen
completely with no ghost image.

3.3.3 Stray light suppressing of 2D geometrical waveguide

The light from the projector is expanded along two axes, which can be expressed as a vector
presentation. Thus, all propagating light can be divided into two directions. Based on the ray-
tracing process, the stray light can also be divided into vertical and horizontal directions and the

propagation path of all stray light can be traced for analysis.
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A) Stray light in vertical direction

The light expands the pupil by a partially reflective mirror array (PRMA). The light which
transfers into the vertical waveguide should be reflected once by the in-coupler and bounce
within the waveguide by TIR. However, it is possible for the light not to exactly follow its
designed pathway and cause stray light due to the errors caused by manufacturing and assembly.
In this expanding process, ghost images would occur by the inconsistency of the angle of the
vertical waveguide. There are four types of stray light occurring in the vertical waveguide as
shown in Figure 3.12, which is half of the whole vertical waveguide, because the vertical
waveguide can be regarded as axially symmetry. The light propagates upwards and downwards
in the vertical direction after being incident at the coupler in the middle of the vertical
waveguide. The upper and lower parts are symmetrical, so one direction is taken for

consideration in this study.

The first case is from twice reflection at the in-coupler, as shown in Figure 3.12(a). The second
reflection changes the original travel direction and cause stray light. The second case is induced
by twice reflection by the out-coupler, shown in Figure 3.12(b). The first hit at the out-coupler
can still totally internally reflect inside, which deviates from the excepted direction. On the front
of the out-coupler, partial lights can be reflected by the out-couplers and partially lights can
transmit through the out-couplers. However, the coating may not strictly meet this selection
requirement and cause stray light. Thus, the third and fourth cases are both caused by unwanted
reflection at the back of the out-couplers, as shown in Figure 3.12(c) and Figure 3.12(d). All
light should transmit through the out-couplers from the back of the vertical waveguide in an
ideal design. The angles of above stray light along the expansion direction before coupling out

of the vertical waveguide can be derived as

P, =20 - @ (stray light 1: ¢, < 1/2 -3a) (3.33)
(p3 = 60+ @4- T (stray light 2: ¢@; < /2 - 3a) (3.34)
@4=T — 20 - @ (stray light 3: @< 4a- 1/2) (3.35)

@s= @ (stray light 4: @,<4a- 1/2) (3.36)

where ( is the angle of TIR, ¢, is the reflection angle of the light along the entrance pupil
expansion in the vertical waveguide, @5 is the angle of second case of stray light along the

expansion direction before coupling out of the vertical waveguide, ¢, and @5 are the angles of
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the third and fourth cases of stray light along the expansion direction before they pass through

the vertical waveguide.

When the ¢@; meet Eq. (3.33), the first stray light would occur. When it meets Eq. (3.34), the
second stray light is caused. The third and fourth stray light would occur when it meets the Eq.
(3.35) and Eq. (3.36).
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Figure 3. 12 Stray light in partial vertical geometrical waveguide (a) twice reflection at in-
coupler; (b) twice reflection at out-coupler; (c¢) and (d) lights are reflected by the back of out-
coupler. Orange line is normal light and blue line is stray light.

Above four cases of stray light would continue transferring to the horizontal waveguide. The
angle changes of the stray light caused in vertical direction would not affect the angle in
horizontal direction. As shown in Figure 3.13(c), the black line is original light, and the red line
is stray light with an angle error on vertical direction. Although the red line and the black line
seem overlapped from the top view shown in Figure 3.13(a), there is actually an angle between
them as shown in Figure 3.13(b). When the light transfers to coupler in the horizontal waveguide,
the red line is decomposed into two components, one is along the direction of the black line,
which will not affect the normal reflection, but the other component does not coincide with the
propagation direction of the black line. The red line produces a propagation path in another
direction in the three-dimensional space. The propagation has no angle change in horizontal
direction; thus, it is not stray light in this propagation direction. Thus, the stray light from
vertical waveguide will not produce stray light in horizontal waveguide. The two components
of the vector do not affect each other. As shown in simulation result Figure 3.14, the black line
is normal light and the red line is stray light, causing ghost images. The stray light in vertical
direction has no effect on horizontal direction but produce a displacement on vertical direction

when light propagates in horizontal waveguide.

Z
) - \’ - Z
] -~ x 7, v\
A /
(a) Top view (horizontal view) (b) Front view (vertical view) (c) Side view

Figure 3. 13 The stray light from vertical waveguide is reflected by the in-coupler in
horizontal waveguide.
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(a) Side view (b) Back view

Figure 3. 14 Comparison of stray light and normal light in vertical direction, (a) side view and
(b) back view. The black line is normal light and the red line is stray light.

The vertical FOV is expanded by vertical waveguide. However, the displacement from the stray
light in vertical waveguide affect the real vertical FOV of the system. As shown in Figure 3.15,

the vertical displacement can be derived as

d3= dl tan B (337)
n, sin@ =nz sinf3 =n; siny (3.38)
d, = 2stany (3.39)

where d; is the average distance of the gap between vertical waveguide and horizontal
waveguide, d; is the vertical displacement of the stray light in the gap, d, is the vertical
displacement of stray light in horizontal waveguide, n,; is refractive index of horizontal
waveguide, n, is the refractive index of vertical waveguide, n; is the refractive index of gap
material, s is a vertical distance vector, 3 is the transmission angle in the gap along the vertical
waveguide which also equals to the coupler-out angle at the horizontal waveguide, y is the

transmission angle in horizontal waveguide.
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Figure 3. 15 Side view of the vertical angle change of light from vertical waveguide to
horizontal waveguide

As shown in Figure 3.13, the stray light from vertical waveguide does not produce stray light
displacement in horizontal vector in horizontal waveguide. Thus, the displacement (one
component of the stray light in vertical direction) and the deviation angle change the light path
which would be coupled out into human eyes and cause ghost images. Thus, the angle of stray

light will be affected by {3 and it is restricted by the resolution of human eyes [154].

B) Stray light in horizontal direction
If there is an angle change with perpendicular in horizontal direction (along x-axis), the angle

of the light changes is as shown in Figure 3.16. The displacement at the gap can be derived as

d,=d; tan§ (3.40)

n, sine =n; sind =n; sinw, (3.41)
where € is the angle error in vertical waveguide from projector in horizontal direction, & is the
horizontal angle change in the gap material, w, is the horizontal incident angle in horizontal

waveguide.
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Figure 3. 16 Top view of the horizontal angle change of light from vertical waveguide to
horizontal waveguide

The incident angle w; may cause the stray light in the system, as shown in Figure 3.6. There
are also four cases of stray light in the horizontal direction, which is the same as the stray light
in 1D waveguide. Figure 3.17 shows the comparison of stray light and normal imaging light in
horizontal direction. The upper side is stray light and the lower side is normal light. The stray
light in the horizontal direction has no effect on vertical direction but causes worse image quality

as shown in Figure 3.18(b).
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Figure 3. 17 Comparison of stray light and normal light in horizontal direction, (a) is top view
and (b) is back view. The black line is normal light and the red line is stray light.

From Figure 3.6 and Eq. (3.18), the angle of normal light along the expansion direction before
it passes through the waveguide w5 can be derived as

w3 =- Wy (3.42)
The angle of third and fourth cases of stray light along the expansion direction before it passes

through the waveguide w, and ws can be derived as

Wy =T — 60+ w, (3.43)
ws =60-3 12+ w, (3.44)
which happens when
w,<46- /2 (third case) (3.45)
w, > 46- /2 (fourth case) (3.46)

The resolution is related to the brightness and contrast of the observed object. According to
actual statistics, the angle resolution of the eye is between 50"-120", and it is generally 60"
under good lighting conditions [155]. Therefore, in this optical system, it is necessary to ensure
that the output image can reach a better resolution than that of the eye [154]. If the angle error

of the stray light is below 60", there will be less ghost images perceived, as shown in Eq. (3.47)

sin~[n, * sin(Wstray light OF B)] < 60" (3.47)
The stray light in the above two directions can be suppressed by the same methods. The
suppression methods consist of angle design as above and coating-selection design, which have
been discussed in Chapter 3.3.2 [156]. Besides, the manufacturing tolerances in substrates and
couplers have also been analyzed in detail. There are two situations of stray light caused by

manufacturing inaccuracy discussed in Chapter 3.3.2.

The stray light cases and suppression conditions of 1D and 2D waveguide can be conclude as

Table 3.1
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Table 3. 1

Stray light and suppression conditions

1D waveguide

2D waveguide

Suppression method

reflection at
out-coupler
after one
reflection at the
back of out-

coupler

reflection at
out-coupler
after one
reflection at the
back of out-

coupler

reflection at
out-coupler
after one

reflection at

the back of

out-coupler

Horizontal Vertical

1% case Twice Twice Twice Limit the entrance
reflection at in- | reflection at in- | reflection at angle and position
coupler coupler in-coupler

2" case Twice Twice Twice Limit the entrance
reflection by reflection by reflection by angle
out-coupler out-coupler out-coupler

3 case One reflection | One reflection | One reflection | Coating method and
at out-coupler | at out-coupler | at out-coupler | material selection;
after one after one after one Limit the angle to
reflection at the | reflection at the | reflection at couple the light out of
back of out- back of out- the back of EPD
coupler coupler out-coupler

4™ case Twice Twice Twice Coating method and

material selection;
Limit the angle to
couple the light out of
EPD

3.4 Simulation and optimization of 1D geometrical waveguide

The parameter selection is a trade-off process depending on the application. The optimization

process for the designed waveguide model can be concluded as:

1. Determine the design objectives and performance parameters, such as the resolution,

brightness, chroma and contrast of the optical system that you want to optimize.




2. Build the original model and do basic testing. Create a 3D model in LightTools, including
various optical components. Test the model to determine its basic performance and
shortcomings.

3. Define the optimization variables and ranges and set the optimization template. In LightTools,
you can define parameters and ranges that can be adjusted and turn them into optimizable
variables. You can then save it as an optimized template for later use.

4. Optimize modeling parameters. Use the optimization function and template in LightTools to
automatically adjust parameters and find optimized solutions. This part requires trial and error
and adjustment to find the best solution.

5. Validate the results of the optimization and validate the determined design with more detailed
tests. For example, MATLAB or other simulation software can be used to measure performance
parameters to confirm optimized results.

6. Modify the design and repeat the optimization process. Depending on the test results, the
design may need to be fine-tuned to optimize more performance parameters.

7. Output final design. Finally, after determining the optimization, you can export the final
LightTools design for manufacturing or use in a project. In summary, the LightTools
optimization process requires trial and error and fine-tuning to expect the best results.
According to the above analysis, to provide a smaller thickness and larger FOV of a wearable
geometrical waveguide, the parameters in the design are listed in Table 3.2. Based on the above
parameters, the FOV can be calculated as 72° from Eq. (3.34).

Table 3. 2 Parameters of the geometrical waveguide

n O 0 N D (mm) | EPD (mm) | ERF (mm)
>1.66 0° 20 8 2 10 20

In order to eliminate the overlapping image, the in-coupler should be designed as shown in
Figure 3.18. The reflective surfaces are adjacent to each other, and eyes will extract the full
image from the exit pupil plane. Thus, there will be no holes of the projected image by the non-
overlap surfaces. The out-coupler design affects the FOV. The active part of out-coupler can be

expressed as

_2Dsin(26-w,)

cos(w;—0)

(3.48)
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and the FOV of new designed system can be derived as

N=#2D tan(20 — w{)— EPD
2ERF

A
o \
<\

|
6

FOVgesign=2 tan™* (3.49)

Figure 3. 18 Active part of out-coupler

The light coupled out from the out-couplers should be uniform. Thus, the illumination from
each out-coupler should be the same. Taking 8 out-couplers as an example, the ratio of
transmittance and reflectance of the film on every out-coupler should follow table 3.3 to make
sure the uniformity of the illuminance.

Table 3. 3 The ratio of transmittance and reflectance under visible wavelength [157]

Out-coupler 15t 2nd 3rd 4th 5th 6 7th gth
Reflectance 25% 30% 35% 40% 45% 50% 55% 60%
Transmittance 75% 70% 65% 60% 55% 50% 45% 40%

Based on the above, the schematic diagram of the optimized geometrical waveguide is shown
in Figure 3.19. The wavelength of the light source is 550nm with a 2.3mmx10mm area. The

luminous flux is 679.55 Lumen with uniform angle distribution and volume distribution.
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Figure 3. 19 Schematic diagram of the optimized geometrical waveguide.

Figure 3.20(a) shows the illuminance of the waveguide with no optimization for the coating at
the exit pupil of the system. Because the coating tolerance +5% is added for the reflectance ratio,
the illumination received is ununiform. The light is unevenly distributed, the field loss occurs
at the edge of the out-couplers, which causes ghost images, as designed in Table 3.2. Figure
3.20 (b) shows the illuminance of the optimized geometrical waveguide with the same light
source at the exit pupil. One variable on reflectance is added based on the original ratio, the
optimized reflectance ratio is received as 23%, 27%, 34%, 40%, 45%, 51%, 57%, and 62%.
From the LightTools ray-tracing analysis, the light distribution is uniform, and the stray light is
greatly suppressed. The projected light is expanded several times by the folding and unfolding
process. The gap between the blocks of the image is below the resolution of human eyes. The
Figure 3.21 shows the angular distribution of the optimized system, which effectively suppress

the stray lights and expands the field-of-view of the system.
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Figure 3. 20 Scatterer distribution diagram of illuminance, (1) is the illuminance with stray
light and (2) is light illuminance without stray light, the unit is W /mm?.
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Figure 3. 21 The angular distribution of the optimized system, the unit is W /mm?.
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3.5 Simulation and optimization of 2D geometrical waveguide

The length and the position of the couplers are designed based on the above analysis as shown

in Figure 3.22.

Qut-coupler

AN

l o
! ! !

(a) out-coupler design in horizontal waveguide

Out-coupler

(b) partially coupler design in vertical waveguide

Figure 3. 22 The position design of the couplers in geometrical waveguide.

The pupil plane is at the exit pupil of the virtual imaging, and the pupil will extract the full
image from this plane. Light in the same angle from different out-coupler will be focused on
the same pixel (viewable unit) with overlapping images. There will be no gap or holes on the
observed images. To make sure the expansion resolution of these two waveguides matches with
each other based on the eye-observation requirements, the optimized parameters for the two-
dimensional geometrical waveguide are set as listed in Table 3.4. Based on Eq. (3.8) and Eq.

(3.14), the horizontal FOV can be derived as 69° and vertical FOV can reach 56°.
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Table 3. 4 Parameters of the combined waveguide

n w4,/ @,/ | 6/a| N/M D Eye box | FOV
€ (mm) (mm)
Horizontal >1.66 0° 20° 8 2 22.6 69
waveguide
Vertical >1.66 0° 20° 6 2 26 56
waveguide

Table 3. 5 The ratio of transmittance and reflectance in horizontal waveguide

The coatings on the couplers should have a specific ratio of transmittance and reflectance to
present uniform illuminance of the virtual information from the projector. The ratio in horizontal
waveguide is listed in Table 3.5, while the ratio of the vertical waveguide is listed in Table 3.6.
The material of the glue should have good stability and high transparency, which would affect
the light efficiency of the system. The refractive index of the glue should be the same as the
refractive index of the substrate material at 1.69+0.02. Within this range, the stray light would
not cause a ghost image based on the resolution of the eye. Otherwise, ghost images will be
produced. The methods discussed in Section 3.4 can be used to suppress these stray light [156].
Besides, the layer of the glue should be uniform, otherwise, there will be parallelism errors

between two edges of the substrate or between out-couplers like in Figure 3.10 and Figure 3.11.

Out-coupler 15t 2nd 3 4th 5th 6 7th gth
Reflectance  11.0% 12.5% 14.3% 16.7% 20.0% 25.0% 33.0% 50.0%
Transmittance 89.0% 87.5%  85.7% 83.3% 80.0% 75.0% 67.0% 50.0%

Table 3. 6 The ratio of transmittance and reflectance in vertical waveguide

coupler 15t 2nd 3rd
Reflectance 25% 33% 50%
Transmittance 75% 67% 50%
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Based on the above discussion, the schematic diagram of the optimized 2D geometrical
waveguide is shown in Figure 3.24. The light source is divided into two parts, each of which is
reflected by the in-couplers of the vertical waveguide towards the upper or lower direction.
From this model, the illuminance of the optimized model at the exit pupil can be obtained as
shown in Figure 3.25. Illuminance is a measure of how much the incident light illuminates a
surface and it is a physical quantity that reflects the intensity of light. It is vital to check that the
distribution is sufficiently uniform. The detector is placed at 20mm eye relief position to
simulate the position of the human eye. The virtual images should be smaller than the size of
the horizontal and vertical couplers, which is 2.76mm *2.76mm. The light source is 2mm*2mm
area and the light at the exit pupil is expanded multiple times. The total luminous flux is 679.55
Lumen, 1W, and the wavelength is 550nm. The light from light source is perfectly collimated,
including 25,000 rays. Human eyes are most sensitive to electromagnetic waves with a
wavelength of about 555nm. The angular distribution and the volume distribution are uniforms.
However, because of the manufacturing restrictions, the coating model at normal spectral
characteristics (The thickness of the coating film is based on the R/T ratio, and the uniformity
error is set at 1% and the surface roughness is set at Ra 2nm) is set and the loss of the
projector/collimator is set under 0.2dB. In practice, if the condition of collimation is not ideal,
the light cause no ghost images when the angular resolution of stray light is below the resolution
of human eyes. Figure 3.24 (a) shows the illuminance at the exit pupil in X-axis and Y-axis and
(b) is the illumination distribution across the exit pupil at above parameters. It can be concluded
that the light distribution after expansion by horizontal waveguide and vertical waveguide is
uniform after suppressing the stray light. The size of the projector could match the size of in-
coupler in vertical waveguide. The fluctuations shown in Figure 3.24 (a) are caused by the
coating, because in practice it is difficult to realize the ideally uniform distribution of the output
light. There are some slight light spots shown in Figure 3.24 (b) due to the loss of the collimator,

the slight uncollimated light would cause some stray lights on the receiver.
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Figure 3. 23 Schematic diagram of the optimized 2-D geometrical waveguide.
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Figure 3. 24 The illuminance of the system at the exit pupil.

There is no need to express the color of each frequency separately when we deal with colors.
The three primary colors of red, green, and blue (RGB) are added in different proportions to
synthesize to produce color vision. The frequency and wavelength of the light satisfy the

relationship:

~
Il

(3.50)

Sl i<

(3.51)
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where v is the propagation speed, unit is m/s; A is wavelength, unit is m; and f is the frequency
of the light, the unit is Hertz (Hz), c is the speed of light in vacuum and n is the refractive index
of material at the wavelength, lambda. Figure 3.26 shows simulation results for a light source
with different wavelength. Figure 3.26, (a) is the simulation of red light, (b) is the simulation of
green light, (c) is the simulation of blue light and (d) is the simulation of RGB color model. The
wavelength of the light source is slightly affected by the waveguide although it is totally
geometrical propagation. Due to the dispersion and absorption curve, blue light will be much
likely absorbed than the other one, and lead to a yellowing effect. The reflection/transmission
coefficient of the out-coupler is also related to the wavelength and will lead to color
modification according to the position of the out-coupler. Thus, the quality of the coating on the

out-couplers is vital to the image quality.

(a) Red light (620-750nm) (b) Green light (495-570nm)

(c) Blue light (450-475nm) (d) RGB

Figure 3. 25 Simulation results of light with different wavelength
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3.6 Design and optimization of hybrid collimator

AR display has strict criteria on the brightness and uniformity of the projector due to the virtual
imaging method. After optimizing the illumination uniformity of the waveguide, the illumination
uniformity and the brightness uniformity of the projector also affect the performance and quality
of virtual images. Thus, the secondary light distribution of the light source is essential for the
illuminating system. Secondary light distribution is a critical issue for the light distribution and
output efficiency of LED to get a high energy efficiency and uniform illumination system
together. The reflective cup and normal lens are applied in the LED light source design. Freeform
illumination system is capable of adjusting the beam angle and shaping the light spot based on a
more compact structure, which has been extensively employed in the design and manufacturing

process of the illuminating system.

Driving benefits from the compact structures, the TIR lenses have been successfully applied to
direct the light internal beams to a particular point or plane in practical applications, such as LED
illuminating systems. The freeform surfaces could manipulate beams of light at different angles
to maintain approximate magnification simultaneously as they pass through the principal axis,
which minimizes the aberration. To build the collimating model, the relationship between angle
and surface form parameters of the projector system is determined based on the ray tracing model,
and the relationship between system volume and system parameters is confirmed. In compliance
with the correlations, the performance of the alignment system can be accurately evaluated, while
the correlation between freeform lens parameters and system performance could be assessed,

and the designed function can be realized.

3.6.1 Model design

The volume, uniformity of illumination, and energy utilization of the projector system have a
direct effect on the quality of the virtual images from the AR system. Therefore, the secondary
light distribution of the light source in the AR system is significant. The secondary light

distribution system works as shown in Figure 3.27.
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Figure 3. 26 Diagram of secondary light distribution for projector

The light from the LED is directed and collimated to the cube beam splitter (BS), together with
the light information from the projector to increase the uniformity of the virtual images. The TIR
collimator is a rotationally symmetric structure, and the profile structure is shown in Figure 3.28.
The collimator consists of three parts: the conicoid (i.e., the paraboloid), the spherical surface,
and the lens. The light path is divided into two parts, the edge part to the conic surface and the
central part passing through the freeform lens. The LED is set at the point, which is the focal
point of the parabola, the center of the sphere, and the focal point of the lens. The light passes
through the spherical surface with no angle change. When the light transfers to the paraboloid
surface, it is totally internally reflected out of the collimator parallel to the x-axis. The light is

perpendicular to the interface, thus there is no angle change when the light couple out of the lens.

A

y Paraboloid

Sphere A __g=—" ——

-

*V'

v

A 4

Yvy

Figure 3. 27 Profile structure of the TIR collimator
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As shown in Figure 3.28, the angle of light transfer to the paraboloid is ;. The light from the
focal point is projected out of the lens also in parallel, the angle of which is 3,. The half-angle

of the divergence of the light source is 3;+f3;.

Figure 3. 28 Diagram of the diameter length dimension
The equation of even degree aspheric surface of the rotationally symmetric structure is

cr?

7 =
1++/1—(1+Kk)c?r2
+a,r® +agrt® + .. (3.52)

+a;r? + a,r* + agr®

CI‘2
1+/1—(14k)c2r2

aspheric surface, r is radial coordinate, which is the distance from any point on the aspheric

where z = is the quadric equation of datum, c is the curvature of the vertex of the

surface to the optical axis, k is constant of the conic, Az = a;r? + a,r* + azr® + a,r® +
asrl® + --- is an offset of the aspherical surface from a reference conic. The equation of the cross

profile of the paraboloid, which is a conic, can be derived as
y? = 2px (3.53)

The coordinate of the focal point is (g, O). The coordinate of intersection point A between the

sphere and paraboloid can be derived as
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2 2 tan(B; + By)?
b 1 1 3.54
+tan([31 + B2) Jtan(B; + B2)? * (3.54)
___ P / 1
A= tan(B; + B2) TP tan(B; + B2)? (3.55)

Thus, the diameter of the collimator entrance is tan(;%[gz) +2p \/ m + 1. The sphere can

be described as

NP B S S
tan®p, tan4B, tan?p, (3.56)

\ 2 ’tanZB2 + 1+ tan®B, + 3

p ¥B p
2

Yy =D

Xg =X, +5= +
5 2727 tanB,

The endpoint of the paraboloid is C, which determines the length of the TIR collimator. Thus,

p 1
= + / +1 3.57
yc tan BZ p tan B22 ( )

the point C can be derived as

y :E+X3=E+ P +p ! +1 (3.58)
¢ 2 2 tan BZ tan BZZ
Thus, the length of the collimator is
L = S L +1
collimator — X3 X1 = tan 82 p tan 822
p p 1
— - +1 3.59
tan(B; + B2)? tan(B; + B2) \[tan(Bl + B2)? ( )
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From the above formula, the basic parameters of the TIR collimator can be calculated to construct

the initial structural model. Besides, the volumetric model can also be constructed as below.

For the central part of the freeform structure, the detailed diagram of designing the freeform TIR
lens has been described in Figure 3.30 by Zhao,et al [158]. The association between light source
position and collimating lens should be determined first. The vector of the tangent direction on
the lens surface is obtained by the principle of geometric optics. Then, the two-dimensional
surface of the freeform lens can be constructed by the value of the vector in the tangent direction.
The designed freeform lens can be obtained by rotating the 2D surface shape around the optical

axis.

The light from the LED is collimated to the optical axis after passing through the freeform surface.
As shown in Figure 3.31, Q is one point on the freeform surface, the red line is the light path.

The relationship between these parameters can be derived as

T

i - 61 == E - 62 (3.60)
T
a=z—i+6 (3.61)

where 0, is incident angle and 6, is exit angle. Besides,
nsin0; = sinH, (3.62)

where n is the refractive index of the collimator and assuming the refractive index is 1. Thus,

cosi
61 = tan_l <—) (363)
n — sini
T cosi
o =2 _i+tan? (—) (3.64)
2 n —sini

The vector in any direction of Q can be obtained. As shown in Figure 3.32, it is a conceptual
mapping from a point light source to a freeform surface (Q) to a set of target points (y,). The
surface normal (Q,,) is set to send the incident light to the corresponding target point. The surface

profile is generated by B-spline function surface interpolation, which is typical freeform surface.
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Figure 3. 29 Diagram of the design method of freeform TIR lens.

Normal

Horizontal

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
_____________________________ +
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Figure 3. 30 Geometrical analysis of the freeform surface
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Figure 3. 31 Calculation method for freeform surface

3.6.2 Simulation and optimization of designed collimator

Under the synergy effect of the central freeform optical lens part and the edge part of the TIR
optical element, the collimation of the light source can be realized. The size of the LED is
Imm*1mm, the effect of which can be negligible to the illumination. The material of the
collimator is polymethyl methacrylate (PMMA). The refractive index n=1.49 at 555 nm
wavelength. Thus, the critical angle 6 of the TIR is around 45°.

o1
8critical angle = S1N IH (365)

Based on Eq. (3.52) to Eq. (3.54), the surface data of the central part can be calculated and
optimized as discussed above. The diameter of the entrance side of the system is 15mm, and the
diameter of the exit side of the system is 29mm. The length of the system is around 18.3mm. The
divergence angle of LED is around 120°. The conceived collimator model is shown in Figure

3.33.
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Receiver

Figure 3. 32 Simulation of the light path of the TIR collimator

LightTools can automatically optimize the system with variables for the curvature of the
intermediate lens. The design has a good illumination uniformity on the receiver plane, as shown
in Figure 3.34. The illumination uniformity of the system is over 94% and the luminous flux
utilization rate is over 91%, which are proved as shown in Figure 3.35. The uniformity of the

system [159] can be derived as

Umax -

U..
=122 T <100% (3.66)

Umax + min

where U, 1S the maximum illumination and U,;,, is the minimum illumination of the system.

The light utilization rate of the system [160] is

E...
Euniform = Emln X 100% (3.67)

max

where E i, is the minimum light energy and E,, . is the maximum light energy across the whole
field. The system would reduce the resolution of the image; thus, there is a trade-off process
between uniformity and the resolution of the virtual images. The coefficients of the equation
fitted by the discrete data points are set as discrete variables, and the initial structure is optimized
using the collimation optimization function in the LightTools. Figure 3.35(a) is the illumination
distribution before optimization and (b) is the uniform distribution after optimization by variables

on LightTools.
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Figure 3. 33 Scatter chart of the illumination of the TIR collimator
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Figure 3. 34 Line chart of the illumination of the TIR collimator

3.7 Summary

In this Chapter, one-dimensional geometrical waveguide is designed, and the simulation results
show the achieved specifications of the 72° FOV and 22mmx=23mm eye box. A 2-dimensional
geometrical waveguide is then developed which realizes 69° horizontal FOV and 56° vertical
FOV, along with 22.6mmx26mm eye box. The illumination uniformity of the 2D design could
reach 83% after optimization. Stray light causing ghost images are suppressed under 1% by the
presented tailored solution. A hybrid collimator combining freeform optics and TIR technology
is designed and optimized to achieve a high illumination uniformity and brightness uniformity
of projector, for improved quality of virtual images. The simulation demonstrates that
illumination uniformity of the collimator system is over 94% and the luminous flux utilization
rate is over 91%. The proper match between the projector and waveguide system could reach

better optical performance and image quality.
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Chapter 4 Analysis and mitigation of vergence accommodation
conflicts

4.1 Analysis of vergence accommodation conflicts

Most conventional stereoscopic 3D displays have inherent VAC problem because they simulate
the perception of 3D images by the psychological perception from 2D images, which is not real
stereoscopic images. Thus, it is necessary to provide great depth and stereo design for the AR
system. VAC is a long-lasting problem in stereoscopic displays. To reproduce the real world
visually, the light field needs to be studied, which is a vector function to describe the collection
of the light in space [161]. A plenoptic function P (%, y, z, 8, ¢, 4, t) for monocular vision is
a mathematical model to represent the light field containing 7 dimensions, as shown in Figure
4.1 [162-164]. Light can enter the human eye at different points and at different angles. (X, y, z)
represents the position coordinates of the human eye in three-dimensional space. (0, ¢)
represents the azimuthal angle and polar angle of the light entering the human eye. The
meanings of 0 and ¢ have been swapped compared to the physics convention. Each ray has a
different color, which can be expressed by the wavelength (X) of the light. The light information,
such as coordinates and energy, entering the human eye would change over time (t). The light
field describes the collection of rays with the human eye as the center. The reflectance light
field also has 7 dimensions, which is the light collection at the center of a luminous object due
to the reversible light path [165-168]. Collecting and displaying the light field is vital to
reproduce the real-world images. Light field display is a promising approach to solving VAC
problem [169-171].
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Figure 4. 1 Plenopic field and reflectance field in one space

There are two main reasons for vertigo, including: (1) the conflict between motion perception
and visual perception; (2) conflicts between binocular parallax and accommodation of visual
perception [172, 173]. The perception of human vision of a three-dimensional environment can
be divided into psychological perception and physiological perception. The psychological
perception is mainly through affine, occlusion, light and shadow, texture, prior knowledge [174-
176]. From these aspects, 3D images can be generated. When looking at a certain point, human
eyes rotate, and the diopter of the lens is changed so that the point of view falls on the
corresponding position on the retina, thus, the object can be seen clearly. When looking at a
near object, human eyes usually look inward, and when looking at a far object, the axis of sight
diverges a little, which causes visual convergence as shown in Figure 4.2 [177, 178]. There are
also differences in observed view of the same object from different angles, and the brain
perceives the stereoscopic image based on these differences [179]. The light information from
each eye is slightly different on the retina. The brain accepts the light signals from both eyes to
judge distances and rotate eyes correspondingly to response to these differences. Convergence
and divergence are unique eye movements as these are the only eye movements that are not

conjugate thus are termed deconjugate [180].
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Figure 4. 2 Physiological visual information.

Besides, the physiological perception of stereoscopic vision mainly includes binocular parallax,
moving parallax and blurred focus [181-183]. Two different objects at different distance to
human eyes, although they move same distance, it cause different visual effect to human
perception, which is motion parallax. Whether it is the movement of the object or the movement
of the subject, it will cause a change in the imaging position of the observed object on the retina.
Motion parallax refers to the difference in movement direction and speed of objects when the
line of light moves laterally in the field of view. When doing relative displacement, the near
objects seem to move faster, and the far objects seem to move more slowly. Motion parallax
can also be judged by calculating the speed at which the retinal image position changes. When
the two cues of motion and binocular parallax work at the same time, binocular parallax have
more influence on depth perception. Besides, the relationship between motion and binocular
parallax is not a linear superposition, but are dependent on each other [184, 185]. The 3D movie
can already achieve the motion parallax for an immersive feeling. Furthermore, human eyes
change the shape of the lens to adjust the position of focus by ciliary muscle, and it does very
quickly. When looking at real objects, in addition to visual convergence adjustment, there is a
need to adjust the refractive of the light at different distances, so that the light can be focused
on the retina to form a clear image. This process of focusing the lens on the object is called
accommodation as shown in Figure 4.3 (a). When focusing on any point, the other two points

will be vague for perception. As Figure 4.3 (b) illustrates, when eyes focus on the far bus for

85



clear vision, the near cat would be blurred; when eyes focus on the near cat for clear imaging,
the far bus is vague for perception. In a natural viewing environment, the interaction between
adjustment and convergence provides comfortable and clear binocular vision. Due to the certain
depth of field of the lens, a certain degree of adjustment error is allowed. To keep the image
clear, the error needs to be controlled within +0.25 diopter [66, 186, 187]. The pupil can respond
to light and shade and then adjust the light acceptance. Only a very small area of the retina is
used to identify light information. This area, called the macula, is about 6-7mm in diameter, and
it is very sensitive and has very high resolution in the dynamic range of light and shade,

grayscale, and color scale.

(a) Accommodation at different distance

86



i
Al A

R

Accommodation at far object

Far object

Accommodation at near object

(b) view the real objects

Figure 4. 3 Physiological visual information (accommodation).

Visual comfort is one of the main criteria for stereoscopic image experience quality. Current
devices display images, which are taken from different angles of the same object through the
left and right sides, and the offset of the image seen by both eyes represent a stereoscopic
perception. However, the light emitted by the screen has no depth information, and the focus of
the eyes is fixed on the screen. Therefore, the adjustment of the focus of the eyes is not matched
with this depth perception, resulting in VAC [188-190]. At present, with the development of
display technology, display devices can provide more and more abundant visual perception
information. According to the visual information that can be presented, the display devices can
be divided into 4 levels, as shown in Figure 4.4 [66, 179, 191-193]. The pupil and the lens of
the eye do not change when humans look at the 2D images. Accommodation is an unsolved
problem for AR/VR systems. The current technologies are aiming to increase the layers of the
image plane as much as possible. As the number of layers of the image increases, the VAC issue
would be reduced. When the number of imaging layers reaches a certain number, the human

eye can no longer clearly feel the VAC [194, 195].

87



e

Affine

Shield Light 2D flat image
shadow Texture

priori knowledge |

Binocular convergence
Binocular parallax

Motion parallax

Accommodation

3D movie by glasses

I

Figure 4. 4 Classification of display devices [179]

4.2 Comparisons of state-of-the-art technologies in solving VAC

Some methods have been presented to suppress the VAC problem for the optical display with
depth perception. Dunn et al. provided a deformable membrane mirror system, with 100° FOV
and 300ms switching depth from 20cm to infinity [73, 196]. Liu et al. developed an addressable
lens system, with 24° FOV and 74ms switching depth from 8D to infinity to match the vergence
[197]. Kaan et al. proposed a method of applying diffusing holographic screen and a sliding
optics for 55°- 63° FOV and 410ms switching time from 5D to infinity [198]. Hua et al. showed
a compact time-complexed multiplane display using freeform optics and microscopic integral
imaging method, spanning the depth range from 40cm to Scm [199]. Klug et al. published a
patent including two layers of RGB grating lightguide to form two depths of images [200]. Lee
et al. demonstrated a 3D display consisting of two display modules, a waveguide, and a
holographic lens, reaching 38°x 19° FOV. Yuki et al. presented a novel design with deep depth
of field (DoF) by pinhole arrays [201]. Andrew et al. demonstrated a method combining pinlight
arrays and spatial light modulators (SLM), which reached 110° FOV [202]. To render a true 3D
image, these technologies can be concluded into three categories: (1) varifocal display; (2)
multifocal display and (3) light-field display. Table 4.1 compares different kinds of
accommodation-solving displays [111, 190, 203-211].
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Table 4. 1 Comparison of VAC-solving displays [7, 73, 122, 197].

Display Focus Focal Eye Latency Form Stray | Technology
technology | mechanism | plane box factor light
-2 Varifocal lens Varifocal Varifocal Accord | Large Yes Less Yes Deformable
g ' see-through ing to bulky membrane
/ - display the mirror,
/ [Real word] diopter addressable
Transparent optical combiner | of the focal play
lens displays...
Yes The sliding
optics
Multifocal Multifocal Accord | Large No Bulky Yes Waveguide
o / - Lens with different focal see-through ll'lg to and
2 / \ display the holographic
@ o number combinatio
Transparent optical combiner s of the n systems
display
MNight No Integral
source imaging
_ - Microlens Array
display
©‘ : = Real word
Transparent optical combiner
Pinhole Light field Several | Small No Thin No Pinhole
Transparent optical combiner /Pinlight planes mirror,
see-through pinlight
= display arrays...

@ """ H - Real word

&9



4.2.1 Varifocal design

A varifocal display consisting of a varifocal image plane with high angular resolution is a
solution for the accommodation problem. Some technologies have been applied for varifocal
displays, such as deformable membrane mirrors, addressable focal planes, the sliding optics
and so on. Dunn et al. proposed a monocular varifocal mechanism based on the deformable
membrane mirror system, as shown in Figure 4.5 [73]. The virtual images are reflected by a
deformable membrane mirror to human eyes, in which the mirror works as a spherical
concave reflective surface. The focal distances change based on the mirror curvature. The
diagonal FOV could reach 100° with fast depth switching (from 20cm to infinity within
300ms) [196]. Figure 4.6 shows the experimental result of viewing the focus of near and far
soda cans and the virtual teapot. However, the display can only present the virtual image at
a single depth every time. It is hard to get multiple focus properties across the entire FOV.
Thus, the depth of virtual objects must be computed and determined by the gaze tracker in
advance [212, 213]. Besides, the response time of 300ms also causes latency, and the image

resolution still needs to be improved.
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Figure 4. 5 Layout of varifocal display with deformable membrane mirror [73].
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Figure 4. 6 Viewing result of deformable membrane mirrors [73].

Liu et al. presented an optical see-through display with addressable focal planes based on
the electrowetting phenomenon of a liquid lens, as shown in Figure 4.7 [197]. The liquid
lens for accommodation consists of two optical power, one is variable from -5 to 20 diopter
and the other one is constant, which present the intermediate image. The spherical mirror
would relay the intermediate image and transfer it to human eyes. When the variable power
changes from high power I to low power I, the accommodation cue moves from far I’ to
near II”. Figure 4.8 shows the experimental result with a focus distance from 40cm to 100cm
away from the viewer. The two cups are real objects and the coke is a virtual image. The left
cap is placed at far distance and the right cup is placed at near distance. The distance of
virtual image cola can be changed. Figure 4.8 (a) and (b) is the depth at 40cm, and Figure 4.
8(c) and (d) is the depth at 100cm. And Figure 4.8 (a) and (d) simulated the focus at 40cm,
Figure 4.8(b) and (c) simulated the focus at 100cm. However, the distance of the virtual
image should also be pre-programmed. The diopter of the lens is changed by the voltage,

which causes some latency.
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Figure 4. 7 Schematics of the optical see-through display with addressable focal plane
[197].

(a) (b)
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Figure 4. 8 The test result of optical see-through display with addressable focal plane. (a)
and (d) simulated the focus at 40cm, (b) and (c) simulated the focus at 100cm. Coke can is
the virtual image [197].



Kaan et al. proposed a varifocal near-eye display with desired depth to match the vergence
by a sliding curved beam combiner on axis, as shown in Figure 4.9 [198]. In this design, the
virtual images were formed as intermediate images by the oasis screen (one-way diffusing
holographic screen), then relayed to the curved beam combiner and finally transferred to
human eyes. It provided symmetric monocular FOV 55° to 63°. The size of the virtual image
is limited by the structure of the curved beam combiner. The focal plane can be dynamically
moved by changing the geometry and the position of the screen along the optical axis of the
system. Figure 4.10 shows the compact prototype and the brightness achieved at eye position
by this design. The light engine must be connected to a computer for the real-time virtual

light programming, therefore, the system is somewhat bulky for wearable use [214, 215].
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Figure 4. 9 Varifocal display with sliding optics [198].
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Figure 4. 10 Layout of the design and daylight photo taken from the eye position [198].



4.2.2 Multifocal design

Hua et al. presented an innovative approach to optical see through HMD designs by
combining the recent advancement of freeform optical technology and microscopic integral
imaging (micro-Inl) method, as shown in Figure 4.11 [199]. Each of the set of 2D elemental
images represents a different perspective of the 3D scene, projected by the projector. Then
each elemental image transfers to a spatially incoherent image when they pass through the
microlens array and built a perception of 3D images. By means of the freeform optics, the
3D scene is relayed to human eyes without blocking the images from the real world. The
FOV of this proof-of-concept prototype is around 40° and the depth range is over 4 meters.
Figure 4.12 shows the experimental results at 4m and 30cm depth. Snellen chart is placed at
4 m and the grating target is placed at 30cm away from the observer. The number ‘3’ is
much clearer in Figure 4.12(a) than the letter ‘D’, as 3 is projected at 4m, while the ‘D’ is
projected at 30cm. The resolution of the projector and the virtual images quality still have
space to be further improved. The FOV and latency also need to be optimized [121, 216,
217].

.. Elemental Images

Reference Plane \... Microdisplay

~\Microlens Array

Virtual Reference Plane

\ Micro-Inl ,

Freeform Prism

Exit Pupil
[R— \
(é\\ R
) J I "l'
N

Figure 4. 11 Schematic design of OST-HMD using freeform optics and micro-Inl [199].



(a) (b)

Figure 4. 12 Experimental results. (a) is reconstructed image at the 4m depth and (b) is the
reconstructed image at 30cm depth [199].

Klug et al. published a patent including a fiber scanning display, a combination system and
the lightguide element, shown in Figure 4.13 [200]. The light source includes two sub-light
sources. When the light transfers to the gratings on the lightguide system, they are coupled
into the lightguide. The lightguide has two RGB elements, which are used to increase the
number of spatially separated lights. RGB reduces the cross-walk of each color [218-220].
When the light transfer to the out-couplers, two groups of sub-lights are coupled out as
different sub-pupils to human eyes, including two depth planes. However, diffraction
gratings, or holograms cause chromatic aberrations which cannot be eliminated and decrease
the light efficiency. It needs very high-resolution display [221-223]. 6 layers lightguide also

increases the size and weight of the whole system.
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Figure 4. 13 Schematic design of the application [200].



4.2.3 Light field design

Yuki et al. proposed an optical see-through display with a deep depth of field using pinhole
polarizing plates as shown in Figure 4.14 [201]. The light from the projector is vertically
polarized and reflected by the beam splitter. Only when the polarized horizontal light passing
through the pinhole can it transfer to human eyes, most of the light is blocked by the plate.
The light from the real world can pass through the system. However, the light efficiency is
decreased when the light passes through the polarizing plate and beam splitter. The FOV
and the DoF are limited by the pinhole size [201, 224]. PinMR™ technology released by
LetinAR uses the pinhole effect for the expandable FOV and the extended DoF [225]. The
LetinAR system is based on pin mirrors embedded in a transparent substrate. These small
mirrors are tilted at about 45° to send the image into the viewer’s eye. Typically, they are
flat but their diameter is small enough (pin-head size) so they act as a pinhole camera and
provide a large depth of field. The optical design of the pin mirrors is application dependent.
In addition to a flat mirror design, it can also be a freeform curved mirror which can both
fold the light path and focus the light to provide the virtual image to the viewer. The
advantage of a freeform mirror is that it can have a larger diameter and therefore higher
efficiency and still have a very large depth of field. Flat or curved mirrors are so small and
so close to the eye that the mirrors themselves are not seen — only the image generated by
the mirrors is visible. The lenses with the embedded mirrors are essentially see-through to
the real world, with the mirrors themselves interfering very little with the outside view.
Figure 4.15 shows the images from LetinAR glasses with a diagonal 41° FOV. However,
pinhole technology has a high requirement on the distance between the glasses and human

eyes, so the eye relief is significantly limited.
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Figure 4. 14 Mechanism of pinhole technology. (a) Red lines are from the projector. Most
lines are locked by the polarizing plate and only the light passing through the pinhole can
transfer to human eyes. (b) Blue lines are the light from real world [201].

Figure 4. 15 Images of LetinAR glasses [225].

Maimone et al. presented a defocused point light array display as shown in Figure 4.16 [202].
The pinlight technology is composed of point sources. The point light sources are coded by
a spatial light modulator (SLM) to form miniature see-through projectors with a specific
angle. The sub-images are rearranged by the software for different accommodation depths
by controlling sub-pinlight. Eye tracking is employed to maximize depth resolution. It could
reach 110° FOV [226, 227]. Pinlight technology has high requirements for the SLM system
and the combination of each pinlight, which has a direct impact on the projected image

quality.
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Figure 4. 16 Pinlight displays. (a) is the array of pinlight source. (b) is the prototype
consisting of pinlight arrays and SLM. (c) is the images from the glasses. (d) shows the
110° FOV[202].

4.2.4 Comparison and prospect

The VAC is a significant ergonomic issue for the near-eye see-through display, which relates
to the fatigue and dizziness of viewers. The VAC is the result of a single or limited depth
plane of virtual images, so all the above potential solutions work on increasing the depths of
the display, as shown in Table 4.1. Ideally, different focal lengths for each pixel for the
virtual images should be chosen. The experimental systems listed in Table 4.1 are mainly
trying to solve the VAC problem through this direction. However, all these systems can only
adjust the focal length simply to improve the depth perception to approach the principle of
human eyes. Hence, there is still a long way to go for commercial applications. Compared
with the varifocal and multifocal displays, the thickness of light field display is thinner.
Besides, the pinlight and pinhole display have less stray light because there are fewer optical
elements for the light to pass through, thereby, the light efficiency is much higher than the
other two kinds of technologies. However, the pinhole structure limits the eye box and eye
relief due to its’ inherent working mechanism. Varifocal and multifocal displays can be
employed to achieve larger eye box and eye relief. For the varifocal display, if there is an
extra lens, such as addressable focal plans and deformable membrane mirror, would result
in significant distortion. There is a trade-off process between the diopter selection of the lens
and the distortion level. Besides, as the diopter of the lens is switched by a controller, there

must be some latency during the process.

Asthenopia prediction algorithms based on the adjustment mechanism of convergence have
also been continuously developed in recent years. From the initial reliance on parallax
statistical analysis, it has been developed to consider defocus blur and adjust the dynamic
process of convergence. Most such solutions could reach ideal FOV and DoF providing an
immersive feeling, but they still depend on the algorithm and the software precoding system
[228]. They alter the depth of the virtual images to match viewers’ comfortable focus area
and distance, however, they are still limited by the programming, environment, latency and

refresh rate, which is not suitable for all observers and environments. To solve the problem,



the most effective method is to connect the hardware to gaze tracking, user and environment
tracking [229]. Gaze tracking makes the virtual images closer to the human eyes, thus the
software could simulate the real-time virtual images suitable for vision [230-233]. Besides,
user and environment tracking are crucial for the immersive feeling for customers [2].
Although some efforts are made through both hardware and software, the stereoscopic
fatigue has more influence factors, such as cognitive fatigue. The processing of visual
information needs to pass through the optic nerve and the complex cerebral cortical
pathways. The non-natural viewing conditions of stereoscopic displays may increase a load
of stereoscopic information processing, resulting in overload and cognitive fatigue. There
are several non-invasive technologies to measure the activity of the brain, such as functional
magnetic resonance imaging (fMRI), electroencephalogram (EEG) and functional near-
infrared spectroscopy (FNIRS), which are related to the neurology [234-238]. Researchers
conducted tests on the relationship between the autonomic nervous system (ANS) and the
non-invasive technologies [239-243]. The results show that the non-invasive technologies

help significantly in reducing the stereoscopic fatigue.

While no single technology can solve the VAC problem completely, the integration of
different means has become a major development trend of near-eye see-through displays.
However, due to some technical barriers such as near-eye display and perceptual interaction,
the development of the end market will take time. It is predicted that the field of near-eye
see-through display will see a large space for imagination in the form of terminal products,

software, content, and applications in the next decade.

4.3 Design and optimization of 2.5D geometrical waveguide

4.3.1 System design

Seriously limited by the component thickness, most stereoscopic displays can only realize
one focal plane. Although waveguides can support thinner designs, by now only very limited
designs have succeeded in achieving two focal planes by the diffractive waveguide. Due to
the inherent working mechanism based on the RGB structure, the thickness of the diffractive
waveguide component is relatively larger than that of the geometrical waveguide. Herein, a
dual-layer geometrical waveguide design is proposed to offer a two-focal depth display with
the thinner structure shown in Figure 4.17. The light source consists of two sub-light sources,
each of which aims to form sub-pupils. The lights from the two sub-lights are separated from
each other and they are perfectly collimated. The SLM encodes and combines the two sub-

light beams with every image data by passing through the beam splitter. SLM is a kind of



device that can transform information into one-dimensional or two-dimensional optical data
to change the amplitude, phase, and polarization of spatial light distribution under the control
of time-varying electrical drive signals or other signals. The visual information is collimated
and coupled into the waveguide by the in-coupler. The light can be internally reflected in
total within the waveguide and coupled out to the next optical element until it transfers to
the partially reflective mirror array (PRMA), which breaks the condition of TIR. The light
from waveguide A is presented at infinity for human eyes. The fixed-focal lens between the
two waveguides fixes the focal point to approximately 100mm from the waveguide B (GWB)
surface. A compensation lens in front of waveguide B is added to counteract the aberration
caused by the fixed-focal lens, so the real-world information will not change significantly.
Then the light is coupled into the corresponding geometrical waveguide and coupled out to
human eyes to generate the combined (virtual & real) images, as shown in Figure 4.18. The
virtual images are displayed at different depths to reduce the vergence accommodation
conflict and generate an immersive feeling. In this process, the waveguide is only
responsible for transmitting the light. Under normal circumstances, it does not do any work
on the image itself (such as zooming in and out, etc.). Besides, it extends the images in a
certain direction, such as 1D, 2D or 3D, to make the images acquired in a larger spatial area.
This method achieves larger FOV, eye box and eye relief, and reduces the form factor.
Compared with the multi-layer diffractive waveguide, there is no rainbow effect in the
geometrical waveguide and the light efficiency is higher, as well as smaller component

thickness.
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Figure 4. 17 Design of the dual-layer geometrical waveguide.
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Figure 4. 18 Virtual images at different depths without blocking the information from the
real world.

Waveguides require the images entering them to be focused on infinity. The fixed-focal lens
works to change the focus of the virtual images. After the parallel incident light passes
through the fixed-focal lens, the reverse extension line of its divergent light intersects at a
point, which is the virtual focus of the concave lens. Thus, the virtual images will be
presented at this focal point as shown in Figure 4.19. Due to the refraction of light, the image
formed by the actual object through a thin concave lens is always an upright and reduced
virtual image. There is also a lens added in front of the waveguide B to offset these effects,

so real-world focus and magnification will not change.

Virtual plane

e

Figure 4. 19 The virtual focal plane of the lens is used to change the depth of virtual
images.

The dual-layer geometrical waveguide is shown in Figure 4.20. The light from projector is
projected to waveguide A and B respectively. Each layer has its light path. 8,4, ds, ny and
a, are the angle between the coupler and edge, thickness, refractive index, and entrance

angle of the waveguide A. 0y, dg, ng and ap are the angle between coupler and edge,



thickness, refractive index, and entrance angle of the waveguide B. The distance between A

and B is dg.
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Figure 4. 20 Schematic of the dual-layer geometrical waveguide
Thus, the angle along the z-axis inside the waveguide can be derived as

n

wa; = —sinag, (4.1)
N
n

wg; = —sinag (4.2)
np

where n is the refractive index of air. And w,; and wpg; must be larger than the critical angle

to meet the requirement of TIR, which are given as

1

Wpr = ZOA + Wp1 > BCA = Sin_1 <n_) (43)
A
1

Wy = 298 + wWg1 > GCB = Sin_l <n_) (44)
B

where O¢, and O¢p are the critical angles in waveguide A and B respectively. The angles of
light within the waveguide should also satisfy the condition that the angle of TIR should be
larger than the critical angle. Based on the above equations, the relationship between
entrance angle, critical angle and reflection angle can be described as shown in Figure 4.21,
Ideally, when the light points fall onto the blue surface, light can realize TIR without stray
light being produced. Any light points falling out of the blue surface cannot transfer as

required within the waveguide or produce stray light as discussed in more detail below.
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Figure 4. 21 Relationship between entrance angle, critical angle and reflection angle in the
waveguide

Thus, the angles between the couplers and the edge of the waveguide should satisfy

Oca — @
0, > % (4.5)
Ocg — W
0 > % (4.6)
The angles of the maximum field (half FOV) along the z-axis can be derived as
g, ~ PP
Quaxa = tan™! SERE (4.7)
Tty P
Qaxp = tan~! B (4.8)

2(ERF + dj + dy)

where M is the number of out-couplers in waveguide A and N is the number of out-couplers

in waveguide B.

4.3.2 Stray light analysis and elimination
Considering the above angle restrictions, the entrance angle along the z-axis inside the

waveguide is derived and restricted by



GCA - ZOA < Wa1 < GA (49)

Bcp — 205 < wp; < Og (4.10)
T
T

w1 < 75— 305 (4.12)

Besides, the first hit point at the in-coupler is also restricted as shown in Figure 4.22, which
takes waveguide A as an example. If the hit point is not within a certain distance, TIR will
not occur. After finding the critical point at the in-coupler, the working distance q at the in-

coupler can be derived at

2dy X sinwpaq

= 413
17 cos(war — 82) (#13)
Hence, the first hit point on the in-coupler should satisfy

d 2dy X sinw d

Ca 0% A1 A (4.14)
sinB, cos(wp; — 64) sin 04

—_
q
1

04

Figure 4. 22 Constraints of the in-coupler

As all rays hit the out-coupler from the direction of the z-axis, part is reflected, and part is
transmitted. However, some rays hit the backside of the our-couplers and are reflected as
stray light as shown in Figure 4.20. Taking waveguide A as an example, the red line and
gray line are the normal light transmitted within the waveguide. When the rays are reflected
by the backside of the out-couplers, the stray light is produced as a green line and yellow
line. The stray light will produce ghost images. Thus, the exit angle inside the waveguide

can be derived as

when Wpy1 > g - 49A,



Wout green = T — 60, — waq (4.15)
when wy; < g— 40,4,
Wout yellow = 26A + wa1 (416)

The angle of yellow stray light is much larger than the angle of the maximum field along the
z-axis, so it has no influence on ghost images, which can be ignored. Based on Equation (4.
9)-(4.16), the relationship between the exit angle of the green light and the basic angles of
light within the waveguide is shown in Figure 4.23. For rays on the blue surface, light can
realize TIR without stray light being produced. When rays fall out of the blue surface, TIR

may not be achieved, causing stray light.

a)Aoutg‘reen K

Figure 4. 23 The relationship between the exit angle and the angles of light within the
waveguide.

To eliminate the stray light indicated by the green line, the following equation must be

satisfied
dp _—
0 + ERFtan[sin"1(n, X wgy,e)] = EPD (4.17)
A
i EPD — gy
wp; < 604 ——sin| tanl————= | — = (4.18)

n, ERF



Similarly, the stray light in waveguide B should satisfy

ERF + dg + d, _
+ ERF tan[sin"!(ng X w,,)] = EPD (4.19)
tan Op
da
wpy < 60 — lsin tan~?! EP0 fan O | _ Tt (4.20)
BL=""B  ng ERF +dg + dp '

Crosstalk stray light is from waveguide B to waveguide A and is reflected by the backside
of the out-couplers in waveguide A as shown in Figure 4.24. The exit angle of normal light
from the waveguide B is the same as the entrance angle wg;. The influence of the fixed-
focal lens on changing the angle of the light is negligible as the distance dg is too short to
cause a perceptible variation in the light path from waveguide B to waveguide A. The exit
angle of the crosstalk stray light can be derived as

T
Wout = 49A + Wgpa — E (421)

Ng X sin w
wpp = sin~?! (%) (4.22)
A

where wg, is the entrance angle concerning the z-axis within the waveguide A, and it must

satisfy
d
A 4 ERFtan[sin"1(ny X wgy.)] = EPD (4.23)
tan 0,
da

EPD —
1. _ tan 0 T o1
asm tan~! TA < wpgy < 5~ 20, — sin 1@ (4.24)
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Figure 4. 24 Crosstalk of waveguide A and waveguide B



4.3.3 Numerical analysis, optimization, and verification

Glass is usually used for the waveguide substrate, which has a higher refractive index
compared with resin, good coating resistance, and can withstand various semiconductor
etching processes. The high refractive index means that the total internal reflection angle is
smaller. A smaller TIR angle can give more flexibility to accommodate a wider range of
light transmission angles, which means that the FOV will also be larger. As discussed above,
parameter selection is a total trade-off process. The dual-layer waveguide design is built and
simulated by non-sequential ray tracing. The parameters of the model are shown in Table

4.2. The gap dg between waveguide A and waveguide B is set at 0.8 mm, and the thickness

of each waveguide is 2.000 + 0.005mm; thus, the total thickness of the dual-layer waveguide
is around 5.6 mm. The eye relief is set at 20 mm and the eye box is 38.46 mm in the
horizontal direction. The FOV along the X-axis is 35°. The material of glue should have
good stability and high transparency, which affects the light efficiency of the system. The
refractive index of the glue should be the same as the refractive index of the substrate
material at 1.68 + 0.02 based on the tolerance analysis. Besides, the tolerance of the thickness
and parallelism of the two sides of waveguide and the out-couplers have already been

analysed based on the 60"human eyes resolution in Chapter 3.3[156, 244].

Table 4. 2 Parameters of the dual-layer waveguide.

ny&ng | 0,& 05 | N&M | dy& dg(mm) | Eyebox | ERF | FOV
(mm) | (mm)
Waveguide | > 1.66 | 20° 7 2 38.46 20 35°
A
Waveguide | > 1.66 | 20° 7 2 3846 | 22.8 35°
B
Combined 4.8 38.46 20 35°

Based on the geometrical parameters in Table 4.2, the illumination distribution from the
dual-layer waveguide can be simulated using LightTools. Illumination describes the
measurement of the amount of light falling onto (illuminating) and spreading over the
receiver (human eyes). [llumination also correlates with how humans perceive the brightness

of an illuminated area. The density contrast can be calculated by

E = Inax — Imin (4.25)

Imax + Imin



where [« and I;,;, are the maximum and minimum illumination at the receiver fields.
Waveguide A and waveguide B have the same numbers of out-couplers. The reflectance of

the coatings on the out-couplers follows
Ri = (1 - Rl) X Ri+1 (426)

where i is the serial number of the out-couplers and i+1 is the number of coating reflectance

on next out-coupler.

A volume cuboid light source was set to 1-watt radiometric power. The angular surface
distribution and volumetric distribution are set to be uniform and collimated. However, stray
light reduce the illumination of the virtual image’ uniformity as mentioned above. As these
stray light are all located outside of the exit pupil area, it reduces the energy density from
the desire lights. As the result, the illumination is severely influenced and becomes

nonuniform. The illumination distribution is in Figure 4.25.
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Figure 4. 25 Illumination distribution simulation with no optimization.

To ensure the uniform illumination at eye position, the reflectance of the coatings on each
out-couple needs to be carefully calculated and set with acceptable tolerance during

manufacturing. The illumination variance of the model is proposed as

Oillumination —

Zi(Ei - Eave)2
i

(4.27)




Where i is the number of illumination chart, E; is the illumination at x; * y; field as shown
in Figure 4.26. E . is the average illumination at eye position. Illumination variance can
reflect the degree of dispersion of the illumination. The absolute average illumination of the

simulation data can be proposed as

_ 2i(Ej X x45)
Exve =—Vw——
i XiYi
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Figure 4. 26 Illumination chart of one layer waveguide.
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Absolute average illumination is the average illumination relating to each exit pupil. Thus,
the correction ratio of the reflectance is proposed as

v __ tave
reflectence ™ E

X R, (4.29)

ave

By the merit function optimization of the LightTools, the ratio of the reflectance on each
out-coupler is optimized for the uniform exit pupil and the optimized illumination is shown
as the raster chart of the illumination display in Figure 4.27 and the colors represent the

irradiance at the exit pupil.
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Figure 4. 27 Optimized illumination simulation distribution

The coating on each out-coupler should have a specific ratio of transmittance and reflectance
to present uniform illumination of the virtual information from the projector. The R/T ratios
of each out-coupler for both waveguides are shown in Table 4.3 which designs 7 out-
couplers. The two waveguides are all optimized as above. The light path of the combined
system works as shown in Figure 4.28. The pupil diameter of the human eye is generally 2-
5 mm. The combined system enlarges the eye box to 38.46 mm, which enables the
observation of the virtual images in a larger spatial area. The receiver is set at a 20 mm exit
position to simulate the human eyes’ distance. The light tracing of illumination distribution
throughout the entire FOV is shown in Figure 4.29. The level line represents the illumination
energy, and the energy is very uniform in the pupil area. The illumination uniformity can be

calculated as
Up = Cmin/ (4.30)
0 Eave

where E i, 1s the minimum illumination value, which is calculated based on the point-by-
point calculation. The more uniform the light distribution, the better the illumination and the
more comfortable the visual experience. The closer the uniformity of illumination
approaches 1, the better imaging quality can be obtained. According to lighting standard GB
50034-2004, the lighting of indoor work areas should achieve an illumination uniformity of
0.7 or higher on the work surface [245, 246]. The illumination uniformity of this combined

model is around 0.83.



Table 4. 3 The ratio of transmittance and reflectance of out-couplers

lst 2nd 3rd 4th 5th 6th 7th
Transmission | 89.0 87.5 85.7 83.3 80.0 75.0 67.0
Reflection 11.0 12.5 14.3 16.7 20.0 25.0 33.0
1% out-coupler  5nd 3

4th

Figure 4. 28 Schematic model of the dual-layer geometrical waveguide.



Figure 4. 29 Illumination distribution in the entire FOV.

To quantitatively analyse the intensity uniformity over the dual-layer system, the system
automatically sampled 19 test points of the intensity distribution uniformity across the angle
of the exit pupil, as shown in Figure 4.30. Test points are set automatically according to the
illumination values and uniformity. The simulation result is shown in Figure 4.31. From the
simulation, the total photometric flux is 0.11 W. Except for the discrepancy at the marginal
field, the angular uniformity of the intensity across the exit pupil is more than 70%. The

illumination uniformity can also be improved as below.
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Figure 4. 30 Test points of the intensity field.
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Figure 4. 31 Intensity uniformity across the exit pupil.

The light from waveguide A and waveguide B have the same flux. But the exit angles of
light from waveguide A and waveguide B are different, so they have different irradiance.

Based on the equation of irradiance

E= do (4.31)
~ds '



where @ is the total flux from the waveguide and S is the area of the illuminating surface.
There is a divergence angle of the light passing through the fixed-focal lens from waveguide

B; thus, the illuminating surface on the receiver from waveguide A and waveguide B are

different.
E ds
A-TE (4.32)
Eg dS,

The surface area can also be described as
S Trp?
B8 (4.33)
SA 'lTrAZ

where rg is the equivalent radius of the surface at the receiver from waveguide B and where
r, is the approximate radius of the surface at the receiver from waveguide A. The distance
from the waveguide to the receiver is ERF. The light from waveguide B passes through the
fixed-focal lens and divergence a little and the reverse extension line of the exit light
converges at the focal point F. The divergence angle is a. ry is the radius of the lens and r,

is the radius of the illuminating surface, as shown in Figure 4.32. It can be derived as the

following
r_zzERF+f~r_B (4.34)
r; f ra '
tana = r?l (4.35)
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Figure 4. 32 Irradiance from the light source at a point to a surface.



The light from waveguide A and waveguide B has nearly the same distance to exit pupil and
the same angle « (the thickness of waveguide A in the ERF of waveguide B can be

negligible), so the relationship between irradiance ratio can be derived as

q [(ERF + 1) * r1]2
E, N

E, = ar,? (4.36)
The irradiance from waveguide A and waveguide B are simulated as shown in Figure 4.33.
the average intensity from the simulation can be obtained. The fixed-focal lens is 40 mm in
height and 40mm in width with 100 mm focal length. Based on the numerical aperture of
the lens, the dispersion angle can be calculated as 11.31° on a single side. The exit angle of
light from waveguide B at 22.62° is larger than it from waveguide A (0°). The average

irradiance from the simulation in Figure 4.33 satisfies the Eq. (4.36) within the limit of error.
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(a) LumViewer irradiance from waveguide A at the exit pupil
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(b) LumViewer irradiance from waveguide B at the exit pupil

Figure 4. 33 LumViewer irradiance from each waveguide at the exit pupil.

The FOV of the system is around 35°. After suppressing the stray light using methods in
Chapter 3. Figure 4.34 shows the light tracing results of the system at 0°, £10° and +17°.
There are obvious stray light in the field of -17°, -10° and 10°. Stray light outside of the exit
pupil can be ignored. Under the threshold value 0.001W/mm? on LightTools, the energy of
the largest stray light at 10° is less than 1.5% of the exit pupil energy.

_ EPD
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Figure 4. 34 Light path tracing result in the field of (a) -17°, (b) -10°, (c) 0°, (d) 10°, (e)
17°. EPD is 11.5mm.

4.3.4 Varifocal design

Based on the above dual-focal display design, a concept design of a varifocal display is
proposed as shown in Figure 4.35. Waveguide A can project the light at infinity and the light
from waveguide B can be displayed at different depths controlled by the varifocal liquid



lens. The lens between the two waveguides is a liquid lens, which can achieve changeable
curvature, as shown in Figure 4.36. The liquid lens is controlled by the computer to shift
through a wide range of focal lengths of the virtual images. Liquid lenses are mechanically
or electrically controlled cells containing optical-grade liquid. When a current or voltage is
applied to a liquid lens cell, the shape of the cell changes. This change occurs within
milliseconds and causes the optical power, and therefore focal length and working distance,
to shift. Besides, the size of the liquid lens should match the length of the exit pupil. At
present, the diopter of the lens released by Lemnis can achieve 4.5 D, which can shift the
focus display from 22 c¢m to infinity. The liquid lens is mainly applied in VR glasses now.
Hopefully, this technology can be applied soon when the response time, size and complexity

of integration are improved.
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Figure 4. 35 The concept design of varifocal geometrical waveguide display.

Figure 4. 36 Liquid lens by Lemnis Technologies [247].

The curvatures of the middle lens can be changed to simulate the continuous depth change
of the liquid lens. Following the above stray light elimination strategy, the optimized model
is designed and simulated. The simulation result is shown in Figure 4.37. Three typical
depths of the virtual images are simulated to represent the focal varying process. Figure
4.37(a) shows the virtual images at 50 mm depth, (b) indicates 200 mm depth and (c)
illustrates the 300 mm depth of the virtual images. When the curvature of the middle lens

changes, the irradiance received from the exit pupil area also changes accordingly. The



irradiance at the exit pupil in Figure 4.37 follows Eq. (4.36). Thus, it can be concluded that
the virtual images plane can be shifted by changing the curvature of the middle liquid lens.
From the simulation, the combination of varifocal lens and geometrical waveguide realizes
focal depth plane change with a thin form factor. The curvature of the compensating lens
should also be opposite of the liquid lens’s curvature to counteract the aberration, so the

real-world information will not change significantly.

Such a varifocal design is potentially more favourable for solving the VAC problem.
However, the conflict between motion perception and visual perception could also generate
dizziness and vertigo. Any delay in the reaction of the liquid lens which is longer than the
resolution of human eyes would result in conflict. The response time of the lens must be as
short as possible. Besides, the drift of the optical axis position and the curvature of the lens

must be sufficiently precise to meet the continuous depth change.
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Figure 4. 37 LumViewer irradiance with different curvatures of the middle lens from
combined waveguide at the exit pupil.



4.4 Design of varifocal and multifocal systems for AR

4.4.1 Varifocal design

There are two ways to change the depth of virtual information, one is changing the curvature
of the liquid lens, and the other is changing the curvature of the spherical mirror. Light
information is projected and then reflected by the mirror to the liquid lens working as the
convex lens and generates the intermediate images. Afterwards, light passes through the BS
and transfers to the spherical mirror. The spherical mirror relays the intermediate image and
redirects the light to the eyes of the observer by the BS. When the focal length of the liquid
lens is changed, the divergence angle of the light is changed, thus the accommodation
distance of virtual images would be changed as shown in 4.38(a). When the spherical mirror
with different focal length is changed, the virtual images would be displayed at different
depths. When the focal length of the spherical mirror increases (from solid to dashed lines

as shown in 4.38(b)), the virtual images would be displayed from near to far distance to

change the depths.
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(b) Accommodation distance changed with focal length of spherical mirror

Figure 4. 38 Sketch of the varifocal model.

The system is simulated using LightTools as shown in Figure 4.39. The spherical mirror is
a 50.8mm aperture with a focal length of 75 mm, which can reflect all information from
previous elements. As shown in Figure 4.40, it presents the accommodation distance as a
function of the radius of curvature of the liquid lens. According to Figure 4.40, the virtual
images can be displayed to infinity. The curvature of the liquid lens limits the shortest

accommodation distance of the virtual distance.

Figure 4. 39 Simulation of the designed system to change the focal depths.

260 J
| m
. 240+ _m
g 1 s
é 220 L
— 1 /.
8 200 m
=] 1 /I
«g 180 .
@)
£
=
bao}
=
g
9]
3
<
T s T . T 5 T 8 T ' 1
20 40 60 80 100 120

Radius of curvature of adjustable lens f; (mm)

Figure 4. 40 Accommodation distance is constrained by the radius of curvature of liquid
lens.



From the simulation analysis, the illuminance results are obtained when the virtual images
are projected at different depths, as shown in Figure 4.41. Figure 4.41 (a) is the irradiance
received at the human eyes when the virtual image is projected at 100cm and (b) is the
irradiance received when the virtual image is 200 cm in depth. The illuminance intensity on
a surface is inversely proportional to the square of its distance from the light source and can

be expressed as [248]:
E=— (4.37)

where E is illuminance intensity, unit is lux (lumen/m?); @ is the quantity of light emitted
by a light source, unit is luminous flux (lumen) and d is the distance from the light source
(m). If there is an angle 8 between the normal to the plane at the illuminated point and the
line connecting the source to the illuminated point as shown in Figure 4.42 The illuminance

density can be derived as [249]:

[
E= d—ez * CoS 0 (4.38)

where Ig is the luminous intensity of the source in the direction of the illuminated point.
When the virtual image is projected at 100m or 200m, the angle 0 is the same value. Thus,

the relationship between the irradiance ratio and the distance can be derived as
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(a) Illuminance when virtual images at 100 cm  (b) [lluminance when virtual images

at 200 cm

Figure 4. 41 Illuminance results when the virtual images are projected at 100 cm and 200
cm.
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Figure 4. 42 Irradiance from the light source to a surface.

The simulation results of the illuminance and the focal power meet Eq. (4.39). Thus, the

virtual accommodation cue can be shifted by changing the focal power of the liquid lens.
4.4.2 Multifocal design

To add one more depth of virtual images, one additional projector is needed. Each has an
independent optical path, which may be changeable at object distance or focal length of lens
f; or spherical mirror f,, as shown in Figure 4.43. When changing the focal length of the
lens f;, the accommodation distance of virtual images would be changed. When changing
the spherical mirror with different focal length, the virtual images would be displayed at
different depths. When the focal length increases, the virtual images would be displayed
from near to far distance. The projector system consists of two color-OLED displays. There
are two ways to project two independent depths as illustrated in Figure 4.43(a) and (b). The
virtual images in Figure 4.43 (a) share one lens f; by a BS. When the focal length of f; is
changed, the depths of virtual images from the OLED 1 and OLED 2 are all changed
accordingly. And the virtual images in Figure 4.43 (b) have their own lens to change
independent depths. The focal lengths of these two lenses of f; and f; are independent. The
depths of each virtual information from OLED 1 or OLED 2 can be changed by changing
the corresponding focal length of f; or f5. Then they are all reflected by a spherical mirror
to generate the intermediate images. Afterward, the spherical mirror relays the intermediate

image and redirects the light to the eyes of the observer by the BS.
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Figure 4. 43 Multifocal display with different ways to change the depths of virtual images.

4.4.3 System design

The projector system is the light source of the design consisting of a color organic light-

emitting diode (OLED) display, an Arduino microcontroller, and a Bluetooth element. An

OLED display was chosen due to its small size, thinness, and low power consumption. A

Bluetooth module and the OLED display are connected to the microcontroller-Arduino

Nano, charged by a battery, as shown in Figure 4.44. Codes and instructions are written into

the Arduino nano microcontroller from the PC.



A projector system with a 16-bit color OLED display is connected to the Arduino system
and Bluetooth. Any information to be displayed on the OLED can be inputted on PC or
smartphone. The screen measures 0.96 inches and has 96 X 64 pixels. This board uses the
SSD1331 driver chip, which manages the display and is interfaced using a serial peripheral
interface (SPI) (clock, data, chip select, data/command and an optional reset pin). The
printed circuit board (PCB) size is 31.5 X 35.5 X 5 mm. To test the chip and projector, the
coding in Appendix A is tested.

T |

(1) PCB diagram (2) Breadboard diagram

Figure 4. 44 Circuit diagram of the projection system

In the light path, the imaging is divided into two parts. The first is to produce the intermediate
image I by the liquid lens which is a varying focal convex lens from the OLED source, and
the other is reflected by the spherical mirror which is a concave mirror and produce the
virtual image II by the beam splitter (BS), as shown in Figure 4.45. The object distance of

the image is p, thus the image distance of the intermediate image q can be derived as:

_pxf;
p—f

q (4.40)

where f; is the focal length of the liquid lens. Since the lens is the limiting aperture of the
model, the position of the lens is set at the center of the curvature of the spherical mirror.
The conjugate exit pupil can be formed by the BS, human eyes should be placed at the
conjugate pupil position to observe the virtual images and the real images from the real
world clearly. The object distance of the intermediate image is u, the image distance

reflected by the spherical mirror can be derived as the following:

u*f,

VvV =

(4.41)
u— f2



where f; is the focal length of spherical mirror. The relationship between the focal length f,

and the radius of curvature R of the spherical mirror is:

R
f=5 (4.42)
R=q+u (4.43)

The distance between the spherical mirror to human eyes in the light path is the same as the
curvature of the spherical mirror as R, as shown in 4.39. From the above equations, the
image distance can also be derived as:

RZxp—R%xf, —Rx*xp=xf;

V= RepTReT ZepeT, (4.44)

The accommodation distance L of the virtual image is obtained as:

_ 2xRPxp—2xR*xf; —3xRxpxf;

L= R
v R+xp—Rx*f;, —2*xp=xf]

(4.45)
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Figure 4. 45 Light path of the optical system.

All the above values are scalars. Except for changing the object distance to change the virtual
depth, when the focal length f; of the liquid lens or focal length f, of the spherical mirror is
changed, the accommodation distance would change corresponding. For example, when f,
is changed to a larger number, the accommodation distance would be larger, which means

the virtual images are projected at far depths. In addition, when the object distance p is



changed, the accommodation depth would have a great change accordingly, which is hard
to move a slight depth. Thus, both the variable focal length of the liquid lens and the radius
of curvature of spherical mirror can change the virtual depth. However, there is no
changeable curvature spherical mirror device, the liquid lens with a variable focal lens is
applied for the experiments. The exit pupil diameter is limited by the size of the BS, which
is 25*36mm. The eye relief is set up at 20mm, thus, the diagonal FOV is around 66°. At the
exit pupil area, an optical camera is placed as the receiver, which can change the depths of

vergence and accommodation.

Based on this design, the varifocal display and multifocal plane can be realized by adding

more elements to the projection module.

4.4.4 Experimental verification

In the system, the ratio of reflection and transmission is 50:50. Light is transmitted once and
reflected once by the BS, thus there is only 25% light intensity of the original images left.
Light contrast may also prevail concerning outdoor contrast requirements which have an
impact on brightness and battery life. Here, ambient light can wash out the content and
render the image unrecognizable. Under generally accepted guidelines, an Ambient Contrast
Ratio (ACR) of 3:1 is required for recognizable images, 5:1 for adequate readability, and
10:1 for appealing quality [250]. The resolution of the eyes is related to the brightness and
contrast of the observed object. Because of the chromatic aberration of the eyes and the
influence of the spectral components of the illumination light, the resolution under
monochromatic light is higher than that with white light. According to actual statistics, the
angular resolution of the eye is 60"=1"' under good lighting conditions. Therefore, in this
optical system, it is necessary to ensure that the output image can reach the resolution of the

eye rate. The brightness and resolution of the OLED screen should be high enough.

Based on the system design in Figure 4.38, two same targets at 100 cm and 200 cm away
from the camera are set as shown in Figure 4.46. The varifocal design was set up as shown
in Figure 4.47. By adjusting the radius of curvature of liquid lens, two different sizes and
positions of virtual information are displayed. The accommodation depth was switched
according to Figure 4.47. When the virtual information was projected at 100 cm, the camera
was focusing on the 100 cm position, the near target and the virtual image were clear, and
the far target was blurred. When the virtual information was projected at 200 cm, the camera

focused on the 200 cm position, the far target and the virtual image were clear, and the near



target was blurred as shown in Figure 4.48. The coding for the projector is shown in
Appendix B. The virtual image can be modified to match the physical depth of human eyes.
Besides, the virtual image can be adjusted to interact with the real scene to increase the
immersive feeling and reduce the VAC problem. However, when the virtual images are
presented at near depth, the virtual images would experience a serious distortion. Besides
the resolution restriction by the camera, the curvature of the lens would also result in
distortion, which is discussed in the next section. The details of the information in the virtual
images are provided as shown in Figure 4.49. The area scan camera can capture the virtual

images clearly, which has a 2048px*1088px resolution.

Figure 4. 46 Targets are set in the system for varifocal model. Two same letters are set at
100 cm and 200 cm away from the camera.
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Figure 4. 47 The prototype of the system.

(a) (b)

(c) (d)

Figure 4. 48 Pictures captured by digital camera. Two same real images are set at different
distances, 100 cm and 200 cm respectively away from the camera. The camera focuses at
100 cm in (a) and (b) when the virtual image is projected at 100 cm and 200 cm; and at
200 cm in (c) and (d) when the virtual image is set at 100 cm and 200 cm away from the
camera.
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Figure 4. 49 Information is captured by the CCD camera. Two same real images are set at
different distances, 100cm and 200cm respectively away from the camera. The camera
focuses at 100cm in (a) and (b) when the virtual images are projected at 100cm and 200cm
respectively; The camera focus at 200cm in (¢) and (d) when the virtual images are set at
100cm and 200cm away from the camera.

To add one more virtual depth in the system, two projectors (D1 and D2) are set in the
system as shown in Figure 4.50. The vari-multifocal design in Figure 4.50 has the same
imaging principle as the varifocal design, as shown in Figure 4.4. There are two projectors
applied in the system. One projects white ‘MNMT’ at 100 cm and the other projects colorful
‘MNMTs’ at 200 cm away from the camera. From Eq. (4.45), the object distance of the
white MNMT is set at 11.8 cm and the colorful MNMTs are set at 12.7 cm. As shown in
Figure 4.51, when the camera focused on 100 cm, the white MNMT and the near paper text
target were clear and other images were blurred. If the camera focal distance was 200 cm,
the result was the opposite as shown in Figure 4.51. However, the initial size of the virtual
images from these two projectors should be calculated and set. The relationship between the
depth of the virtual images and the size of the virtual images should match the visual
requirement of the distance. Thus, two different focal lengths of the liquid lens are used for

each optical path of the projectors. Each light path can be adjusted independently for



different depths of virtual images. According to the experimental results, the depth

information of virtual images was presented as simulated.
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Figure 4. 50 The prototype of the multifocal system
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(a) camera focused on 100 cm (b) camera focused on 200 cm

Figure 4. 51 Pictures captured by digital camera. (a) focuses the images 100 cm away from
the camera and (b) focuses the images 200 cm away from the camera.

4.4.5 Discussion

The focal power of the liquid lens is driven by the current from 0 to 250 mA in one direction,
as shown in Figure 4.52. The focal power can be switched from -2 diopter to 4 diopter, which
is around -500 mm to 250 mm. According to Eq. (4.45), the virtual images can be displayed
from 25 cm to infinity. Due to the gravity on liquid and some other factors, the line is not
linear. Thus, the image stability of the system would be affected by the focal power.
According to Eq. (4.45) and the linear relation between the focal power and the virtual depth,

the nonlinear error between the current and the virtual depth can be calculated.
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Figure 4. 52 Tunable liquid lens focal power response with current [251]

The response time of the liquid lens is a response stability concern of the system. Usually, a
uniform frame rate of around 30 fps is the limit at which the human eye can comfortably
view a dynamic picture by the persistence of vision. Thus, if the response time is longer than
33 ms, also known as a critical time, the human eye can sense the delay of the dynamic
picture. The response time of the liquid lens is shown in Figure 4.53, which needs around
170 ms to keep stable. The trajectory of the image can still be sensed by human eyes. Thus,
the selection of the drive mode, liquid material and temperature are critical to achieving a

shorter response time.
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Figure 4. 53 Response time of the liquid lens with focal power

Figure 4.54 shows the calculated slanted-edge modulation transfer function (MTF) of the
system at different depths. The MTF values are calculated at 331ps/mm for all the fields. The

abscissa represents the distance to the center of the lens, and the ordinate represents the



contrast and resolution values. The contrast and resolution of the lens are best on the optical
axis, and worse towards the edges. The trend of the MTF lines indicates the image
uniformity at the edge and center of the lens, which reflects the loss of the observed images
compared with the originally projected images. The MTF lines are also analysed to compare
modulation value according to the spatial frequency at different diopters. As shown in Figure
4.54, the loss in the edge is higher than that in the center. The MTF value performs much
better at 1 diopter and 2 diopter than 3 diopter and 4 diopter. When the power is at 3 diopter
or 4 diopter, the most clear real image surface is not a plane but a curved surface due to the
curvature of the field. For the 3 diopter and 4 diopter, there are obvious depressions between
10 mm to 15 mm spatial frequency in a circle as shown in Figure 4.54. There may be the
influence of coma due to the gravity, the material refractive index or the capsule of the liquid.
Image field curvature refers to the fact that due to the defect of the lens, after the light emitted
on the plane is imaged by the lens, the clear and best real image surface is not a plane but a
curved surface. The presence of waves means that the image field is bent. The larger the
wave, the more serious it is. The actual situation is generally not a big problem, because it

can be compensated by software after calculating and simulating the distortion.
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Figure 4. 54 Plotting the average Modulation transfer function (MTF) of the system

According to the experimental results, the depth information of virtual images was presented
as simulated. However, there is radial distortion caused by the optical elements. Radial
distortion is the distortion distributed along the radial direction of the lens, which is caused
by the fact that the light is more curved at the center of the principal lens than near the edge.

The distortion at the center of the optical axis of the image is 0 and moves to the edge along



the direction of the lens radius, with the distortion becoming more and more serious. The

distortion caused by the liquid lens can be described as
Xo = X(]. + klrz + k2r4 + k3r6) (4.46)
YO = y(l + k1r2 + k2r4 + k31‘6) (4.46)

where (X, yo) is the original position of the distortion point on the image, and (x, y) is the
new position after correction. k4, k,, k5 are the radial distortion coefficient, r is the radius of
the liquid lens or the spherical mirror. Thus, the distortion coefficient of the liquid lens or
the spherical mirror can be calculated by the software algorithm between the actual position
and the ideal position of the image through calibration. The images from the projector can

be presented by the mapping of the correction.

The system can be layout as a wearable device, such as glass as shown in Figure 4.55 when
all elements are integrated into a portable frame. The projector is driven by the Bluetooth
module and the virtual images can be displayed at different depths to suppress the VAC
problem. Near-eye see-through display is gradually developing in the direction of

miniaturization, integration, and intelligence.

Projector

Spherical mirror

Figure 4. 55 Sketch diagram of the near-eye see-through system

The see-through display is presented with addressable depth cues and a field of view of 66°
to reduce dizziness and vertigo problems. The presenting depth of the virtual images can be
successfully varied by changing the curvature of the liquid lens from 25 mm to infinity in
this design, which can successfully match the accommodation depth range of the human eye.
The time response and the MTF are analysed to evaluate the system performance and the
method is developed to eliminate the image distortion. For the multifocal display, two focal

planes are displayed, and both planes can be adjusted independently. Following this method,



it could be extended to a multi-focal display with more focal depths. Great efforts have to
be made to achieve the miniaturization, integration and intelligence of the optical elements

and electronic device.

4.5 Summary

Most conventional stereoscopic three-dimensional displays have inherent vergence
accommodation conflicts problem because they simulate the perception of 3D images by the
psychological perception from two-dimensional images, which are not real stereoscopic
images. Thus, VAC is produced by the conflicts between binocular parallax and
accommodation. In this chapter, the cause of VAC is systematically analysed and the
approaches to solve VAC are classified based on the imaging principle. Based on the
principle of current display applied for solving VAC, we propose a varifocal and multifocal
near-eye see-through display design by applying geometrical waveguide and liquid lens.
There are two depth layers, one is at infinity and the other one is movable to match visual
perception. The FOV of the system is around 35°. The total thickness of the dual-layer
waveguide is around 5.6 mm. The eye relief is set at 20 mm and the eye box is 38.46 mm.
The stray light of the system is suppressed under 1.5%. Besides, a new easily achievable
varifocal and multifocal design based on plate beam splitter and liquid lens is proposed. The
MTF of the system is around 0.3 and the response time of the system is around 170ms to

keep virtual depth stable.



Chapter 5 Fabrication of geometric optical waveguide

5.1 Fabrication process

In geometric optical waveguide, the image needs to be reflected into the human eye through
the spectral film coating on the out-couplers. To obtain a larger field of view and eye
movement range, multiple spectral surfaces (out-couplers) need to be prepared inside the
waveguide, and each spectral surface is composed of 25-30 layers of coating, which makes
the model design and fabrication extremely difficult. This chapter develops an efficient
geometric optical waveguide fabrication process, as shown in Figure 5.1. The coatings are
first deposited uniformly on the substrate, then bonded together with high precision by
optical adhesive, and cut into slices at a highly parallel angle, they are polished and shaped
to obtain the desired waveguide structure. The uniformity of the coating, the
transmittance/reflection ratio of the coating surface, the flatness of the substrate, the surface
roughness, the optical adhesive, and the cutting accuracy all have a significant impact on the
AR display performance. A simple combination of existing processing technologies is
difficult to meet such a high manufacturing requirement, thus exploration of more effective
and precision manufacturing technologies and process chain is highly desired.
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Figure 5. 1 Manufacturing process of geometrical waveguide
5.2 Material selection, coating and gluing

5.2.1 Material selection
For the substrate material selection of the geometrical waveguide, the optical property,
physical property, chemical property, and mechanical property are important for the optical

performance including transmittance, refractive index, density, optical dispersion etc. The



refractive index limits the critical angle of TIR, which affects the FOV of the final
component. Thus, higher refractive index, higher transmittance and lower density are the
primary objectives. High index glass is one of the limited choices currently for supporting
such a high-end technical specification. SCHOTT RealView® 1.9 lightweight show
significant advantages in fabricating geometrical waveguide which cuts off 20% of density
compared with conventional glasses and keeps a high refractive index. As a suitable glass
material for light-weight waveguide, it also features superior mechanical and optical
properties. This glass enables significant weight reduction from optical module which means

a lighter and more comfortable user experience.
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Figure 5. 2 Density with refractive index

5.2.2 Coating, stacking and gluing

After selecting the proper substrate material and setting the thickness of the material, the
coating is the next step to be concerned. One side of the substrate is coated with different
spectral ratios, which follows Eq. (4.26). According to the visual characteristics of human
eyes, the photopic vision and scotopic vision decide the tolerance of the spectral ratio. The
sensitivity of the human eye to different wavelengths of light in normal daylight is called
the bright visual response, also known as daytime vision, and is described by the bright
visual spectral light efficiency function. At this time, it is mainly acted by cone cells, which
produce both light and dark sensation and color sensation. When the light is dim to a certain

level, only the rod cells act and do not distinguish color, but only reflect the degree of light



and darkness, which is called dark vision, also known as night vision, which describes the
human eyes at night or in low light sensitivity. The spectral efficiency curves of photopic
and scotopic spectral light are shown in Figure 5.3. The visual sensitivity of the human eye
to light is different in the state of photopic vision and dark vision, and the visual sensitivity
in the visible spectrum range is not uniform. It changes with the wavelength, which is similar
to the shape of a parabola. The spectral efficiency requires the brightness and the light
efficiency of the AR system. From Figure 5.3, it can be calculated that human eyes require

different virtual image brightness at different background brightness.
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Figure 5. 3 Photopic and scotopic spectral light efficiency curves

The human eye's ability to perceive changes in luminance is limited, and the minimum
luminance change that can be perceived varies for different luminance L. AL, is the
luminance difference between the central patch and the background when the human eye
can just distinguish between them, which is called the visibility threshold, or the luminance
discrimination threshold. At a certain luminance L, the minimum relative luminance changes
AL, /L perceptible to the human eye is approximated as a constant, called the relative

contrast sensitivity valve or Fechner coefficient, denoted by € as expressed below.
¢ = AL, /L (generally 0.005 to 0.02) (5.1)

The difference in luminance perception of the human eye is determined by the relative
luminance change, luminance perception S is linearly related to the logarithm of luminance
L, that is, when the luminance perception increases by a factor of 1, the luminance increases

to 10 times. This law is called Weber-Fechner Law, that is,



S =kxlogL + Kk, (5.2)

In practice, most of the targets are in an inhomogeneous background, and the brightness of
the background varies with time and space, in which case the visibility threshold will
increase. This phenomenon is called the visual masking effect. Moreover, it is also found
that the same luminance, the visual range in which the relative luminance sensation is
different. The human eye's brightness perception is relative and is not determined by the
absolute luminance. There is no necessity that the brightness of the reproduced image is
equal to the actual brightness of the scene. The human eye can get the same subjective
brightness feeling as the scene in front of the screen by keeping the contrast C constant
between the two scenes. The ratio between maximum luminance Ly, ,x and minimum
luminanceL,,;, is the contrast C. Thus, it should keep contrast and luminance in the same
level. It is because of the limited ability of the human eye to perceive luminance difference,
that is, the luminance level that the human eye can distinguish is a limited amount, therefore,
when digitizing the video signal, the quantization level is decided according to this
characteristic. To meet Eq. (5.1) and Eq. (5.2), the tolerance of the reflectance should be
smaller than 3%. Based on above, the difference of spectral ratio should make the exit pupil

achieve uniform illumination. Thus, the reflectance on each coupler should meets

R; = (1 —Ry) X Ry (5.3)
where 1 is the serial number of the out-couplers. The T/R ratio is determined by Eq. (5.3).

The coating film is only coated on one side of substrate.

Stacking and gluing are the next step after getting coated substrate. The glued area contains
two surfaces, one is fully transparent side of substrate surface, the other one is coated surface
of the substrate. The surface roughness of these two surfaces should be within the range
which is limited by the resolution of human eyes 60”. Based on Eq. (3.27) and Eq. (3.28),
the roughness tolerance should be smaller than 0.667um in Sa and the thickness of the
adhesive should be smaller than 20.21um. The surface roughness of the uncoated side and
coated side of the out-coupler is shown as Figure 5.4 and Figure 5.5 (5 random positions are
selected on each surface). Five randomly selected locations on a coupling out board are
characterized from one sample. The surface roughness of uncoated side of the substrate is
around 4.7nm in Sa and the surface roughness Sa of the coated surface is around 7nm,

measured by 3D surface metrology.
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Figure 5. 5 Surface topography of the coating side on the out-coupler

For the properties of the adhesive, the refractive index, and the curing method and the
transparency affect the optical performance. The refractive index of adhesive should be the
same as the substrate’ s ideally. The spin coater is used to disperse the adhesive on the
substrate and tries to form a uniform layer in a controlled way. After dropping 0.1ml
adhesive on the center of the substrate, start the spin coater with 500 acceleration and
1500rpm in 90 seconds. After spinning the adhesive, the surface roughness is measured
around Sa 7.8nm, as shown in Figure 5.6, which are randomly selected from one sample.

The thickness of the adhesive is around 7um by the micrometer. The surface roughness error

Y Profile: AX=1.2160 mm; AZ= - nm

0.0 02

bar of these three surfaces is shown as Figure 5.7.
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To stack the substrate materials, the glue can be cured by UV light, as shown in Figure 5.8



Figure 5. 8 Glued substrate material
5.3 Cutting, polishing and characterization

The wire-electrode cutting method is chosen for slicing the glued glasses and the cross-
sectional view of sliced glasses is shown in Figure 5.9. After polishing sequentially by the
P240—P320—P600—P1200—P4000-grit silicon carbide abrasive paper (MetPrep Ltd), the
morphology of the polished surface is shown in Figure 5.10. Since there is an adhesive layer
between two different coating slices, the discontinuity would have a negative impact on the
uniformity of the optical performance of finished prototypes. The images from the real world
through the glasses can be captured as shown in Figure 5.11. The left side is captured through
the glasses and the right side is directly captured by the camera. The captured image
demonstrates the prototype still requires optimization in process and design to provide high-

fidelity images as the commercial camera lens, the transparency of the prototype is
presumably around 70%.
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Figure 5. 9 Sliced substrate material



Figure 5. 10 Morphologies of polished glasses surface.



Figure 5. 11 Images captured through the geometrical waveguide. Left side is captured

through the glasses and the right side is directly captured by the camera.

The waveguide requires customized collimated micro-projector, which is around
2mm*2mm size. It is hard to find a proper size micro-projector, which need to be customized
but extremely expensive. Thus, the red light is used for the light distribution for the
waveguide. Figure 5.12 shows the light distribution of the waveguide (polished glasses).
The light from the out-coupler is a little bit not uniform, it may be caused by the coating
error. The red light can still be seen at the non-functional area, it is caused by the cutting
and polishing accuracy, which cannot meet the requirement of TIR. Besides, the light
leakage can also be caused by the thickness error of the waveguide due to slicing and
polishing accuracy. The light distribution of the Lumus AR glasses is shown in Figure 5.13,
it can be seen the light is also not uniform. These problems can be solved when the

fabrication and assembly accuracy is guaranteed.



Figure 5. 12 Light distribution of the waveguide

Figure 5. 13 Lumus AR glasses light distribution [46]

In the manufacturing process, the geometric optical waveguide adopts the traditional optical
cold processing technology. The advantages are the optical coating, optical cutting, nano-
grinding, nano-polishing, fine carving and other processes are very mature, and the optical
imaging quality is high, and there is no color cast. The difficulty lies in the lamination and
assembly of the mirror array in the outcoupling link. It is necessary to ensure that the
processing accuracy of each step is high enough, otherwise light and dark stripes, black
stripes, etc. will easily occur. Especially if the traditional glue lamination process is used for
lamination, the product yield rate will be very low. Thus, the manufacturing accuracy of
each step must be lower than the tolerance to reduce the influence on the imaging quality.
At present, the manufacturing of the waveguide in the lab cannot meet the accuracy of each

process. The manufacturing cost is extremely high to reach high accuracy of the waveguide.



5.4 Summary

Since the geometric optical waveguide adopts the traditional optical cold processing
technology, the market already has mature and complete but independent materials,
processes, equipment and other related industrial chains. A simple combination of existing
processing technologies is difficult to meet such a high manufacturing requirement, thus
exploration of more effective and precision manufacturing technologies and process chain
is highly desired. In this chapter, the manufacturing process of the geometrical waveguide
is provided. The characterization method and manufacturing tolerance of each step are
systematically discussed. Leveraging these manufacturing and characterization
methodologies, a high-precision geometrical waveguide is obtained. The light distribution
problems can be solved when the fabrication and assembly accuracy is guaranteed. It is then
possible to achieve an AR glasses with a combination of such a geometrical waveguide and

a high-performance projector.



Chapter 6 Design and application of innovative AR display system

6.1 Design of novel composite optical system

Traditional cameras have significant limitations in calculating the scene depth and thus
generally obtain 2D images of the targets. Light field camera (plenoptic camera) solves this
problem with depth information. The image focus can be switched and rebuilt
computationally after optical information is taken by the camera. The micro-lens array
(MLA) between the main lens and the photoreceptor plays a key role in the light field camera
as shown in Figure 6.1. Each small lens in this array receives the light from the main lens
and transmits the light to the photoreceptor. The photoreceptor records the light information
digitally after light focusing and converting. The camera's built-in software operates an
expanded depth light field that tracks where each ray of light falls on the image from
different distances and digitally refocuses the target depth to recreate the information from
the real world. Thus, the light field camera has obvious advantages in angular resolution.
The 3D image acquisition of the observed object can be achieved conveniently and quickly,

and refocus to form a series of focal stack images by the software selection and calculation

[252, 253].
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Figure 6. 1 The basic imaging process of plenoptic camera (light field camera)

However, due to its hardware structure, a plenoptic camera cannot avoid some inherent
defects such as low spatial resolution, short baseline, and compressed dynamic range by
high-dynamic range (HDR) [254]. To obtain a good depth resolution at the larger field-of-

view and larger depth-of-field, the micro-lens array needs to be closer to the main lens as



reported by Raytrix [255]. In particular, this means that a plenoptic camera in combination
with a wide-angle lens can only see depth differences close to the main lens. The plenoptic
camera typically works under standard lighting and even a flash, thus it is not competent for
difficultly recognized surfaces under a poor lighting environment or without identifiable
features, thus a pattern projector is needed which is not the standard configuration of the
commercial products. The built-in software required for the 3D image reconstruction
imposes challenges on the computational efficiency and data utilization [255, 256]. For the
image’s reconstruction, the focused target needs to be selected manually, which cannot be
identified automatically by the software. Although the image is captured from multiple
angles at the same time, the angle difference is subtle, the ability to identify the blocked part
is extremely limited, and it is time-consuming. Such drawbacks make it incompetent for
some practical applications such as gesture recognition in a daily environment with high
noise, complex background, hard-to-identify textures, block of partial objects, poor lighting

conditions, the rigorous requirement on real-time response, etc.

Furthermore, at present, the emerging Al methods in academia mainly use the aberration-
free ideal data sets of synthetic scenes. However, the real scenes are far more complex and
richer than the synthetic scenes, and the image features vary with the change of background
scenes. At the same time, the actual scene contains a variety of image noises, and highly
reflective target objects, which are hard to be recognized. Compared with the synthesis based
on ray tracing, the actual scene is more difficult to acquire and collect, and the necessary
label of the dataset is easy to be missing or inaccurate, and some other associated problems.
E.g., a demo provided by a commercial plenoptic camera (to avoid the conflict of interest,
the brand is not indicated here, and the reference is not provided) for illustrating the gesture
recognition is performed under a black background to reduce the background noise. Even
s0, the finger recognition effect is vague as shown in Figure 6.2, which implies the limitation
of the environment [257]. Another brand uses a 40-megapixel lens and a large /2.0 aperture
to improve photo quality. However, the efficiency is just 10%, that’s to say, about 10 million
pixels of this 11-megapixel sensor are wasted. There is no doubt that this has a great impact
on the resolution of the photo, and the stitching algorithm itself will also lose resolution to
a certain extent [258, 259]. Therefore, the actual resolution of this 11-megapixel sensor is
approximately equal to the level of 500,000 pixels. For a 1/3-inch /2.0 sensor, using the
algorithm of sacrificing time for space, more than 100 distance slices can completely record

all the information. But if it is replaced by the current standard 1/2.3-inch sensor, then



distance slices will be increased to nearly 200 to record all the information. If the advanced
photo system type-C (APS-C) sensor is used, this number can be increased to 3000. Even if
there is a continuous shooting speed of 60 frames per second, unlimited cache, and extremely
high storage speed, 10 times the data multiplexing rate, it still takes 0.3 to 0.5 seconds to
take a photo (covering 3000 distance slices) excluding the calculation time. Based on this
real efficiency, if taking a 1-minute shooting and outputting a RAW format file, the size of
the file is very large. No matter which scene is selected afterward, a significant part of the
captured information would be wasted as only one focus plane will be used in each scene.
Obviously, such a way requires longer processing time for image reconstruction and thus is

not suitable for some real-time tasks.

Figure 6. 2 Finger reorganization by commercial plenoptic camera

To solve the above problems, the virtual scaling system could help in a variety of application
scenarios, such as gesture recognition. For example, the virtual scales can be projected
through the AR system and used to limit the automatic focus range, quickly filter a part of
the background, and scope useful information more efficiently. The virtual scale network
can set an easily discernible scaling feature that provides accurate quantitative depth
information even in poor lighting conditions. Insufficient or too strong lighting, noise, and
unclear target characteristics can be effectively compensated through the virtual scaling
system. The camera could actively search for such features that real objects intersect with
the virtual scales on the focal plane, which helps spotlight the features on the real objects
and directly provides a quantitative depth information. A faster computational speed can be
achieved for continuous and rapid action by using limited data, as there is no need for
reconstructing the full 3D model which contains a large part of useless information, and only
valid information scoped by the virtual scales is collected and processed. For the actual use
for gesture capturing and recognition, the virtual network can further establish a local

coordinate system on hands to identify the pose of the fingers by identifying and



incorporating valid virtual and real images. This coordinate system reduces the time for
handling invalid resources. Much fewer distance slices need to be captured, which facilitates

higher efficiency of data processing.

In this chapter, a virtual scaling system based on the combination of a geometrical
waveguide and micro-lens array is designed and simulated for solving the above problems
of the plenoptic camera. The working principles of the whole system are described and
analyzed schematically. By establishing a geometrical model to quantitatively correlate the
synthesizing images and the virtual scale networks, it is proposed a method to calibrate and
correct the depth errors caused by the plenoptic cameras. The coefficient of determination
R? is presented to indicate how closely these two surfaces fit each other. The closer the value
of determination is to 1, the less the depth error is, and the more accurate the 3D image is.
In this way, the system can achieve depth error correction in real time and with higher
precision than conventional plenoptic cameras. Experiments based on this innovative AR
system also demonstrated the effective filter of complex backgrounds and rapid scoping of
targeted useful information without spending many resources on useless signals for complex
3D modelling, thus it achieves low-latency real-time response more accurately, even under

poor lighting conditions.

6.2 Mechanism and system design

The innovative AR system combines optical waveguide and MLA to capture two types of
images using two different application modes respectively: 1) the plenoptic camera mode
captures the image with depth information as conventionally; 2) the AR mode projects
virtual scales first, and then focuses on the specified scales (depth) which simultaneously
captures the real objects on the same plane. By comparing these two images, the depth error
of the plenoptic camera image can be calibrated and corrected by our proposed algorithm,
to reconstruct a more accurate 3D image. Besides, in poor lighting condition or complex
background, the object is usually hard to be identified and focused on. The virtual scales
facilitate the plenoptic camera to focus on the expected plane and capture the objects more

effectively.

To offer the quantitative depth information of the real objects for accurate 3D tracking, the
AR system is designed, as Figure 6.3. The main optical system consists of three parts: a
projector displaying virtual scales, a waveguide expanding and relaying the virtual scales to

a multi-focal MLA, and the MLA projects virtual scales in different depths. The visual scales



are projected and collimated into a waveguide through the in-coupler. The light can be
totally internally reflected within the waveguide component and coupled out by the partially
reflective mirror array (PRMA), which breaks the condition of total internal reflections
(TIRs). So, the geometrical waveguide works as an entrance pupil expander. Afterward, the
virtual scales from the waveguide passes through the micro-lens array and are present at
different depth. A refractive micro-lens array was applied in this system to divide the
wavefront into many tiny parts, each of which is focused on a specified focal plane by a
corresponding lens pitch. The focal length of each pitch is independent of each other. Thus,
the virtual scales corresponding to different depths form a calibration network (virtual scale
coordinate system) covering various focal planes. The virtual scales help the image
acquisition module to achieve fast and precise positioning of each part of the image. The
plenoptic camera could collect both virtual information and real optical information in such
an AR mode. Additionally, in the conventional plenoptic camera mode, the sensor could
capture the image with depth information by the main lens and ML A and form the auxiliary
coordinate system, like the imaging in Figure 6.1. By comparing the coordinates of two
images captured by different modes (in the virtual scale coordinate system and auxiliary
coordinate system respectively), the depth error can be calculated and corrected

quantitatively to synthesize more accurate 3D images.
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Figure 6. 3 Schematic diagram of the system design

6.2.1 Plenoptic camera
A focused plenoptic camera works as shown in Figure 6.1. The main lens replicates the
object to its left as the main image which is then projected by the micro lenses on the image

plane. The projection of the main lens follows the lens equation:
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where the main lens with focal length fj, projects an image at the position by, behind the lens
of an object at distance aj,. The micro lens array (MLA) is placed at a small distance a in
front of or behind the focal plane by,. The imaging sensor is placed at a distance b behind the
MLA. The f-number of the microlens N and the f-number of the main lens N, follows N =
N|, since b < Dy.. The object is projected inside the camera by the main lens, then the flipped
and depth-discretized image is projected on the image plane by the MLA. The depth of the
main images can be calculated by image matching from different homologous points of

micro-images. Thus, the depth of the main image in plenoptic camera can be defined as:

VvV =

% 6.2)

where a is the distance between the main image and the MLA and B is the distance between

MLA and the imaging sensor. The relationship between object distance and the virtual depth

b can be derived as
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where fg;, is the focal length of the microlens and b is the virtual depth of the virtual images.

a, = (6.3)

The depth error in plenoptic cameras is caused by the inaccuracies in the focusing of the lens
array. This is due to the imperfect alignment of the lens components, optical aberration, and
misalignment of the imaging planes. Improper alignment of the lens can cause optical
distortions in its field of view, which can result in inaccurate calculations in the depth error
or inaccuracies in the image sensor's data output. Optical aberrations can affect the depth
error of a plenoptic camera by causing distortions in its field of view, which can result in
inaccuracies in its calculations. Specifically, chromatic aberrations can cause color fringing
and reduce the accuracy of the camera's depth calculation, while spherical aberrations can
distort the edges of an image. Other factors that can contribute to depth error in plenoptic
cameras include the optical properties of the lenses, the number of lenses used, and the size
of the imaging sensors. The number of lenses in a plenoptic camera can affect its depth
accuracy because it increases the chances of optical distortion, misalignments between lens

elements, and inaccuracies in calculations by the camera. Additionally, more lenses can lead



to additional noise and an increase in the size of the camera. Besides, the size of the sensor
in a plenoptic camera can affect its depth accuracy by controlling the amount of light
entering the camera and controlling the noise. A larger sensor can lead to an increase in
resolution, which can help with depth calculations. In contrast, smaller sensors can limit the
field of view, leading to an increased amount of parallax errors. Furthermore, motion blur

can result in inaccurate depth measurements, particularly for fast-moving objects.

6.2.2 Waveguide
The geometrical waveguide expands the entrance pupil and reduces the thickness of the exit
pupil optical elements. The light information comes in the waveguide in parallel and comes

out in parallel as shown in Figure 6.3. Thus, the field of view of the waveguide can be

derived as Eq. (6.4).

N+D_ gpp
FOV = 2tan~1@nd _~ — (6.4)
2ERF

where D is the thickness of the waveguide, 0 is the angle between the edge of waveguide
and in-coupler (equal to the angle between the out-coupler and the edge of the waveguide),
M is the number of out-couplers in the waveguide. Eye relief (ERF) is the distance between
the waveguide and MLA. Exit pupil diameter (EPD) is the entrance pupil of the MLA. There
may be some stray light generated in the process of expanding light. The suppression

methods of the stray light have been discussed by Yao, etc. in [156, 244].
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Figure 6. 4 Schematic design of the geometrical waveguide



The light from the waveguide is in parallel and then focused on the image plane by the MLA,
as shown in Figure 6.5, The virtual image (scales) is projected behind the image plane, where
several different virtual depths can be calculated. The depths of the virtual scales from the

waveguide can be derived as:

fg, X c

= (6.5)
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Figure 6. 5 Waveguide-MLA system
6.2.3 MLA

The main function of the micro-lens array is to discretize and decouple the light emitted
from the same point on the surface of the object in various directions within a certain angle
range. The degree of discretization is determined by the amount, focal lengths and apertures
of the micro-lenses and the distance between the micro-lens and the imaging plane. The
thickness of the micro-lens array is determined by the curvature and form factor of the sub-
lens. As shown in Figure 6, the geometry of the sub-lens is plano-convex square. The
curvatures of the sub-lenses can be divided into several groups to convert the light to
different depths. The material of the lens array is fused silica. To ensure its accuracy, the
micro-lens array must be able to tolerate various external forces or vibrations without
deforming or altering its shape and should be able to reach a tolerance of 1/10 of a millimetr
or better. Aside from the tolerance and external forces, other important parameters to
consider when evaluating a micro-lens array include the number of lenses, their focal length,
the size of the lenses, and the size of the image sensor. Additionally, the quality of the lenses
themselves will also play an important role in the accuracy and performance of the micro-

lens array [260, 261].



Thickness

Pitch|
Array Size (L)
I Array Size (W)
Front view Side view

Figure 6. 6 Schematic design of the micro-lens array.
As shown in Figure 6.7, the profile S of the symmetrical plano-convex lens is given by
2

r
1++/1—(K+1)r2/R?

+ higher order terms (6.6)

|-

where R is the radius of curvature, r is the distance to the optical axis and K is the aspherical

constant. Thus, the radius of curvature can be derived as

2

h r
R—(K+1)§+ﬁ (6.7)

where h is the height at the vertex. When K is 0, the lens is a spherical lens. The focal length

of the lens can be derived as

R h+r?/h
f_n—1_2(n—1) 68)
The F-number and he diffraction-limited resolution d along the y-axis are given by
. ber = EFL  f (6.9)
/number = DEP — 2r .
A
d= oNA (6.10)

where ERL is the focal length of the lens, DEP is the diameter of the entrance pupil and NA

denotes the numerical aperture.



Figure 6. 7 The sub plano-convex lens

The light from the waveguide passes through the MLA and produces virtual scales at the
same side of the objects, with different pre-set depths as shown in Figure 6.8. Thus, the
image sensor can capture both virtual scales and real objects together, as shown in Figure

6.3.
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Figure 6. 8 Generation of spatial virtual scales through geometrical waveguide and micro-
lens array

6.3 Experiments and discussion

The system is designed and simulated as shown in Figure 6.9. The micro-lens array focuses

the virtual scales from the waveguide at different depths. The illumination distribution was



captured from the waveguide and micro-lens array respectively by LightTools. The light
from the waveguide is illuminated in Figure 6.10. From the ray-tracing analysis, the light
distribution is uniform, and the stray light is greatly suppressed. The projected light is
expanded several times by the folding and unfolding process. The gap between exit-pupil
blocks is below the perceptible resolution of 60" of human eyes [157, 262]. An intact virtual
image is displayed by the waveguide. The light illumination distribution passing through the
micro-lens array is shown in Figure 6.11. The multi-focal micro-lens array forms 6 different
lengths in this simulation, which could be reduced or extended flexibly depending on the
requirements. Each depth is labeled using a different color in the figure for clearer

illustration. The virtual depth is described as Eq. (6.5).

Figure 6. 9 Schematic diagram of waveguide-microlens system
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Figure 6. 11 The illumination of the light passing through the micro lens array from the
waveguide.

To evaluate the depth of the images generated by a plenoptic camera, image synthetization
is necessary. A synthesized image from a plenoptic camera is an image that is created by
combining information from multiple micro-lenses. Several adjacent micro-lenses capture
the light from their respective angles, creating several images to form one single image with
one depth, like P;, P,, P; in Figure 6.12, They are aligned, corrected for distortion, and
adjusted for brightness. This composite image is then used to measure the depth of the scene.
Accordingly, an auxiliary coordinate system can be established. Thus, the depth estimation
of each pixel in the synthesized images can be made by provided synthesizing algorithm
[263]. To calculate the depth v of a plenoptic camera, the commercial synthesizing algorithm
should consider the relative distance between the lens array and the image sensor, the size
of the imaging sensors, the optical aberrations of the lenses, the number of lenses used, and
the amount of light present in the scene. As shown in Figure 6. 12, the synthesizing algorithm
is set up in geometry. All the positions of micro-lenses are fixed, thus the pixel positions
(x,y,v) of the synthesizing image in the auxiliary coordinate system are quantitatively
determined and can be calculated. The final color value is the weighted average of the color
values at the pixel locations computed on the image plane. The intensity attenuation from
each pixel position on the image plane is essentially a measure of the amount of light being
reflected or absorbed at that particular spot. This data can be used to calculate the integral
data for a given scene, which refers to the amount of light received from each point in the
scene. This integral data helps to assess depth more accurately by considering the different

angles at which light is entering the camera's field of view



Figure 6. 12 Synthesizing images by the plenoptic camera

The real object captured on the image sensor is established in the auxiliary coordinate system
by plenoptic camera, expressed as (Xx,y,v). The position of the virtual scales from the
waveguide and MLA can be calculated in the virtual scale coordinate system. The positions
of points in the virtual network can be expressed as (m,n,q). The three-dimensional
coordinate difference between the auxiliary coordinate system and the virtual scale

coordinate system can be expressed as:

d

Ax = Miglx—ml (6.11)
d

Ay = Nigly—nl (6.12)
d

Az = Piglv—ql (6.13)

where K is the translational shift of the x-axis, Q is the translational shift of the y-axis, P is
the translational shift of the z-axis, d is the parallax error and e is the baseline of the system.
The length of the baseline is the distance between the optical center of the auxiliary
coordinate system and the optical center of the virtual scale coordinate system as shown in
Figure 6.13. By comparing the two surfaces (images) captured in these two different
coordinate systems, the coefficient of determination R? can be calculated based on the

equation below which shows how closely these two surfaces fit each other.



Z?=1 01(00 - V)z
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RZ=1- (6.14)

where w is the calibration virtual depths (in the virtual coordinate system), v is the depth in
the plenoptic camera (in the auxiliary coordinate system) and o; is the weight derived from
the standard deviation of the target measurement (o; is calculated by taking the square root
of the sum of all squared differences between the expected value and the measured value.
This value then serves as an indicator of how much variance there is between the expected
and measured value, with a higher value indicating more discrepancy). The closer the value
of R? is to 1, the more accurate the depth information of the synthesizing image in the
auxiliary coordinate system is. Thus, in this way, the system can achieve the aberration

correction in real-time.

As R? can be calculated by correlating the points in the auxiliary coordinate system and
virtual scale system, we can use an algorithm to actively search for the condition closest to
R%= 1. E.g., if it is indicated that a point’s depth v (in the auxiliary coordinate system) and
depth o (in the virtual coordinate system) has a difference, which can be calculated by Eq.
(12), we can correct the depth information of this point quantitatively. By calibrating and
correcting the whole surface (not all the points need to be corrected), a new corrected surface
(image) can be generated with more accurate depth information. Correspondingly, R? is
closer to 1. Simultaneously, labels can be created and attached to each point of the original

synthesizing image (in auxiliary coordinate system) with a certain depth error indicated.

Even sometimes due to the limited depth slices of plenoptic camera and a limited amount of
virtual scales, it is impossible to correct each point to the ideal depth information (e.g.
accurate depth is 60cm while in both coordinate systems we only have 61cm and 59cm focal
length), by searching for the closest R? value to 1, we can still significantly improve the

depth accuracy of 3D images to the best extent achievable.
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Figure 6. 13 Correction mechanism between the synthesized image system and virtual
scale system

Depth estimation is suitable for application scenarios where the target is rich in texture
features, that is, there must be a high contrast between the imaged features and the
background. Texture features are almost a common requirement for all passive vision
measurements, and active vision measurement technologies such as structured light
artificially create a delicate and sharp contrast. At the same time, the baseline of the light
field camera is relatively short, so the depth resolution of the far field is not good. Thus, the
virtual scale network helps to recognise the position of the real item more accurately. The
depths of the given virtual scales are pre-set once the optical hardware are installed in place
with quantitative depth information feedback [264, 265]. The depths of the observed target
can be calculated based on Eq. (6. 3). By calibrating the difference between these two
coordinates, the error in depth can be calculated and corrected. Basically, the virtual scales
can help achieve the 3D imaging in a faster and more accurate way through the following
three mechanisms: 1) filter the complex background by focusing on the targeted real objects;
2) correct the depth errors, especially under high noises or poor lighting environment; 3)
rapidly scope the targeted useful information without spending resources on useless signals

for complex 3D modelling.

To testify the first mechanism, one meaningful experiment is to prove whether the virtual
scales can help filter the complex background and recognise the targeted object as expected.
In the experiment, we set a scene with complex background under insufficient light
condition (100 nits), as shown in Figure 6.14. Figure 6.14 (a) is captured by plenoptic camera
in insufficient light condition and (b) is the side view in normal light condition, which helps

to observe the relative positions of the objects in the field of view. The back hand in Figure



6.14 (b) is defined as the hand near the red box, and the front hand is the other far from the
box. Captured by plenoptic camera, the depth map can be received as shown in Figure 6.15
(a), which focused on the back hand without virtual scales. We can see although the box is
put behind the front hand at a certain distance, there is a vague boundary between the front
hand and the box (background) in this depth map. Then, we built virtual scales for the
observed targets, one focused on the back hand and the other one focused on the front hand.
For both, we first focused on the virtual scales, as the back hand or front hand was placed in
the same plane with the pre-set virtual scales, they were simultaneously focused. And only
this plane was focused, so the box (and the other patterns in the background) was filtered
effectively in the depth map as shown in Figure 6.15 (b) and (c). Comparing Figure 6.15 (a)
and (b), they both focused on the same position, but the one with virtual scales can filter the
background. The observed target can be recognized more accurately with virtual scales. A
significant part of background is quickly filtered, and the useful information is scoped. In
the insufficient lighting environment, the scales can be easily identified and provide accurate
quantitative depth information. The system could actively search for such features that

intersect the virtual scales on the focus plane with real objects.

(a) (b)

Figure 6. 14 Set-up scene (a) front view with complex background in insufficient light

condition. (b) is the side view of the captured item in normal light condition.



(a) (b) (c)

Figure 6. 15 Depth map of the set-up scene. (a) focusing on back hand without virtual scales;

(b) focusing on back hand with virtual scales and (c) on front hand with virtual scales

To find out if there is some difference in the depth information between the captured images

with and without virtual scales, Figure 6.15 is transferred to greyscale images as Figure 6.16.

i

(a) (b) (c)

Figure 6. 16 Brightness greyscale images. (a) is focus on back hand, (b) is focus on back

hand with virtual scale and (b) is focus on front hand with virtual scale

Based on Figure 6.14 (b), the distance between the head and the back hand can be measured,
which is 8 cm in depth. We set the distance as z-value. Besides, we set the depth map from
back hand to front hand as from 0.0 to 1.0. The linearly transform is applied to formalise the

z-value within the range [0,1]. The equation transforms the z-value to the depth value as:

Z—= dfront hand
Fiep = (6.14)
pth
dback hand — dfront hand

The graph can be received as:
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Figure 6. 17 The relation between the z-value and its corresponding depth value.

Based on the grayscale depth and depth value in Figure 6.17, Figure 6.16 (a) and (b) can be
converted to Figure 6.18 by standard greyscale value chart. The depth is divided into 8
sections from 0.0 to 1.0. The line recognises the greyscale at each section and export
corresponding value. The gradients of these two lines are hard to fit, which means there are
errors in depth estimation between these two images. This demonstrates that the image
captured by the plenoptic camera produced some error in the depth information so inaccurate
3D models would be generated if such information was adopted. This is not unusual in the
daily practice due to the extreme complexity of environment and variable lighting conditions.
As the result, it is important to correct the depth error quantitatively for accurate 3D imaging,

which is exactly the objective of inventing this virtual-scales technology.

After receiving and processing the data from Figure 6.15 (a) and (b), the data can be
calibrated by the algorithm as shown in Figure 6.19. After synthesizing the surfaces with
and without virtual scales, the coefficient of determination R? can be calculated which
shows how closely these two surfaces fit each other. The closer the value of determination
is to 1, the less the depth error is. So, we can use the R? to evaluate if the depth error is

reduced to an acceptable level.



— — with virtual scale
— — without virtual scale

67 7

] 7

~ /

27 /

/
@ /
= Vs
7’

[}

- - - =
T‘cg - ”~
; / //
&2 -~
! /L,

v
P
14 - ———
-
-~
-~
0— rd
1 b 1 . 1 . 1 . 1
0.0 0.2 0.4 0.6 0.8

Depth value

Figure 6. 18 Greyscale depth with depth value
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Based on Figure 6.16 (b) and (c), the brightness is parsed into image histogram, as shown in
Figure 6.20. Figure 6.20 (a) is the image histogram of Figure 6.16 (b) and (b) is the image
histogram of Figure 6.16 (c). The horizontal axis represents the brightness level, from 0
(dark tone) on the left to 255 (bright tone) on the right, thus the brightness level of the photo
is divided into 256 levels. The vertical axis represents the number of pixels under each
brightness level. The higher the value, the greater the number of pixels of the light and shade
value, and the larger the area occupied in the screen. Focusing on different positions contain
different depth information. More virtual scales can be used to obtain more depth
information for the reconstruction of the 3D model. More layers of virtual scales also help
to distinguish the space with finer grids so the more accurately that the depth of the original
object can be restored. Figure 6.21 shows the reconstructed 3D model based on Figure 6.15
(b) and (c) by the self-developed algorithm of depth-of-field (DOF), it can be seen the
background of the scene is filtered out. Besides, virtual scales avoid wasting processing
resources on the useless information and significantly save processing time [266, 267],

which benefit much to the low-latency response for real-time tasks like gesture recognition.
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Figure 6. 20 Depth estimation by Al depth estimation algorithms. (a) is the image
histogram of Figure 16 (b) and (b) is the image histogram of Figure 6.16 (c).



(a) (b)
Figure 6. 21. Depth simulation result by Al (a) is simulated -15° information and (b) is

simulated 15° information restored by Al algorithm.

As discussed above, the observed target can be recognized more easily and quickly with
virtual scales. The part of background is quickly filtered, and the useful information is
effectively scoped. In the complex or insufficient lighting background, the easily discernible
scaling can provide accurate quantitative depth information. The system could actively
search for such features of real objects that intersect the virtual scales on the focus plane.
More virtual scales help to reconstruct the 3D model with finer depth information, in a faster
way than conventional plenoptic cameras. Recalling the gesture recognition shown in Figure
6.2, it is possible to distinguish the fingers using such virtual scales for more accurate
recognition and consume less processing time for 3D modelling of the targeted object. This
could be extended to more diversified real-time application scenarios and industrial
applications for which current plenoptic cameras cannot make an excellent balance between

the response time and accuracy.

6.4 Summary

In this chapter, an innovative optical system is developed to utilize the virtual scale networks
to measure and correct the depth error produced by the plenoptic cameras. The system
combines the geometrical waveguide and micro-lens array to work based on the AR

mechanism for scoping the targeted information more effectively and accurately. The



experiments proved that virtual scales could filter complex background effectively and focus
on the targeted object rapidly. By exploiting the parameter relationship between the images
with and without virtual scales, a geometric calibration method was proposed to correct the
depth error caused by the plenoptic cameras. The coefficient of determination R? is
presented to evaluate the depth accuracy of the 3D images. The closer the value of R? is to
1, the more accurate the depth information contains in the image. In this way, the system
can achieve active calibration and correction of image depth for more accurate 3D imaging
than conventional plenoptic cameras. Experiments also demonstrated the rapid scoping of
targeted useful information without spending many resources on useless signals for complex
3D modelling, thus achieved low-latency real-time response more accurately, even under

poor lighting conditions.



Chapter 7 Conclusion and perspective

7.1 Scientific and technological deliverables

AR technology finds wide applications in the fields of aerospace, medical, educational and
entertainment. The AR display is the key device in AR systems, undertaking the simulation
of visual information. The thesis is introduced to overcome the challenges in developing a
high-performance AR imaging system. The main research outputs can be summarized as

follows:

(1) A design model for 2D geometrical waveguide is developed. The optimized model
design method based on a large FOV is systematically discussed. The causes of stray
light that results in the ghost images are analyzed in detail by means of ray tracing,
and correspondingly the method of stray light suppression is proposed in terms of
both design and manufacture. The optimized 2D geometrical waveguide successfully
achieves 69° x 56° FOV with 22.6mm x 26mm eye box at 20mm eye relief.

(2) A wide-FOV dual-focal geometrical waveguide see-through display with a relatively
thin structure is proposed. The causes of stray light in the dual-focal model are
systematically analysed based on the non-sequential ray tracing. Correspondingly, a
solution is presented to eliminate the stray light and reach uniform illumination at
the entire exit pupil area. The achieved illumination uniformity of the dual-depth
system reaches 0.83 and the intensity uniformity is over 0.7. The depth cues of the
optimized design are at infinity and 100mm with 35° FOV, 38.46mm eye box and
20mm eye relief, which significantly improves the optical performance and reduces
the dizziness caused by the VAC problem.

(3) An efficient and cost-competitive high-precision manufacturing process route for the
geometrical waveguide component is developed. During the manufacturing process,
the uniformity of the coating, the transmittance and reflectance ratio of the coating
film, the flatness of the substrate, the surface roughness, the optical glue, and the
cutting precision all have a significant impact on the geometric waveguide
performance. The characterization methods and the tolerances of each step based on
human eye resolution are presented.

(4) A new hybrid optical system is developed combining a geometrical waveguide and
micro-lens array to project a virtual scaling network for quantitative depth calibration
and fast tracking of targets. Such a methodology based on the AR working principle

helps to rapidly track the targeted objects/features without reconstructing the full



range 3D model, significantly saving the processing time for a low- latency response.
By establishing a geometrical model to quantitatively correlate the synthesizing
images and the virtual scaling networks, it is proposed a method to calibrate and
correct the depth error of images caused by the plenoptic cameras. Experiments
proved that under complex background or insufficient light, in virtue of the virtual
coordinate networks, targets can be effectively identified according to actual depth.
The algorithm flow chart of correction of position depth error is given. In this way,
the system can achieve faster and more accurate capturing of 3D objects in a real-

time manner than conventional plenoptic cameras.
The innovative work of this thesis can be summarized as the following:

(1) Design geometrical waveguide model with a large field of view, and effectively
improve the core optical performance indicators such as the FOV, eye box and eye
relief through parameter optimization and material selection. Combined with ray
tracing simulation and model optimization algorithm, it can effectively suppress the
stray light of the optical system, thereby improving the system resolution and
imaging quality.

(2) Design multi-focal stray-light-free optical waveguide models and imaging
optimization algorithms. By increasing the number of focal planes to meet the 3D
vision perception of the human eye and mitigate the VAC, the dizziness problem of
long-term use can be reduced.

(3) An innovative optical system is developed by utilizing the virtual scale networks to
measure and correct the depth error produced by the plenoptic cameras. The system
combines the geometrical waveguide and micro-lens array to work based on the AR

mechanism for scoping the targeted information more effectively and accurately.

7.2 Research outlook

(1) The user experience of observers is related to image quality, the weight and even the
wearable ability of the device. Thus, the optical design and optical elements are
crucial to the system performance. There are many requirements needed for different
environment and users. It is hard to identify which specific parameter is most
influential, however, the expected applications are always the driving factor in the
optical design, including FOV, eye box, eye relief, weight, size, stray light,

brightness, contrast, and resolution, etc. The breakthrough in AR technology may



require more than just a few design elements to be optimized. Even if a full-colour
Micro LED display is introduced, it will only address the size of the display and will
have little impact on the size of the optics. Thus, it is conceivable that it will be a
long time before AR glasses with powerful features such as large FOV, small size,
high brightness, and suitability for high performance applications.

(2) The AR displays currently on the market do not yet have the ability to render black
pixels. Existing active optical technologies can only add color to the optics and do
not generate black pixels. Therefore, a layer of LCD screen could be considered to
produce black viewing pixels by shading, but this would have the disadvantage of
reducing the light transmission of the optical display element by half and would also
cause polarized ambient light. Besides, the higher the pixel density of the screen, the
higher the requirements for the design of the time waveguide transfer function.
Taking 1080p HD screens as an example, a better matched optical waveguide in the
transmission path for brightness, picture quality loss degree is smaller, so the optical
part of the maximum output of 1080p HD images, and minimize distortion, which
for the design and process also put forward high requirements.

(3) Processors for AR-enabling tasks are steadily improving required capabilities for
enterprise with optimal form factors. For example, graphics processors must be small,
lightweight and highly power efficient in order to be placed within eyewear frames
that remain comfortable to wear. Combined with eye-tracking capabilities, reliable
voice and gesture recognition, these computational requirements add up, both in
terms of battery consumption and heat production, which need to be properly and
efficiently managed. Continuously providing AR experiences based on cloud-hosted
services and content requires uninterrupted bandwidth and coverage are necessary

for wherever customers with AR devices.

As other types of wearables, AR display represents a novel technology whose
development and usage are still evolving. Both technological and business challenges
are in the process of being addressed so that the displays are generally accepted in future

as routine tools and become more recognized for their productivity-enhancing features.
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Appendix A. Program code for projector in 1D model

Appendix A is the program code of the virtual image from the projector in 1D model. In

this program, different kinds of colors and images are projected for virtual imaging.
#define SCR_ WD 240

#define SCR_HT 240

#include <SPL.h>

#include <Adafruit GFX.h>

#if (__ STM32F1 ) // bluepill

#define TFT DC PAl

#define TFT_RST PAO

/M#include <Arduino ST7789 STM.h>
#else

#define TFT DC 7

#define TFT RST 8

#include <Arduino ST7789 Fast.h>
/M#include <Arduino ST7789.h>
#endif

Arduino_ST7789 tft = Arduino ST7789(TFT _DC, TFT RST);

1

unsigned long FillScreenTest()
{
unsigned long start = millis();
for(int i=0;i<5;i++) {

tft.fillScreen(RED);



tft.fillScreen(GREEN);
tft.fillScreen(BLUE);
tft.fillScreen(YELLOW);

}

return millis()-start;

b
/I

unsigned long ClearScreenTest()
{
unsigned long start = millis();
for(int 1=0;1<5*4;i++)
tft.fillScreen(BLACK);
return millis()-start;

b
/I

const uint16_t imgF[] PROGMEM =
{0xF800,0xF840,0xF8A0,0xF900,0xF960,0xF9C0,0xFA20,0xFA80,0xFAE0,0xFB40,0xF
BAO0,0xFC00,0xFC60,0xFCC0,0xFD20,0xFD80,0xFDE0,0xFE40,0xFEA0,0xFF00,0xFF6
0,0xFFCO0,0xFFE0,0xEFE0,0xE7E0,0xD7E0,0xCFE0,0xBFE0,0xB7E0,0xA7E0,0x9FEO,
0x8FE0,0x87E0,0x77E0,0x6FE0,0x5SFE0,0x57E0,0x47E0,0x3FE0,0x2FE0,0x27E0,0x17E
0,0xFE0,0x7E0,0x7E1,0x7E3,0x7E4,0x7E6,0x7E7,0x7E9,0x7EA ,0x7EC,0x7ED,0x 7EF,0
x7F0,0x7F2,0x7F3,0x7F5,0x7F6,0x7F8,0x7F9,0x7FB,0x7FC,0x 7FE,0x 7FF,0x 79F ,0x 73F,
0x6DF,0x67F,0x61F,0x5BF,0x55F,0x4FF,0x49F,0x43F,0x3DF,0x37F,0x31F,0x2BF,0x25
F,0x1FF,0x19F,0x13F,0xDF,0x7F,0x 1 F,0x8 1 F,0x 101 F,0x201F,0x281F,0x381F,0x401F,0
x501F,0x581F,0x681F,0x701F,0x801F,0x881F,0x98 1 F,0xA01F,0xBO1F,0xB81F,0xC81F
,0xDO1F,0xEOQ1F,0xE81F,0xF81F,0xF81F,0xF81D,0xF81C,0xF81A,0xF819,0xF817,0xF
816,0xF814,0xF813,0xF811,0xF810,0xF80E,0xF80D,0xF80B,0xF80A,0xF808,0xF807,0
xF805,0xF804,0xF802,0xF801,



0xF800,0xF840,0xF8A0,0xF900,0xF960,0xF9C0,0xFA20,0xFA80,0xFAE0,0xFB40,0xF
BAO0,0xFC00,0xFC60,0xFCCO0,0xFD20,0xFD80,0xFDE0,0xFE40,0xFEA0,0xFF00,0xFF6
0,0xFFCO0,0xFFE0,0xEFE0,0xE7E0,0xD7E0,0xCFE0,0xBFE0,0xB7E0,0xA7E0,0x9FEOQ,
0x8FEO0,0x87E0,0x77E0,0x6FE0,0x5SFE0,0x57E0,0x47E0,0x3FE0,0x2FE0,0x27E0,0x17E
0,0xFE0,0x7E0,0x7E1,0x7E3,0x7E4,0x7E6,0x7E7,0x7E9,0x7EA ,0x7EC,0x7ED,0x 7EF,0
x7F0,0x7F2,0x7F3,0x7F5,0x7F6,0x7F8,0x7F9,0x7FB,0x7FC,0x 7FE,0x 7FF,0x 79F ,0x 73F,
0x6DF,0x67F,0x61F,0x5BF,0x55F,0x4FF,0x49F ,0x43F ,0x3DF,0x37F,0x31F,0x2BF,0x25
F,0x1FF,0x19F,0x13F,0xDF,0x7F,0x 1 F,0x8 1 F,0x 101 F,0x201F,0x281F,0x381F,0x401F,0
x501F,0x581F,0x681F,0x701F,0x801F,0x881F,0x981F,0xA01F,0xBO1F,0xB81F,0xC81F
,0xDO1F,0xEO01F,0xE81F,0xF81F,0xF81F,0xF81D,0xF81C,0xF81A,0xF819,0xF817,0xF
816,0xF814,0xF813,0xF811,0xF810,0xF80E,0xF80D,0xF80B,0xF80A,0xF808,0xF807,0
xF805,0xF804,0xF802,0xF801};

uintl6_t img[SCR_WD+16];

unsigned long DrawImageTest()

{
for(int i=0;i<SCR_WD+16;i++) img[i] = tft.r gbWheel(500L*i/SCR_WD);
unsigned long start = millis();

for(int i=0;i<5*4;i++) for(int y=0;y<SCR_HT;y++)
tft.drawlmage(0,y,SCR_WD,1,img+(((y>>2)+1)&0xf));

return millis()-start;

b
/I

unsigned long DrawlmageFTest()

{

unsigned long start = millis();

for(int i=0;i<5*4;i++) for(int y=0;y<SCR_HT;y++)
tft.drawlmageF(0,y,SCR_WD, 1, imgF+(((y>>2)+1)&0x{));



return millis()-start;

b
/I

// original Adafruit

unsigned long orig ={ 5872, 5872,
1468292,394696,2938532,132952,121996,4068208,925276,1319512,
1278096,1930524,602080,4649200 };

// pre 18.09.2020 Fast

//unsigned long
orig={2645,3577,661616,114064,579036,56216,49500,1830864,222936,259340,175460,9
03348,138264,1853300};

unsigned long res[14];

void result(int 1)

{
Serial.print(res[i]);
if(res[1]<1000000) Serial.print("\t");
Serial.print("\t\t\t");
Serial.print(100*orig[i]/res[i]);
Serial.println("%");

}

void setup(void)

{
Serial.begin(9600);
Serial.printIn(F("IPS 240x240 ST7789"));

//tft.reset();



//tft.init(SCR_WD, SCR_HT);

tft.begin();

tft.fillScreen(BLACK);

tft.setCursor(0, 0);

tft.setTextColor(WHITE); tft.setTextSize(2);
tft.println("IPS 240x240 ST7789");
tft.println("Library Benchmark");
tft.println("starts in 3s ...");

delay(3000);

Serial.printIn(F("Benchmark Time (microseconds)"));
res[0]=FillScreenTest();
Serial.print(F("FillScreen Mbps ");

Serial.println(String(res[0])+"ms "+String(1000*20.0/res[0])+"{ps
"+String(20.0*SCR_WD*SCR_HT*16/res[0]/1000.0)+"
Mbps\t"+100*orig[0]/res[0]+"%");

/ffor(int 1=0;1<100;1++) tft.fillRect(i,i,SCR_WD-1*2,SCR_HT-i*2,tft.rgbWheel(i*10));
delay(1000);

res[ 1]=ClearScreenTest();
Serial.print(F("ClearScreen Mbps "));

Serial.println(String(res[1])+"ms "+String(1000*20.0/res[1])+"{ps
"+String(20.0*SCR_WD*SCR_HT*16/res[1]/1000.0)+"
Mbps\t"+100*orig[1]/res[1]+"%");

res[ 1 ]=DrawlmageTest();

Serial.print(F("Drawlmage Mbps ");



Serial.println(String(res[1])+"ms "+String(1000*20.0/res[1])+"{ps
"+String(20.0*SCR_WD*SCR_HT*16/res[1]/1000.0)+"
Mbps\t"+100*orig[1]/res[1]+"%");

res[ 1 |[=DrawlmageFTest();

Serial.print(F("DrawlmageF Mbps "));

Serial.println(String(res[1])+"ms "+String(1000*20.0/res[1])+"{ps
"+String(20.0*SCR_WD*SCR_HT*16/res[1]/1000.0)+"
Mbps\t"+100*orig[1]/res[1]+"%");

res[2]=testFillScreen();
Serial.print(F("Screen fill
result(2);

delay(500);

res[3]=testText();
Serial.print(F("Text
result(3);

delay(3000);

res[4]=testLines(CY AN);
Serial.print(F("Lines
result(4);

delay(500);

)

")

")

res[S]=testFastLines(RED, BLUE);



Serial.print(F("Horiz/Vert Lines ");
result(5);

delay(500);

res[6]=testRects(GREEN);
Serial.print(F("Rectangles (outline) "));
result(6);

delay(500);

res[7]=testFilledRects(YELLOW, MAGENTA);
Serial.print(F("Rectangles (filled) "));
result(7);

delay(500);

res[8]=testFilledCircles(10, MAGENTA);
Serial.print(F("Circles (filled) ");

result(8);

res[9]=testCircles(10, WHITE);
Serial.print(F("Circles (outline) ");
result(9);

delay(500);

res[10]=testTriangles();



Serial.print(F("Triangles (outline)  "));
result(10);

delay(500);

res[11]=testFilledTriangles();
Serial.print(F("Triangles (filled) ");
result(11);

delay(500);

res[ 12]=testRoundRects();
Serial.print(F("Rounded rects (outline) "));
result(12);

delay(500);

res[ 13]=testFilledRoundRects();
Serial.print(F("Rounded rects (filled) "));
result(13);

delay(500);

Serial.println(F("Done!"));
Serial.println(F("Results:"));
for(int i=0;i<14;i++) { Serial.print(res[i]); Serial.print(","); }

Serial.println();



int c1=YELLOW, c2=WHITE;
tft.fillScreen(BLACK);
tft.setCursor(0, 0);
tft.setTextSize(2);
tft.setTextColor(CYAN);

tft.println("RESULTS:");

tft.setTextSize(1);

tft.println();

tft.setTextColor(GREEN);

tft.printin(F("Benchmark Time (us)"));
tft.setTextColor(c1); tft.print(F("FillScreen Mbps ");

tft.setTextColor(c2); tft.println(String(res[0])+"ms
"+String(20.0*SCR_WD*SCR_HT*16/res[0]/1000.0)+" Mbps");

//tft.setTextColor(cl); tft.print(F("ClearScreen Mbps ");

//tft.setTextColor(c2); tft.print(String(res[1])+"ms
"+String(20.0*SCR_WD*SCR_HT*16/res[1]/1000.0)+" Mbps");

tft.setTextColor(c1); tft.print(F("DrawlmageF Mbps ");

tft.setTextColor(c2); tft.println(String(res[ 1])+"ms
"+String(20.0*SCR_WD*SCR_HT*16/res[1]/1000.0)+" Mbps");

tft.setTextColor(c1); tft.print(F("Screen fill ");
tft.setTextColor(c2); tft.println(res[3]);
tft.setTextColor(c1); tft.print(F("Text ");

tft.setTextColor(c2); tft.println(res[4]);



tft.setTextColor(c1); tft.print(F("Lines ");
tft.setTextColor(c2); tft.println(res[5]);
tft.setTextColor(c1); tft.print(F("Horiz/Vert Lines ");
tft.setTextColor(c2); tft.println(res[6]);
tft.setTextColor(c1); tft.print(F("Rectangles (outline) "));
tft.setTextColor(c2); tft.println(res[8]);
tft.setTextColor(c1); tft.print(F("Rectangles (filled) "));
tft.setTextColor(c2); tft.println(res[9]);
tft.setTextColor(c1); tft.print(F("Circles (filled) ");
tft.setTextColor(c2); tft.println(res[10]);
tft.setTextColor(c1); tft.print(F("Circles (outline) ");
tft.setTextColor(c2); tft.println(res[11]);
tft.setTextColor(c1); tft.print(F("Triangles (outline) "));
tft.setTextColor(c2); tft.println(res[12]);
tft.setTextColor(c1); tft.print(F("Triangles (filled) "));
tft.setTextColor(c2); tft.println(res[13]);
tft.setTextColor(c1); tft.print(F("Rounded rects (outline) "));
tft.setTextColor(c2); tft.println(res[14]);
tft.setTextColor(c1); tft.print(F("Rounded rects (filled) "));
tft.setTextColor(c2); tft.println(res[15]);

tft.setTextColor(RED); tft.println(F("Done!"));



Appendix B. Program code for projector in 2D model

Appendix A is the program code of the virtual image from the projector in 2D model. In

this program, the virtual image MNMT is projected as the virtual scale.
#include <Wire.h>
#include <Adafruit GFX.h>
#include <Adafruit SSD1306.h>
#define OLED RESET 4
Adafruit SSD1306 display(128, 32, &Wire, OLED RESET);
void setup() {
display.begin(SSD1306 SWITCHCAPVCC, 0x3C);
display.setTextColor(WHITE);
display.clearDisplay();
display.setTextSize(1);
display.setCursor(0, 8);
display.println("MNMT");
display.display();
}
void loop() {
display.startscrollright(0x00, 0xOF);
delay(5000);
display.stopscroll();
display.startscrollleft(0x00, 0xOF);
delay(1000);

display.stopscroll();



Appendix C. Program code for DOF map transfer

Appendix C is the code for DOF map transfer from original picture for chapter 6. DOF map

is more easy to extract depth information. Different depth contains different chromatic value.

from future  import absolute import, division, print_function

%matplotlib inline

import os
import numpy as np
import PIL.Image as pil

import matplotlib.pyplot as plt

import torch

from torchvision import transforms

import networks
from utils import download model if doesnt exist

model name = "mono_640x192"

download model if doesnt exist(model name)
encoder path = os.path.join("models", model name, "encoder.pth")

depth_decoder path = os.path.join("models", model name, "depth.pth")

# LOADING PRETRAINED MODEL
encoder = networks.ResnetEncoder(18, False)

depth_decoder = networks.DepthDecoder(num_ch enc=encoder.num ch enc,
scales=range(4))

loaded_dict_enc = torch.load(encoder path, map location='cpu')

filtered dict enc = {k: v for k, v in loaded_dict_enc.items() if k in encoder.state dict()}



encoder.load state dict(filtered dict enc)

loaded_dict = torch.load(depth_decoder path, map location='"cpu')
depth _decoder.load state dict(loaded dict)

encoder.eval()
depth_decoder.eval();

image path = "assets/test_image.jpg"

input_image = pil.open(image path).convert('RGB')

original width, original height = input_image.size

feed height = loaded dict enc['height']
feed width =loaded dict enc['width']

input_image resized = input_image.resize((feed width, feed height), pi. LANCZOS)

input_image pytorch = transforms.ToTensor()(input_image resized).unsqueeze(0)
with torch.no_grad():
features = encoder(input_image pytorch)

outputs = depth_decoder(features)

disp = outputs[("disp", 0)]
disp_resized = torch.nn.functional.interpolate(disp,

(original height, original width), mode="bilinear", align_corners=False)
# Saving colormapped depth image
disp_resized np = disp_resized.squeeze().cpu().numpy()

vmax = np.percentile(disp_resized np, 95)

plt.figure(figsize=(10, 10))



plt.subplot(211)
plt.imshow(input_image)
plt.title("Input", fontsize=22)

plt.axis('oft")

plt.subplot(212)

plt.imshow(disp_resized np, cmap="magma’', vimax=vmax)
plt.title("Disparity prediction", fontsize=22)

plt.axis('off');



Appendix D. Program code for image pixel transfer

Appendix C is the code to transfer the depth map to greyscale value, which is much more

easy to identify the depth change.

clc;
Al=imread('Depthl.jpg');
Bl=rgb2gray(Al);

% imshow(B1);

A2=imread('Depth2.jpg');
B2=rgb2gray(A2);,
% imshow(B2);

A3=imread('Depth3.jpg");
B3=rgb2gray(A3);
% imshow(B3);

[countl,x1]=imhist(B1);
[count2,x2]=imhist(B2);
[count3,x3]=imhist(B3);

countl=imhist(B1)/numel(B1)
count2=imhist(B2)/numel(B2)
count3=imhist(B3)/numel(B3)

subplot(3,3,1);
imshow(Al);
subplot(3,3,2);
imshow(A2);
subplot(3,3,3);
imshow(A3);



subplot(3,3.,4);
imshow(B1);
subplot(3,3,5);
imshow(B2);
subplot(3,3,6);
imshow(B3);

subplot(3,3,7);
plot(x1,countl)
xlim([0 255]);
ylim([0 0.06]);
subplot(3,3,8);
plot(x2,count2);
xlim([0 255]);
ylim([0 0.06]);
subplot(3,3,9);
plot(x3,count3);
xlim([0 255]);
ylim([0 0.06]);



