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ABSTRACT

Light Efficient and Foveated Head-Worn Displays
Mehmet Kivan¢ Hedili
Doctor of Philosophy in Electrical and Electronics Engineering
December 26, 2019

Augmented reality (AR) displays in eyeglass form are seen as the future of information
displays. The image generation unit within the AR glasses, which is called a spatial light
modulator (SLM), and optical architectures are among the major limitations of current AR
displays. For the ultimate AR experience, the viewer should see high resolution images
that cover a large portion of their viewing angle. With the current SLM technology either
large viewing angle with low resolution images or high resolution images with small
viewing angle can be provided. This trade-off is one of the key limitations of AR glass
technology.

Considering that the human eye has high resolution only at its central vision and the rest
of the view gradually seems blurred towards the periphery, more efficient displays can be
designed by mimicking the human eye. These architectures that show sharp images only to
the central vision and low resolution images to the rest of the viewing angle are known as
foveated displays in the literature.

Foveated displays require eye tracking and special optical architectures that can change
the position of the high resolution image within the larger viewing angle of the user,

depending on the user’s viewing direction. In this thesis, we present three different



foveated AR glass architectures and a fast, reliable and computationally light pupil tracker
algorithm that we developed for foveated display architectures.

In our pinhole display we extended the eyebox using an array of light sources (LEDs),
which are individually turned-on based on the pupil position in real-time. We demonstrated
a 37° circular field-of-view (FOV) with a luminance of 360 cd/m? using an LED with only
0.42 lumen output. We achieved an extended eyebox of 14x10 mm in size with 1 mm
static eyebox per LED and the static eyeboxes are spaced 2 mm apart. The resulting
display is super light-efficient as most of the LED light is captured by the eye. In our
holographic display with rotating beam splitters, a static 7x4° instantaneous FOV is
mechanically steered in sync with the rotations of the eye, so that the viewer always sees a
high resolution image at the central vision. We demonstrated 37x4° extended FOV, which
is the first holographic foveated head-worn display that works in closed-loop with a pupil
tracker in the literature. In our eye-centric design, we eliminated the moving parts by
imaging the SLM to the rotation center of the eye. With this architecture, the SLM
automatically follows the central vision by design and the holographic image is projected
on to fovea by updating the hologram on the SLM. We demonstrated 28x28° instantaneous
FOV, which is extended to 60x40°.



OZET

Isig1 Verimli Kullanan ve Foveated Gozlilk Mimarileri
Mehmet Kivan¢ Hedili
Elektrik ve Elektronik Miihendisligi, Doktora
26 Aralik 2019

Arttinlmis  gergeklik gozliikleri gelecegin ekran teknolojisi olarak goriilmektedir.
Arttirllmis  gergeklik gozliklerine gorlintli  olusturma gorevi goren uzaysal 1s1k
modiilatérleri ve bunun yanisira optik mimariler giincel gozliiklerin performansini
kisitlayan temel bilesenlerdir. Hayal edilen arttirillmis gerceklik deneyimi igin yiiksek
¢cOziinlirliklii ve insan goziiniin goriis agisinin genis bir kismini kaplayan goriintiiler
olusturulmalidir. Giiniimiiz teknolojisi ile genis goriintii acis1 ve diisiik ¢oziiniirliikli
goriintli veya dar goriis acist ve yiiksek ¢oOziiniirliiklii goriintii saglanabilmektedir. Bu
odiinlesme arttirilmis gergeklik gozliiklerinin tasariminda temel sorunlardan birisidir.

Insan goziiniin yalnizca merkezi goriis agisinda dar bir bolgeyi net ve yiiksek
coOziintirliikte, geri kalan bolgeleri bulanik gordiigii diistiniildiiglinde ¢ok daha verimli ve
insan goziline benzer Ozellikte goriintlii iireten optik sistemler tlretilmesi miimkiindiir.
Goziin net gordiigii bolgeye yiiksek ¢oziiniirliikli, geri kalan bolgelere diisiik ¢oziintirliikli
gortiniiler saglayan sistemlere foveated display denilmektedir.

Foveated displayler goziin gercek zamanli takibini ve goriintiiyii goziin basis acgisi
icinde uygun yere kaydirabilecek 6zel optik mimarilere ihtiya¢ duymaktadir. Bu tezde bu
islevi yerine getirebilen ii¢ farkli optik mimari anlatilmaktadir. Bunun yam sira hizli ve

giivenilir goz takip algoritmamiz da anlatilmaktadir.
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Igne deligi kameras: ilkesi ile ¢alisan AR gdzliik mimarimizde, bu teknigin dogasi
geregi tek nokta olan goriintii penceresi 151k kaynagi dizini kullanilarak genisletilmistir.
Isik dizinindeki her LED goziin ger¢ek zamanli yerine bagli olarak uygun sekilde
acilmaktadir bu sayede goriintii penceresi genisletilmektedir. 37° goriis agisi olan ve
yalnizca 0.42 lumenlik LED ile 360 cd/m? parlakhiginda goriintii elde edilmistir. Tek LED
icin Imm olan goriintii penceresi 14x10 mm kadar genisletilmistir. Gozliglimiiz igne
deligi kameras1 ilkesi sayesinde 15181 ¢ok verimli kullanarak parlak goriintiiler
olusturmaktadir. Donen yari-ayna tabanli holografik g6zliik mimarimizde sabit olarak 7x4°
goriis agisi saglayabilen SLM’in sanal goriintlisii goz agisina bagli olarak yari-aynalar
yardimiyla gezdirilmektedir. Bu sayede kiigiik agili goriintii siirekli goziin 6niinde olusarak
daha biiyiik bir ekran etkisi yaratmaktadir. Bu teknik ile goriis acis1 37x4° ye ¢ikarilmugtir.
Gozliglimiiz literatiirde géz pozisyonun bagli olarak geri beslemeli olarak ¢aligtirilan ilk
foveated holografik gozliiktiir. Bir diger mimarimiz ise SLM’in goziin donme merkezine
optik olarak goriintiilenmesi ile olusturulmustur. Bu sayede géz nereye bakarsa baksin
otomatik olarak SLM’in goriintiisii gozde olusmaktadir. Higbir hareketli parca icermeyen
bu mimari SLM {istiindeki hologramin degistirilmesitle fovea {lizerine yiiksek ¢oziintirliiklii
goriintli olusturmaktadir. Olusturulan goriintii tek bir bakis acis1 icin 28x28° goriis acisina

sahip olup, goziin hareketleri 60x40° lik bir aralikta otomatik olarak takip edilmektedir.
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1 INTRODUCTION

1.1 Head-Worn Displays Overview

Displays have been an indispensable part of our modern lives as the major tool for
information delivery. Spending long times in front of our displays is a global epidemic,
causing all sorts of health problems due to reduced physical activity. The display
technology as we know it has become saturated, providing larger, brighter displays with
pixel sizes so small that their resolution matches our retinal resolution. In the last 10 years
or so, wearable Augmented Reality (AR) displays gained popularity as it is seen as the
next generation of displays; liberating people from their desks, revolutionizing information
delivery paradigms and empowering new ways of interaction with our surrounding.

A single human eye has about 180° FOV. The central 10° region provides the highest
resolution, which is called fovea on the retina. This region provides the sharp central vision
and the resolution degrades towards the periphery, which is called the peripheral vision.
Head-mounted displays should cover the FOV of the eye as much as possible without
compromising the display resolution to provide comfortable experience to the viewer.
With today’s technology large FOV-high resolution head-worn displays require bulky
optics and display technology is deficient.

There are many different technologies for AR glasses. Convention optical systems,
waveguides, free-form optics, light-field displays and holographic displays are the major
architectures used in recent head-worn displays. Today, waveguide based AR glasses
dominate the market. Lumus and Epson Moverio are some of the most successful
examples [1], [2]. A microdisplay that is coupled to a waveguide relays the image to the
eye with some refractive power as illustrated in Figure 1.1a and Figure 1.1b. Lumus has
55° FOV and Moverio BT-300 has 23° FOV [4], [5].
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IMAGE
SOURCE
)

Figure 1.1. a)An illustration of waveguide display of Lumus [1]. b) Epson
Moverio BT-300 [2]. ¢) Microsoft Hololens [6]. d) Google Glass [7]. €) and
f) MiraPrism [8],[9].
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intermediate
image
AN combiner

y

exit pupil

Figure 1.2. An example of a head-worn display using conventional optics. It
has 40x30° FOV with 15mm eyebox [6] [11].

Conventional optical designs are also available in the literature. A microdisplay (OLED
or LCOS) is magnified using refractive spherical lenses and an intermediate image plane is
created as seen in Figure 1.2. A semi-reflective combiner relays this intermediate image

plane to the eye. The maximum FOV that can be achieved by conventional optics is about
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40° [10], [11]. Conventional optic size and weight grows rapidly with increasing FOV,
therefore they are not regarded as the future of head-worn displays. An example of an
aggressive design to achieve large FOV can be seen in Figure 1.3. 16 different pieces of
lenses, including two ellipsoid mirrors are utilized to provide 120x120° FOV and 6mm
eyebox [33]. Such systems are bulky, heavy and expensive, which prohibits their

commercial use.
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Figure 1.3. A low-distortion head-worn display design that provides
120x120° FOV with 6mm eyebox [33].
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Figure 1.4. Implementation of a wide FOV display using conventional optics [13].

A third alternative method is using free-form optics. As seen in Figure 1.5, free-form
prisms that work in reflective or catadioptric modes are available in the literature [12],
[52]. In these prisms each surface has some optical power and the overall system can
provide about 30x40° FOV with 4mm eyebox. Since the free-form prisms are compact,
multiple components are tiled to provide larger FOV [54]-[56].
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Figure 1.5. Free-form prisms can provide compact solutions. They can
provide 40x30° FOV with 4mm eyebox [12], [52].
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Figure 1.6. The experimental setup for pinlight diplay [14].

Pinlight displays provide large FOV (110°) with a very simple architecture. The display
does not need any lenses or components with optical power, therefore they are very light
and simple. The LCD is illuminated by an array of pinlights such that the image on the
LCD becomes visible due to large depth of field [14]. As seen in Figure 1.7 a sharp image
is produced without any optical refractive power components. The main disadvantage is
low brightness.
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Figure 1.7. The image produced by the pinlight display [14].

1.2 Microdisplays for AR Head-Worn Displays

All head-worn displays require a small image generator, which is known as a
microdisplay. Liquid Crystal on Silicon (LCOS), Organic Light Emitting Diode (OLED),
Digital Micromirror Device (DMD) and pico-projectors are the preferred technologies for
their small size and high pixel numbers.

As the name suggest LCOS displays consist of a liquid crystal on reflective silicon
electronics that modulate the incident light in an analog fashion by rotating the liquid
crystal by the applied voltage. The structure of LCOS displays can be seen in Figure 1.8.
The advantages of LCOS displays are they can provide ultra-high brightness with good
contrast (2000:1), high percentage of the incident light reflects back (70-80%) and they can
modulate amplitude, phase or the polarization of the incident light, making them suitable

for holographic displays [15].



Chapter 1. Introduction

Cover Glass

— Transparent Electrode
' -~ Alignment Layer
Liquid Crystal Layer
Alignment Layer

PCB / Control Layer

Figure 1.8. The cross-sectional view of an LCOS display [16].

As the LCOS chips are work in reflective mode, an external illumination that consists of

three main colors (red, green, blue) must be used. The light source can be LEDs or lasers

depending on the application. In its typical application three main colors are conditioned

and combined into a single beam using dichroic mirrors, which is reflected towards the

LCOS chip using a beam splitter. RGB light sources are turned-on time sequentially to

provide full color images. The modulated light is reflected back and projected out using

additional optical components as illustrated in Figure 1.10.
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Figure 1.9. An example of an LCOS microdisplay [17].

Beam ﬁProjection
- . expansion lens
Dichroic color combiners P A A
/ i BE . | Beamsplitter

.....................

Green laser

Despeckle and ' A

DEaM Shape

Blue laser Red laser LCOS microdisplay

Figure 1.10. Typical optical setup for color displays using LCOS [18].
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A similar alternative to LCOS displays is the Digital Micromirror Device (DMD) as
seen in Figure 1.12. DMD chips consist of millions of micromirrors that can tilt to two
binary positions. Each micromirror is a pixel of the display that can have two digital
positions: if the pixel is on, the mirror is tilted in one direction reflecting the light out; if it
is off the mirror tilts in the other direction, reflecting the light to an absorber as shown in
Figure 1.11. Typical pixel size is about 5um and the mirrors tilt about +10° depending on
the chip model. The analog pixel values are displayed by pulse with modulation by rapidly
switching the mirrors. DMDs also require external light sources that are triggered time

sequentially to display full color image.

Projection Lens

"
- 4

Light
Absorber

Figure 1.11. DMD pixels in on and off states [19].
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Figure 1.12. An photograph of a DMD chip [20].

OLED microdisplays consist of organic LEDs as pixels, which are self-emissive. This
means they do not need external light sources and eliminate relatively complicated
illumination optics. This reduces the number of components (hence the weight) and
occupies less space on the head, which is a major advantage compared to LCOS and DMD
displays for head-worn displays. As the off pixels do not emit any light their contrast is
excellent (100.000:1) and they have very fast response time (<0.01ms) [22]. Similar to
DMDs, OLED displays can only have amplitude modulation.
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Figure 1.13. A OLED microdisplay [21].

Laser scanning pico-projectors can also be used in head-worn displays, either as an
image source that projects at an intermediate image plane or directly to the retina. They
provide low-power and miniaturized solutions thanks to MEMS technology and provide

bright images with great color saturation.
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Figure 1.14. Laser scanning pico-projector [23].

Virtual Image

Viewer's eye

\e

Raster

~
’-Qannels;

Video Electronics

Photonics Module
Lasers and Modulators

Figure 1.15 Microvision’s laser pico-projector used in a retinal scanning
display [24].
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1.3 Holographic Head-Worn Displays

Holographic head-worn display is the ultimate technology that can offer true 3D.
Holography creates images by the interference of the pattern written on the SLM, each
pixel introduces some phase shift and the total interference pattern of all the pixels on the
display produces the image at the required depth. Interference requires coherent
illumination; therefore LEDs or lasers are used as the light source. This means OLED
displays are not suitable in holographic displays because individual pixels emit light,
which is not coherent. Typically LCOS chips that modulate the phase of the illumination
are used.

Holography eliminates the accommodation-vergence conflict by providing a single
binocular vision with correct depth cues, providing a comfortable augmented/mixed reality
experience. Figure 1.16 illustrates the holographic head-worn display dream. A transparent
SLM is illuminated by a point source (RGB LEDs) and a hologram that is calculated for
the desired 3D virtual scene is displayed on the SLM. When the hologram is illuminated
the observer sees the virtual objects in the 3D scene along with the real world objects. The
SLM has large FOV and large eyebox.
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Figure 1.16. The holographic head-worn display concept. The hologram on
the SLM creates virtual objects to the eye [68].

Currently, the real implementations of this concept are far from this dream. As the SLM
sizes are small the typical achievable FOV is about 10°, which is very small compared to
the human visual system. The large pixel size means the eyebox size is small, which means
correct alignment with the display is difficult and handling the rotation of the eye is
problematic. Large pixel size also means that the SLM does not have high optical
bandwidth to bend the rays from side of the eyeglass frame towards the eye, as shown in
Figure 1.16; therefore additional lens systems are needed to bend and focus the rays, which
means AR glasses with sleek designs is not possible in the near future. Placing the SLM in

front of the eye is also challenging due to low transparency of SLMs and their diffraction



Chapter 1. Introduction 33

grating effects, which separate the color of the objects seen through it and create multiple
replica images of them. Calculating the appropriate holograms is another challenge.
Storing and rendering a 3D model of the virtual objects is computationally demanding and
iterative hologram computation algorithms take too long time to display real-time
holographic images.

4f-Fourier filtering is commonly used to remove the unwanted diffraction orders of the
illumination beam and the replicas of the eyebox, as shown in Figure 1.17. The SLM is
typically illuminated by collimated light and gets focused by a Fourier lens. The focused
image is filtered with a band-pass filter that is placed at the Fourier plane, which blocks all
the light except the eyebox. The filtered image is converted to real domain by a secondary

Fourier lens and the light is focused to the pupil plane by an eyepiece lens.

Bandpass filter
Fourier lens L Fourier lens Eye piece

Fourier Real

SLM domain 2 domain

Viewing
window

Figure 1.17. 4f-Fourier filtering the diffraction orders [24].
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observer

Fourier lens

collimator

Figure 1.18. An holographic head-worn display design with 4f-Fourier
filtering [24].

There are various implementations of the holographic head-worn displays in the
literature. Figure 1.18 shows an implementation of holographic display with 4f-Fourier
filtering [24]. RGB LEDs are coupled to an optical fiber. The SLM is illuminated by the
collimated fiber output and the modulated light is fed into a 4f system using a beam
splitter. The filtered image is relayed to the eye using folding mirrors and focused by a
lens. The experimental holographic images for RGB wavelengths can be seen in Figure
1.19.
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Figure 1.19. Experimental holographic images for RGB colors [24].

As illustrated in Figure 1.20, an alternative to 4f filtering is using the eye pupil as the
filter itself [26]. In this implementation the SLM is illuminated by a diverging beam. The
reflected light is focused to the pupil to create the Fourier plane. The eye pupil filters out
the diffraction orders and the eyebox replicas. 61.9° FOV is demonstrated but at the cost of
only having a 1Imm eyebox. The small eyebox means the ability to display depth is
hindered due to high depth of field. A monochrome experimental holographic image is
seen in Figure 1.21. Since the diffraction orders are very close to each other, the zeroth
order of the illumination beam leaks into eyebox, which reduces the contrast of the

holographic image.
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Figure 1.20. Holographic setup with pupil filtering. The FOV is 61.9° and
the eyebox size is 1mm [26].

Figure 1.21. The holographic image with the pupil filter [26].
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Figure 1.22. The holographic AR head-worn display using a holographic
optical element as the combiner surface [76].

Microsoft Research demonstrated their holographic AR glasses as seen in Figure 1.22
[76]. On the left the system on the optical bench is shown. A collimated laser beam
illuminates the LCOS SLM and the reflected light is focused and filtered at the aperture
stop. The light passing through the aperture stop is relayed and focused by the help of a
mirror and an holographic optical element (HOE). On the right image the AR display with
a compact eyeglass format is shown. In this prototype the RGB laser light is fed into the
optical system using an optical fiber and the fiber output directly illuminates the SLM with
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a diverging beam. With the help of a mirror the modulated beam is relayed on the HOE,
which focuses the incident light to the eye pupil plane. The system is built highly off- axis
for a compact architecture. In the prototype Holoeye Pluto is used as the SLM (1920x1080
pixels with 8um pixel pitch). The optical system provides 80° FOV but suffers from small
eyebox size. Figure 1.23 shows the full color experimental holographic image.

Photograph of Prototype In Focus

Out of Focus
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o
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Figure 1.23 The holographic image acquired by the camera [76].

Kazempourradi et. al. demonstrated various holographic head-worn display
architectures that illuminates the SLM with converging and diverging beams [68]. Speckle
reduction and full color demonstration at multiple depths have been demonstrated as seen
in Figure 1.24 to Figure 1.26.
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Figure 1.24. Holographic display with 4x4mm eyebox size and 16.7° FOV [68].
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Figure 1.25. The experimental setup for Figure 1.24 [68].
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Figure 1.26. Full color holographic demonstration with two depths [68].
1.4 SLM Space-Bandwidth Product Limitations

In essence near-eye displays relay a magnified image of the image source (i.e. a
microdisplay) to the field-of-view (FOV) of the user. To achieve high resolution, the pixel
size of the microdisplay should be small. Considering the typical pixel size is about 5um, a
full HD microdisplay is roughly 10x5mm in size, which is quite small. To provide large
FOV with such a small microdisplay, large magnification optics is required, which means
the apparent pixel size is increased, hence the maximum spatial resolution that can be
displayed is reduced, as illustrated in Figure 1.27. This phenomenon is known as the

resolution-FOV invariant [3].



Chapter 1. Introduction 41

no
Rt
Doy
S
il

0 1 = _ _ "';.
2="|.||||||§ - wvem— Ill 11 "l;d
35"' =m ‘"I§' il .." —_—

sy ME e— - -
4 S Eaetis 4= iw=NE
5 =1l — O nm=
s=m =1

(r

Figure 1.27. Resolution-FOV invariant. For a given microdisplay the
resolution decreases with increased magnification.

o

With holographic displays the image is created by the interference of pixels, therefore
the SLM pixel size does not directly correlate with the pixel size of the displayed image.
As illustrated in Figure 1.16, the SLM synthesizes the wavefront from the input wave, as if
it is coming from a real object at a certain distance from the viewer. Therefore to increase
the FOV the eye can be placed closer to the SLM and the SLM would generate the
wavefront for that eye position. The problem is that as the eye gets closer to the SLM the
diffraction order spot size grows, reducing the eyebox size, as shown in the Zemax
simulations in Figure 1.28. Therefore in holographic displays the resolution-FOV invariant
transforms in to what is known as the space-bandwidth product of the SLM.
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Figure 1.28. On the left the eyebox is large when the pupil is at the focus
plane. On the right the pupil is placed closer to the SLM. The eyebox size is
reduced due to increased spot size of the diffraction orders.

The space-bandwidth product is the product of the bandwidth and the size of the
display. If we think in one dimension, the size of the SLM is N.A, where N is the number
of pixels and A is the pixel pitch. Bandwidth of the SLM is equal to A/A, where A is the
illumination wavelength. In the space-bandwidth multiplication the pixel pitch A cancel
out and it is equal to A.N, which means the space-bandwidth product depends on the
number of pixels for a given wavelength.

Currently typical pixel size for LCOS SLMs on the market is in the range of 8um to
3.74um and resolutions vary from full HD to 4K [27]. Holoeye GAEA-2 has the highest
performance figures, combining 3.74um pixel pitch with 4K (4160x2464 pixels) resolution
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[28]. As described above, the number of pixels in an SLM determines a constant space-
bandwidth product, which means the product of FOV and eyebox is a constant for a given
SLM. For GAEA the space-bandwidth product is about 100 deg.mm in the horizontal
direction. This means the holographic display can have 10° FOV with 10mm eyebox or 50°
FOV with 2mm eyebox.

For comfortable operation large FOV with large eyebox is desired. Large FOV is
necessary to provide ability to address a greater portion of the perceived view. Large
eyebox is necessary for easy alignment of the eye with the display. Large eyebox is also
necessary to achieve sufficiently small depth of field to provide depth information. With
small eyebox displays the depth of field becomes large and objects at all depths appear

sharp, impairing the ability to provide correct focus blur.

1.5 Foveated Displays

The receptor cell distribution in the human retina is spatially non-uniform. The highest
density is in the region called fovea and it sharply decreases towards the periphery, as
shown in Figure 1.29 [60]. Fovea is the region on the retina that is responsible for our
central vision, which has an angular extend of about 10°. The non-uniform distribution of
sensory cells means that the perceived image at the central vision is sharp whereas the

peripheral vision is blurred as seen in Figure 1.30.
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Figure 1.29. The distribution of receptor cells in the retina. The cell density
hence the visual acuity drops rapidly outside the fovea.

Figure 1.30. Foveated image with high resolution image at the center and
low resolution at the periphery. [29].
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Considering that only a small portion of our FOV (10°) is seen sharp and the rest of it is
seen blurred, providing high resolution images to the entire retina is wasteful. Display
architectures that exploit this feature of the human eye are called foveated displays [59].
Foveated displays show a high resolution image only to the fovea region and the peripheral
vision is provided by a large pixel, low resolution display. The rotations of the eye must be
measured in real-time by a pupil tracker and the high resolution inset should be shifted
using a closed-loop system within the low resolution peripheral image, such that it falls on
to the fovea at all times. Shifting the high resolution content requires the physical
movement of either the SLM itself or some other optical components that shift the virtual
image of the SLM [63].

Although foveated displays are complex systems, currently they are the only option to

overcome the space-bandwidth limitation of the SLMs.

1.6 Contributions of the Thesis

Currently the space-bandwidth product of SLMs is small for head-worn display
applications and it will not change dramatically in the foreseeable future. Therefore, to
develop large FOV and large eyebox displays with the limited SLMs, novel optical
architectures exploiting additional technologies is required. In this thesis we present three
different foveated head-worn display architectures that overcome eyebox and FOV
limitations of current SLMs.

The diagram in Figure 1.31 shows the basic building blocks of the head-worn display
architectures that are presented in this thesis. In all of our solutions the pupil tracker is at
the heart of our systems. The pupil position is monitored continuously in real-time to be
able to provide the high resolution image to the fovea and to turn-on appropriate LEDs to
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extend the eyebox. We developed our fast and efficient algorithm that works real-time on
computers with limited resources such as BeagleBone Black. In Chapter 2 the details of the
algorithm is presented along with the experimental measurements of its accuracy and

repeatability.
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LED Array Pinhole Display
* with Extended
LCD Screen Eyebox
Ch.2 Computational n Ch.4
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Figure 1.31. Diagram of the foveated display architectures presented in this thesis.

In Chapter 3 we present an architecture using an LCD and LED array backlight to
achieve pinhole imaging principle. In our pinhole display the light source is focused to the
eye pupil, which creates an eyebox 1mm in size and presents an image that is always in

focus. Considering the eye pupil is about 3mm in diameter, with just 1.5mm rotation of the
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pupil the light gets blocked by the iris, so the image is lost. We solved the problem by
using an LED array that can create multiple eyeboxes 1mm in size within a 14x10 mm area
with 2mm spacing. This means for all positions of the pupil an LED can be turned-on. The
LED array works in sync with the pupil tracker so that a continuous experience is provided
to the viewer.

In Chapter 4, we present our foveated holographic head-worn display with rotating
beam splitters, which is one of our solutions to the limited space-bandwidth product of
SLMs. The SLM is relayed to the eye using two bean splitters that shift the virtual image
of the SLM as they rotate. The controller receives the pupil position from our pupil tracker
software and based on our optical simulations it rotates the two beam splitters, such that
the holographic image always follows the central vision of the eye, perpendicular to the
viewing direction. The SLM we used can only provide a static 7x4° FOV but using our
rotating beam splitters approach we achieved 37x4° extended FOV. So far this is the only
holographic foveated head-worn display in the literature that is demonstrated with a pupil
tracker as a closed-loop system.

In Chapter 5, we present our foveated holographic head-worn display, which does not
need any moving parts. Our patented optical architecture, which we call the eye-centric
design, images the center of the SLM to the rotation center of the eye. This means the SLM
is automatically aligned with the central vision of the viewer without any moving parts.
The hologram on the SLM is updated based on the pupil position so that the holographic
image is created on the fovea. We implemented the eye-centric design using a section of a
custom designed and fabricated ellipsoid and we achieved 28x28° instantaneous FOV and
60x40° extended FOV using a Holoeye GAEA-2 SLM. This is the first demonstration of a

holographic foveated head-worn display without any moving parts in the literature.
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2 PUPIL TRACKING

2.1 Introduction

All of our optical architectures in the following sections utilize the pupil position
information of the user to overcome some of the limitations of the SLMs, such as the
limited eyebox size or small FOV that can be provided by the SLM. Furthermore, pupil
position data is crucial to update the displayed image or computer generated hologram on
the SLM. Therefore, the pupil tracker algorithm plays an important role in our display
technologies.

By its nature the eye pupil has rapid and random movements. For our applications the
algorithm must run fast and accurate enough so that our displays run as intended with no
perceived delay by the user. The delay is especially important with our pinhole display
because the human eye is very sensitive to blinking light, predominantly at the peripheral
vision. Smallest time delay between switching light sources is perceivable and distracting.

Switching light sources in real-time is not possible with algorithms that are running on
Linux or Windows computers. The algorithm running on those machines might be
calculating the pupil location vary fast but communicating that data to outside world to do
something (i.e. switch a light source) in real-time is not possible. There is a random delay
of up to 100ms, which varies with the operation system load, in communicating the pupil
location with an external microcontroller over the serial port. To overcome this problem
we used a BeagleBone Black, which has a special processor architecture that incorporates a
microprocessor with two programmable real-time units (PRUs) on the same memory
space. This architecture enables us to run the pupil tracking algorithm on the Linux space

and do the outside world things using the PRUs in real time.
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Majority of the algorithms in the literature are based on image processing of the
acquired pupil images under IR illumination [98]. Swirsky et al. developed an algorithm
that detects the coarse pupil location with Haar-like feature detector, performs k-means
clustering to refine the data and finally fits an ellipse to detect the pupil [99]. lannizzotto
et. al demonstrate pupil detection using circular Hough transform [100]. Wood et al. and
Basak et. al also demonstrate their pupil tracker algorithms based on fitting ellipse to the
pupil using least-squares [101], [102]. Kumar et. al. developed an algorithm which consists
of a series of complex filtering operations like Radial Symmetry Detection, edge detection,
glint removal, Delaunay Triangulation and ellipse fitting to find the pupil position [102].
Lee et. al. developed an algorithm that computes the gaze based on analyzing the Purkinje
images, which are the specular reflections of the surrounding from different layers of the
eye structure [104].

2.2 Thresholded Center-of-Mass Based Pupil Tracker Algorithm

In this research we developed an algorithm based on thresholded center of mass. The
problem with BeagleBone Black is that it is primarily a pocket computer with very limited
microprocessor resources to run relatively complex image processing algorithms. Most of
the pupil tracker algorithms in the literature are too heavy to run on BeagleBone Black. To
overcome this problem, we implemented a simple algorithm using Python programming
language which calculates the pupil position in about 1ms for VGA resolution images.
Later on we implemented this algorithm in C programming language, which successfully
runs on BeagleBone Black.

The tracker setup requires an IR illumination LED and a modified camera with its IR
blocker filter replaced with a visible blocker filter. The position of the IR illumination LED

is adjusted such that its reflection from the cornea appears roughly at the pupil position as
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seen in Figure 2.1. For eye safety reasons the energy at the eye plane due to IR
illumination LED should be less than 100 W/m?[105], [106].

Figure 2.1. The captured image of the eye under IR illumination using a
camera with its IR light blocker filter replaced by a visible light blocker.
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Figure 2.2. The block diagram of our pupil tracker algorithm.
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Figure 2.3. a) Upper thresholded image reveals the corneal reflection of the
IR illumination LED. b) Lower thresholding creates a binary mask of dark
pixels such as the pupil, eye lashes and eyebrows. ¢) The region of interest
is selected as a circular mask that is centered at the center of mass of the
image in a). d) Masking the image in b) filters out the undesired pixels and
only the pupil pixels remain.

The algorithm works on IR illuminated pupil images and its block diagram is illustrated
in Figure 2.2 and Figure 2.3. First, the position of the bright LED reflection is calculated
by upper thresholding the acquired image and calculating the center of mass of the pixels
above the threshold level. Then a binary circular mask is created centered around the

calculated bright spot, which defines the region of interest. In parallel a lower threshold
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image is calculated from the acquired camera image. The lower thresholded image is
masked by the circular mask and the center of mass in the resulting image is calculated,
which gives the pupil position as shown in Figure 2.4. Defining a region of interest by
upper thresholding brings immunity to undesired dark regions such as eyebrows, eyelashes

and the edges of the eyelid as shown in Figure 2.3b.

Figure 2.4. Calculating the center of mass of the pixel locations in Figure
2.3d vyields the pupil position, which is denoted as a red circle on the
original captured image.
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We quantified the performance of our algorithm with two different experiments. First
we showed two marked points to the user, which correspond to 0° and 20° gaze angles for
a fixed head position. We asked the user to look at one of the marked points steadily and
recorded the video of their eye. Then we run our pupil tracker algorithm on the videos and
calculated the deviation of our algorithm as a function of time. Figure 2.5 shows the
deviation plots for two gaze angles. The standard deviation for 0° and 20° gaze angles are

0.1° and 0.08°, respectively.
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Figure 2.5. Noise analysis of our algorithm for two gaze points. Two videos
are recorded while looking steadily at two marked point for gaze angles 0°
and 20°, respectively. The videos are given to our algorithm as inputs and
the gaze deviation data are extracted.
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The second experiment quantifies the repeatability of our algorithm. We showed a
rectangular grid of marked points from -20° to 20° horizontal and -10° to 10° vertical gaze
angles with 10° step size, as shown in Figure 2.6 with brown squares. The user gazed at
those points with an ‘S’ pattern from top left corner to the bottom right corner. This
sequence is repeated five times and for each point the measured gaze angle is recorded, as
shown with asterisks in Figure 2.6. The standard deviation for each gaze point is calculated

and the average standard deviation of all gaze points is 1.07°.
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Figure 2.6. Repeatability measurement of our algorithm by moving the gaze
across the field in a raster fashion 5 times. The average standard deviation
for all gaze points is 1.07°.
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3 LIGHT EFFICIENT DISPLAY USING PINHOLE IMAGING

Displays consume the largest amount of power in smart devices but only <0.1% of the
display light actually enters through the viewer’s pupil and nearly all the light is wasted.
Similarly, for AR/VR headsets, light efficiency is extremely poor [3]. Another challenge in
AR/VR headsets is the requirement for complicated optics and magnifier lenses to relay
images from the microdisplay to the retina due to the limited refractive power of the
human eye [30]-[32]. Maintaining large field-of-view and large eye-box using
conventional optics is a major challenge [33]-[35]. As an alternative, microlens array [36],
[37] and pinhole array based [38] light field displays have been demonstrated. Such
solutions provide compactness but they suffer in terms of light efficiency.

To increase the light efficiency, what is known as the Maxwellian view has been used
by many groups [39]. In this configuration, since the light source is imaged at the pupil,
most of the light is captured by the eye, leading to a more light efficient display. Many
variations of this technique have been demonstrated over the years. Inami et. al [40]
showed a stereoscopic AR display using birdbath optics. High brightness potential of the
Maxwellian view is demonstrated by Beer et. al. [41]. The main disadvantage of the
Maxwellian view is that it has a small eyebox. If the eye rotates slightly, the focus spot is
blocked by the iris and no light is delivered to retina. To extend the eyebox, Takahashi et.
al. focused the light source to the rotation center of the eye at the cost of reduced FOV,
solving the small eyebox problem [42].

If one can create a small eye-box that is also steerable, the display system would be
extremely light efficient while providing a large eyebox. In holographic displays the
eyebox can be steered by computing an appropriate hologram and multiple eyeboxes can
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be produced using HOEs but the image quality and FOV is limited [43]. Travis et. al.
suggested a waveguide based display which steers the eyebox, the drawback is that it
requires mechanical motion [44].

In Maxwellian view, the light source is focused onto the eye pupil and the display is
optically imaged by the eye lens onto the retina. This means the display should be placed
further than the near-point of the eye or it should be re-imaged to an appropriate distance
for the eye to accommaodate. This is a challenge for compact optical designs that is required
for head-mounted displays. In this work, we developed a method to achieve a large eyebox

display by adapting the well-known pinhole camera principle [45].

3.1 Pinhole Imaging

Unlike the Maxwellian view, the pinhole camera does not require any imaging
components to create a sharp image at the retina as shown in Figure 3.1. An image on a
microdisplay that is closer than the near point becomes resolvable to the eye and, therefore,
complicated relay optics are not required. This is illustrated in Figure 3.2, where far objects
can be focused onto the retina but objects closer than the near-point cannot form a sharp
image. A sufficiently small pinhole aperture limits the extent of the rays and creates a
sharp image at the back plane. By employing this principle, we can create sharp images at

the retina even if the display is closer than the near-point of the eye.
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<>

Figure 3.1. Pinhole camera does not need any optical elements to create a
sharp image, which forms the basis of our head-worn display.

Small eyebox provide focus-free images but it is also a limitation. Assuming the pinhole
is initially aligned with the center of the pupil, if the eye rotates more than half the pupil
size, the iris blocks all the light, prohibiting image formation on the retina. In the following
sections we discuss how to create a pinhole display using single LED illumination and how
to steer the eyebox to follow the pupil as it rotates without any moving parts. This is the

first report of low-latency, real-time pupil follower display system.
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Figure 3.2. Due to the limited refractive power of the human eye, objects
closer than the near-point of the eye cannot be viewed sharp. Pinhole
imaging does not depend on the refractive power therefore objects at all
depths appear always in focus.

3.2 Extended Eyebox using the Pupil Follower

We propose to achieve pinhole effect in an HMD configuration by using a point light
source that is imaged on the viewer’s pupil. Since a very small portion of the eye lens is
used, effective aperture is reduced and the depth of field is extended. Due to this large
depth of field, everything is in focus regardless of the accommodation distance of the eye.
Figure 3.3 illustrates our proposed system. A transparent microdisplay can be placed
anywhere on the converging beam path and a sharp image forms on the retina even though

there is no magnifier lens between the microdisplay and the eye.
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Figure 3.3. To implement pinhole imaging without an actual pinhole in
front of the eye, we focus the illumination beam at the pupil.
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The focus point is the eyebox of this system, thus the system has a very small eyebox. If
the eye moves more than half the pupil size in any direction, the focused point is blocked
by the iris, which means the image is lost. To extend the eyebox, light sources at different
positions should be turned-on according to the pupil position at a given time. To do this we
use an array of LEDs that is driven synchronously with a pupil tracker. The pupil tracker
algorithm calculates the pupil position using image processing and turns-on the appropriate
LED as illustrated in Figure 3.3.

Traditional backlit displays diffuse the light on the entire hemisphere but the eye
captures only a small portion of it, so most of the light is wasted. In our proposed system,
only a single LED is turned-on at a given time and the eye captures almost all the light
emanating from it, making the system very light efficient. As this architecture is compact
and energy efficient, it is suitable for HMDs.

Since the pupil position is monitored continuously in our system, the content on the
LCD can be shifted based on the gaze direction. The dynamic shift of the content can be
used to give binocular disparity and depth cues to the user for 3D perception.
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Figure 3.4. We synchronize the array of light sources with a pupil tracker
and turn on only the required source so that the display can be seen in an
extended eyebox.
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Since we need very fast switching of LEDs according to the pupil tracker output we
implemented our tracker algorithm on Beaglebone Black, which incorporates real time
processor units. We implemented the algorithm using C programming language and run on
Beaglebone Black and used the programmable real time units (PRU) on board to do the
LED switching [46]. Similar pupil following schemes can be built using laser scanning
pico-projector based displays but mechanical motion is needed to follow the pupil, which
is much slower compared to turning-on an LED using real-time computing units. As a
result, motion to photon latency is minimized in our system by utilizing PRUSs.

Figure 3.4 illustrates the timing diagram of the pupil follower system. The pupil tracker
algorithm running on Beaglebone is implemented using C language and it finds the pupil
position in 10ms after the frame is captured. The tracker program sends this information to
PRUs, which turn-on the appropriate LED within 1ms. In other words the whole operation
takes about 11ms, which means the pupil follower system has the potential to run at 90fps.
In our setup the camera speed was 30fps so it is camera limited. Figure 3.5 shows the pupil
tracker camera images for two different pupil positions. The red dot at the pupil center
shows the calculated pupil position and a red circle representing the pupil is drawn. On the

right the corresponding LED is turned-on in real time by the PRU.
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Figure 3.5. The LED array is synchronized with the camera based pupil
tracker software and turn on only the required LED so that the display can
be seen in an extended eyebox. We call this system the pupil follower
display. The system use 5x7 array of RGB LED triads.

3.3 System Design

On the LED array, we use Lumex QuasarBrite-0404 LEDs as the light source because it
has three colors (RGB) and small size (1 mm x 1mm). Due to the physical limitations,
LEDs can be placed 2mm apart in each direction. The array consists of 5 rows and 7
columns of RGB LEDs, so there are 105 LEDs at 35 different locations.

The LED array is imaged at the pupil plane with unit magnification; therefore the
instantaneous eyebox size is Imm when the information content in the image is low-pass.
Assuming typical pupil size is about 3mm in diameter, the distance between the images of
the LEDs should be less than 3mm so that all pupil positions can be addressed without

dark transition regions between the LEDs. The optical system that images the LED array is
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designed using Zemax software. Figure 3.6 shows the Zemax model of the system. Light
from the LED array is collimated using a 75mm-focal length lens and then it is reflected
from a 45-degree folding mirror. The reflected light is focused by a 75mm-focal length
lens, which is relayed to the pupil plane using a beam splitter to make it function as an
augmented reality display. The aperture of the focusing lens determines the field of view of

the display. In the setup we used a 2-inch diameter lens, which gives about 37° FOV.
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Figure 3.6. Zemax model of the optical system. LED array is imaged on the
pupil plane with unit magnification. The LED spacing is set on the PCB
such that their images are 2mm apart at the pupil plane.
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Figure 3.7. The optical setup on the bench.

Figure 3.7 shows the optical setup on the bench. The transmissive microdisplay is
positioned right before the focusing lens. The setup is built for the right eye, which looks
into the beam splitter. The beam splitter and the mirror fold the whole system towards the
ear, which gives the natural shape of eye glasses. Figure 3.8 shows the LED array. LEDs
are 1x1mm in size and they are placed 2mm apart in each direction and each LED unit
have RGB LEDs in them. Figure 3.9 shows the image of the LED array at the pupil plane,
with all LEDs turned-on to show the extended eyebox. The distance between the images of

the LEDs is measured as 2mm, which results in an extended eyebox size of 14x10mm.
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Figure 3.8. Image of a single LED unit on the left. Each unit has
individually addressable RGB LEDs in them. The LED array on the right.
LED units are 1x1mm in size and are placed 2mm apart in each direction

Figure 3.9. Image of the LEDs at the pupil plane when all of them are
turned on. In actual operation only one RGB triad is turned on at a time.
The images of the LEDs are 2mm apart by design.
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There are various liquid crystal displays available on the market. Selecting the one with
minimum pixel size to achieve maximum resolution seems intuitive in the beginning. To
select the optimum pixel size, we ran physical optics simulations based on the angular
spectrum approach [47]. We simulated pixel sizes from 60um to 800pum and calculated the
resulting spot size at the retina. As seen in Figure 3.10a, for small pixel sizes we see
diffraction spread and for large pixel sizes the spot size converges to values predicted by
geometrical optics, which increases linearly with pixel size.

According to our simulations 250um pixel size yields the smallest spot size at the retina,
hence the best resolution. The typical spot size criterion is the point where the encircled
energy reaches 0.865 of the normalized encircled energy, which corresponds to 1/e?
diameter for Gaussian beams. We used full-width at half-maximum intensity (FWHM) as
the spot criterion as it defines a smoother view with denser pixel count [48], [49]. Figure

3.10b shows the simulated cross-section of the spot at the retina for 250um pixel size.
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Figure 3.10 a) Physical optics simulations show the optimal pixel size for
the LCD. Different pixel sizes are simulated using the angular spectrum
method and the FWHM spot size at the retina is calculated. b) Cross-section
of the smallest spot size at the retina for a 250um pixel size, where the red
dots mark the FWHM beam diameter.
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3.4 Experimental Results

Having calculated the optimum pixel size for our LCD, we used a back-lit LCD module
that has the closest pixel size to 250um. We removed the back light unit along with
diffuser films to get the bare LCD. We placed this bare LCD almost touching to the
focusing lens to maximize our FOV and demonstrated our pinhole imaging display. Figure
3.11 and Figure 3.12 show the experimental results under bright ambient light. The image
in Figure 3.11 is captured outside in a moderately sunny day. The prototype we built has a
measured luminance of 360 cd/m? using an LED with 0.42 lumen total output. Due to the
super-efficient nature of our display we can show bright images with a single low power

LED even in outdoor settings.

Vsa bl |‘n ﬁ‘u;.!.‘ -

S s . ———

n}vqutt

4 P"'! a.eh‘_n

Figure 3.11 Demonstration of the system outdoors. We can show bright
images with a single low power LED as all the light is captured by the eye.
FOV is roughly circular and 37°.
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Figure 3.12. Demonstration of the system for an indoor navigation scenario.

Since the effective aperture is very small, resolution of the display is
reduced.

To quantify this degradation in resolution we simulated and experimentally verified the
modulation transfer function (MTF) of the system as seen in Figure 3.14. The LCD we
used has 200um pixel pitch and is placed 75Smm away from the eye, which means the
maximum frequency that can be displayed with this LCD is 3.3 cyc/deg. Using the angular
spectrum approach, we simulated a range of spatial frequencies that can be represented by
integer number of pixels of our LCD as marked in the figure. Fringe contrast gives the
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MTF value at that frequency. To obtain the continuous MTF curve, third order
polynomials are fit between the simulated data points. To verify the simulations, we
displayed the simulated frequencies on the LCD and captured the images with a camera, as
shown in Figure 3.13. Although some modulation is visible for the highest frequency,
which is marked as 1 in the figure, we can say that the cut-off frequency is about 2
cyc/deg, which is good enough to display simple symbols that is required in AR

applications.

. .
Figure 3.13. Experimental measurement of the MTF. Spatial frequencies
marked on the MTF curve are displayed as bar patterns on the LCD and the
images are taken by a camera. On the simulated MTF curve the cut-off

frequency is calculated about 1 cyc/deg, which is confirmed by the
experimental results.
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Figure 3.14 Simulated MTF of the pinhole display. Marked points denote
the frequencies in Figure 3.13.

The frequency response of the system seems deficient but the reason is not just pinhole
imaging. There is a transmissive LCD on the optical path, which behaves as a diffraction
grating. The grating effect creates replicas of the LED, which degrades the resolution
considerably. As seen in Figure 3.15 multiple diffraction orders enter the pupil. To verify
this effect we placed an analog resolution chart as the image source, as seen in Figure 3.16,
and focused the camera to 20cm distance. Since the resolution chart is not pixelated, it
does not create any diffraction orders. It is clear that the pinhole imaging creates a sharp
image despite the resolution chart is closer than the near point of the eye. To quantify the
resolution degradation using an analog image we used the slanted edge technique [50]. The
slanted edge is implemented by placing a razor at the display plane. The cut-off frequency
is measured as 7cyc/deg, which is significantly larger than the cut-off frequency for the
LCD case.
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Figure 3.15. The image of the eyebox with no LCD on the optical path
(left). The image of the eyebox with LCD on the optical path (right). The
white circle shows the 3mm pupil.

Figure 3.16. The camera is focused at 20cm. The resolution chart is placed
directly in front of the eye, closer than the near point of the eye (left). The
resolution chart is placed on the converging beam that creates the pinhole

effect (right).
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cyc/deg

Figure 3.17. The MTF of the analog display is measured using the slanted
edge technique.

3.5 Conclusion

We successfully demonstrated a new head-mounted, near-to-eye display architecture
based on the well-known pinhole imaging principle. This architecture alleviates the
problem of the human eye being unable to directly resolve near-to-eye displays. The
proposed system counters the small eyebox problem arising from the pinhole imaging
approach by extending the effective eyebox with a pupil follower with only 11lmsec
motion-to-photon latency. The pupil follower also creates a super light efficient display
since nearly all light emanating from the source enters the eye, making it suitable for
mobile applications. The prototype achieved 37° circular FOV with a luminance of 360
cd/m? using an LED with only 0.42 lumen output. The MTF cutoff frequency for the
display system was measured to be approximately 2 cyc/deg. Good quality experimental
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results for a real use case were observed on a prototype setup with visually undetectable
motion-to-photon latency. Pupil follower concept can be applicable to other HMD
architectures such as holographic displays and foveated displays, therefore it will be of

interest to a broader audience.
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4 FOVEATED HOLOGRAPHIC NEAR-EYE DISPLAY USING ROTATING
BEAM SPLITTERS

4.1 Foveated Displays

In essence near-eye displays relay a magnified image of the image source (i.e. a
microdisplay) to the field-of-view (FOV) of the user. To achieve high resolution, the pixel
size of the microdisplay should be small. Considering the typical pixel size is about 5um, a
full HD microdisplay is roughly 10x5mm in size, which is quite small. To provide large
FOV with such a small microdisplay, large magnification optics is required, which means
the apparent pixel size is increased, hence the maximum spatial resolution that can be
displayed is reduced as illustrated in Figure 1.27. This phenomenon is known as the
resolution-FOV invariant [3].

As a solution high-resolution area of interest, partial binocular overlap, optical tiling
and dichoptic area of interest have been suggested by Melzer [51]. Optical tiling is
considered to be the most scalable of these approaches [52] Many different tiling based
HMDs were developed by different groups over the years. Melzer et. al. developed a
compact optical unit and tried to overcome seam artifacts in their tiled virtual reality
display [53]. Hua et. al developed a compact and transparent free-form optical component
that is suitable for tiling. They demonstrated their tiled augmented reality HMDs using
their novel free-form prism [54]-[56]. Similarly, Wang et. al demonstrated their tiled
display with spherical components and discuss the design parameters of tiled HMDs in
detail [57]. Recently Zheng et. al. demonstrated a holographic tiled display using two
SLMs per eye [58].
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As discussed by Hua et. al. optical tiling has some major disadvantages [52]. For
instance the seams at the transition regions of the tiled displays are visible to the eye. If
tiled on a plane, the magnification becomes non-uniform across the FOV. Tiling large
number of displays increases the overall weight and size and they usually lack see-through
capability. Moreover, driving many displays simultaneously is a major challenge in terms
of electrical power and computational load.

To overcome the limitations of tiled displays, we used what is known as the foveated
display concept [59]. Sensory cells at the retina of the human eye are distributed non-
uniformly, with highest density in the fovea and rapidly decreasing towards the periphery
as shown in Figure 1.29 [60]. This results in a non-uniform spatial resolution in the
perceived vision. We see the central part of our vision with high resolution and the
peripheral vision seems blurred as illustrated in Figure 4.1. The angular extent of this high
resolution region of the eye is about 10 degrees [61], [62]. Therefore, providing high
resolution images to the peripheral vision is wasteful. More efficient and simpler optical
architectures can be developed to provide high resolution content to the fovea and a simple
low resolution display can be utilized to provide the peripheral vision. This requires a pupil
tracker and a suitable optical system to dynamically deliver the high resolution image to

the fovea and efficient computational resources to operate without noticeable lag.
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Figure 4.1. Image with constant spatial resolution on the left. Foveated
image that is simulated based on the receptor distribution in Figure 1.29 on
the right. Due to the non-uniform distribution of receptor cells in the retina
the spatial resolution varies across the perceived image. Fovea has the
highest resolution and it rapidly decreases towards the periphery, which
means the perceived image at the central vision is sharp whereas peripheral
vision is blurred.

Recently Kim et. al.demonstrated their foveated AR display using a micro OLED
display, which translates in two axis to follow the fovea and moves in the third axis to
adjust the image depth [63]. They demonstrated their closed-loop system with bulky
bench-top linear actuators to move the OLED in 3D space. In our approach the image
source is static but its image is relayed to the eye using two beam splitters. Rotation of the
beam splitters changes the location and orientation of the virtual image of the display; thus
running the system with a pupil tracker as close-loop system results in a dynamic foveated
display. As we use a phase-only SLM as the image source, our system delivers holographic

images.
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4.2 Rotating Beam Splitter Approach

We designed our system to provide a high resolution holographic image to the fovea as
illustrated in Figure 4.2. A collimated LED illuminates the phase only spatial light
modulator (SLM). Reflected light is modulated according to the hologram on the SLM and
gets focused by a lens to the pupil plane to create the Fourier plane. To extend the FOV
two beam splitters in the optical setup are rotated according to the pupil position such that
the image of the SLM appears directly in front of the eye, perpendicular to the gaze
direction. To achieve this, the beam splitters are mounted on miniature servo motors which
are driven based on the pupil position that is calculated from the tracker camera images.
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Figure 4.2. Conceptual drawing of our foveated AR display. The SLM is
illuminated by a collimated LED and the reflected light is focused by a lens
to the pupil plane. The beam splitters are rotated in sync with the pupil
tracker to steer the FOV based on the gaze direction.
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Figure 4.3. Zemax model of our foveated display. The beam splitters are
rotated in the same direction based on the pupil position such that the SLM
always appears perpendicular to the viewing direction.

We modeled the optical system in Zemax as seen in Figure 4.3. The SLM we used in
the setup was Holoeye Pluto, with a resolution of 1920x1080 pixels and 8um pixel pitch.
The focusing lens has a focal length of 125mm, which means the SLM can provide 4x7
degrees of static field of view (FOV). The choice of beam splitters is 2-inch diameter

pellicle beam splitters for their light weight and ghost-free properties. Different colors in
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the simulation show different rotation angles of the eye. As seen in the Zemax model, the
size of the beam splitter in front of the eye limits the range of gaze angles that can be
handled. In our current setup the virtual image of the SLM can be steered by +15 degrees
in the horizontal direction. Considering the SLM has 7 degrees horizontal FOV, the total

FOV can be extended to 37 degrees in the horizontal direction.
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Figure 4.4. The plot of the rotations angles of the beam splitters based on
Zemax optimizations. Both of the beam splitters rotate in the same direction
as a linear function of the gaze angle.

To determine the rotations angles for the beam splitters we wrote a merit function such
that the ray hitting the center of the SLM enters the eye pupil from its center and hits the
retina at 90 degrees, which ensures that the virtual SLM is perpendicular to the viewing
direction. We also wrote a Zemax macro that sweeps the viewing direction and optimize
the rotation angles based on the merit function described above and records the rotation

angles in a file. Figure 4.4 shows the plots of the rotation angles of the two beam splitters



Chapter 4. Foveated Holographic Near-Eye Display using Rotating Beam Splitters 81

with respect to the gaze angle in the horizontal direction. The rotations are symmetric
about O degrees gaze angle and two beam splitters move in the same direction. The beam
splitter in front of the eye rotates more than the other one and there seems to be a fixed rate
between them, which is about 2.57. For +15 degrees rotation of the eye the beam splitter

#1 and #2 rotates £10.59 and +4.11 degrees, respectively.
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Figure 4.5. Simulation of the diffraction orders of the illumination beam for
RGB wavelengths. Pixellated structure of the SLM creates periodic
diffraction orders which should not enter the eye. Simulation confims that
there is a safe margin between the orders and the 3mm eye pupil.
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Since the SLM has a pixelated structure it creates diffraction orders. Diffraction orders
due to the illumination beam should not enter the eye as they are disturbing bright spots
with no information. The SLM is modeled as a diffraction grating in Zemax and the
diffraction order distribution at the pupil plane is simulated. As seen in Figure 4.5, a pupil
with 3mm diameter can be positioned between the diffraction orders with a safe margin.
The space between the diffraction orders defines the eyebox, which is 8x8mm in our setup
for 525nm wavelength. The red and blue wavelengths are also included in the simulation

to show the full color eyebox.

4.3 Servo Motor with Optical Feedback

To rotate the beam-splitters servo motors are used. Initially we used commercially
available servo motors but their accuracy and repeatability were not satisfactorily,
therefore we decided to build our own servos. We designed a unique optical aperture that
rotates with the motor shaft, as shown in Figure 4.6. The aperture is designed such that the
light intensity that passes through it changes linearly with the rotation angle. By placing
the aperture in between a stationary LED and a photodiode, the rotation of the motor shaft
can be measured very accurately. We used this sensor to build a closed-loop control system
that rotates the beam-splitters mounted on the motors. The servo motor system is shown in

Figure 4.7.
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Figure 4.6. Calculated aperture pattern which transmits the light intensity
linearly as a function of rotation angle.

Aperture

Figure 4.7. The servo motor architecture. The binary pattern is attached to
the rotor of the motor, which rotates between a stationary LED and a
photodiode.
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Figure 4.8. The block diagram of the electronics of our rotation sensor.

Figure 4.9. Implementation of the electronic circuit for two servo motors

including PID controllers.
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Figure 4.11. 180° shifted amplified signal.
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Figure 4.13. Output signal of the low-pass filtered signal.
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To measure the transmitted light accurately and to provide background and noise
immunity we implemented an analog homodyne detection circuit as illustrated in Figure
4.8. The LED is modulated at 150kHz and the photodiode amplifier circuit chops the signal
with the modulation signal. This mixing operation modulates the low frequency
background and noise signals to high frequency and demodulates the high frequency LED
signal. Simple low-pass filtering eliminates all the undesired signals and the detector signal
is obtained as a clean DC signal for a fixed angle. In essence the circuit implements a
square wave lock-in amplifier which only measures the 150 kHz modulation signal. Figure
4.10 to Figure 4.13 show the outputs of the relevant blocks in Figure 4.8.

The rotation sensor output is obtained as an analog voltage, it is converted to a digital
value using a 12-bit IMSPS ADC that is embedded in a STM32F103 microcontroller. The
microcontroller receives the set points for the motors through USB and performs digital
PID control. The digital control outputs are converted to analog signals using DACs and
the signals are conditioned to drive the motor coils. The implementation of the circuit can

be seen in Figure 4.9.

4.4 Hologram Computation

To deliver holographic content, appropriate holograms should be calculated and
displayed on the SLM. There are many different hologram computation techniques in the
literature [64]-[68]. Most of these methods compute the full-complex hologram for a given
input image. Since our SLM is a phase-only device we used an iterative Fourier transform
based algorithm [69], which computes the phase-only holograms. Due to the iterative
nature of the algorithm real time computation is not possible; therefore we pre-calculated
the holograms for our set of input images and update them in real time based on the gaze

direction.
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A generalized and simplified explanation of the algorithm is as follows: The SLM
projects an image at a certain depth through some optical components and free-space
propagations. Initially the desired image to be projected is placed at the projection distance
as an amplitude image with random phase. The complex field is back propagated to the
SLM through the optical system and the resulting complex field at the SLM plane is
cropped by the SLM aperture. The amplitude of the complex field is discarded and
remaining phase is placed on the SLM. This time the phase only field is propagated to the
desired image plane. At the image plane the amplitude of the field is replaced by the
desired image and the phase is left as is. The resulting complex field is back propagated to
the SLM plane and the amplitude is discarded at that plane. This process is iterated many
times and in the end the phase only hologram that gives the desired image at the image
plane is obtained. As an example, Figure 4.14 shows the desired image and Figure 4.15
shows its calculated phase only hologram which is coded as an 8-bit image.

Ko¢ University

Optical Microsystems Lab

Figure 4.14. Input image.
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Figure 4.15. Calculated hologram.

4.5 Experimental Results

After building the servo motors and computing the phase-only holograms, we built the
simulated system in Figure 4.3 using a 3D printed part, as seen in Figure 4.16. First, we
exported the CAD model of the system from Zemax and designed an appropriate closure
and holders for the components. Second, we integrated the pupil tracker to the mechanical
system. The SLM is illuminated by a collimated green LED and the reflected light is
relayed towards the eye using two beam-splitters. The focusing lens in between the beam-
splitters create the eyebox for the viewer. The beam-splitters are rotated individually to
track the pupil position so that the holographic image is perpendicular to the viewing
direction all the time.



Chapter 4. Foveated Holographic Near-Eye Display using Rotating Beam Splitters 90

Pupil Tracker
Camera & IR LE

3‘,/';<::::::;
’I

g b ¥

o,
0 5}
S
9

|

Focusmg, [
Lens

LED

f ’

Camera

Figure 4.17. Holographic image for gaze angle = 15°.
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Figure 4.18. Holographic image for gaze angle = 0°.
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Figure 4.19 Holographic image for gaze angle = -15°.
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As the viewer looks at different directions some chess pieces enter the FOV. The name
of the chess piece is displayed according to the gaze direction. Figure 4.17, Figure 4.18 and
Figure 4.19 show the holographic images for gaze angles 15°, 0° and -15°, respectively.
The green rectangular box denotes the instantaneous FOV of 7x4°, which is extended to

37x4° using the rotating beam splitters.

4.6 Conclusion

We successfully demonstrated a foveated holographic near eye display that dynamically
steers the limited FOV of a small SLM within the larger FOV of the user, always aligning
it to the central vision to provide a high resolution image to the fovea. With this
architecture we were able to extend the FOV of the holographic display to 37x4° with an
SLM that can provide only 7x4°.The system utilizes two fast- response servo motors that
rotate the beam-splitters mounted on them according to the gaze information provided by a
low latency pupil tracker. This ensures the holographic view is always perpendicular to the
viewing direction of the user. To our knowledge this is the first demonstration of a

foveated display in the literature together with a pupil tracker.
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5 FOVEATED HOLOGRAPHIC NEAR-EYE DISPLAY USING THE EYE-
CENTRIC ARCHITECTURE

Holographic display is the only technology that can offer true 3D with all the required
depth cues. Holographic near-eye displays (HNED) can provide continuous depth planes
with the correct stereoscopic disparity for a comfortable 3D experience. EXxisting
approaches for HNEDs have small field-of-view and small exit pupil size, which are
limited by the number of pixels on the spatial light modulator. As an example,
conventional holographic head-worn display architectures are limited to about 20x10
degrees FOV using a 4K resolution SLM panel and have fixed FOV.

Dynamic foveated displays with a steerable FOV across the visual field are desired.
Proposed architectures require multiple moving components, which are not practical for
head-worn displays due to speed, size, and power requirements. We present a new optical
architecture that can overcome those limitations and substantially extend the FOV
supported by the SLM. Our architecture automatically follows the gaze of the viewer’s
pupil without any moving parts. Moreover, it mimics human vision by providing varying
resolution across the FOV resulting in better utilization of the available space-bandwidth
product of the SLM.

We achieved 28x28 degrees instantaneous FOV within an extended FOV of 60x40
degrees using a 4K SLM, effectively providing a total enhancement of >3x in
instantaneous FOV area, >10x in extended FOV area and the space-bandwidth product.
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5.1 Eye-centric HMD Architecture

Head-worn displays (HWDs) have been gathering more and more attention over the last
decade, especially due to the increasing popularity of augmented reality and virtual reality
applications [70]. Majority of HWDs are fixed focus stereoscopic systems [71], [72],
which results in a mismatch between the accommaodation (focus) and vergence (rotation of
the eyes to maintain single binocular vision) responses and inevitably leads to viewing
discomfort [73], [74].

Holographic HWDs, on the other hand, show computer generated holograms (CGHSs)
with the correct perspective and all the natural depth cues to each eye by emulating the
wavefront pattern that would be emitted from the displayed 3D objects [75], [76]. As a
result, the user can focus directly on the gazed 3D object, eliminating the discomfort
caused by the vergence-accommodation conflict. In holographic HWDs, CGHs are
typically displayed on phase-only spatial light modulators (SLMs) [77]. The need for relay
optics is not present for such displays, since the SLM can be imaged to an arbitrary
distance away from the eye [68].

Despite their great potential, current holographic HWDs suffer from field-of-view and
eyebox (exit pupil) limitations, due to the limited pixel counts of currently available SLMs.
Total pixel count of the SLM puts an upper limit on the space-bandwidth product (SBP) of
the system [78]-[81]. To alleviate the SBP limitations, holographic displays can utilize
pupil tracking and deliver the object waves through two small eyeboxes around the eye
pupil, which maximizes the FOV attainable from the system [82]. State-of-the-art SLMs
can have resolutions of up to 4K (3840 horizontal and 2160 vertical pixels), a display
designed with such an SLM would have a limited SBP (= product of FOV and eyebox
size) of 100 deg.mm in the horizontal axis. As an example, one can obtain a FOV of 20
degrees and an eyebox size of 5 mm. A FOV of 20 degrees is small for a true AR
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experience and a 5 mm static eyebox is also small for a comfortable viewing experience
using a binocular HWD [1]. In order to match human vision capabilities, one might desire
a FOV of 80 degrees and an eyebox size of 15 mm, which will require an SLM with pixel
count that is in the order of 50,000 pixels in the horizontal axis (more than gigapixels in
total). Such an SLM is beyond the capabilities of current technology and would be overkill
from the system design perspective. Various methods have been attempted to increase the
eyebox size and the FOV simultaneously with state-of-the-art SLMs, including time
multiplexing [83], [84] and using multiple SLMs for spatial multiplexing [85]-[87].
Despite their advantages over using a single SLM, these approaches result in complex and

high-cost systems.

SLM Plane ) Pupil Plane

Figure 5.1 If the eye rotates, the SLM image shifts to the peripheral vision.
SLM movement is required to shift the image back to fovea.

Since it is not currently possible to rival the FOV of human vision using holographic
displays, one solution is to implement a foveated display where only the CGH for the
gazed object is being generated and the peripheral image is displayed with a low-resolution
microdisplay [81]. Another possibility is to combine a travelling microdisplay with a wide
field-of-view peripheral display and enable natural focus depth using either a light field or

a multifocal/varifocal approach [88]. Various methods have been attempted to steer the
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FOV from one region to another, which generally involve utilizing motorized optical
components. Such solutions suffer from actuator size and synchronization issues between
multiple dynamic elements, as it is not possible to steer the FOV with a single dynamic
component.

In conventional holographic displays, steering the FOV (i.e., keeping the image
centered at the fovea as the eye rotates) is not possible by just changing the CGH. As
illustrated in Figure 5.1, eye rotation causes the displayed image to shift towards the
peripheral vision. SLM or lenses need to be moved mechanically to bring the image onto
the fovea.

Intermediate SLM Image
Image Plane Plane

b)

Figure 5.2. In our eye-centric design the SLM is imaged at the rotation
center of the eye projects a holographic image to the retina. €) If the eye
rotates, light from the SLM still enters through the pupil and always falls on
the fovea.
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Imaging the SLM at the rotation center of the eye, which we call the eye-centric design,
is at the core of our proposed architecture. Since the SLM is imaged at the rotation center
of the eye, changing gaze directions are handled by changing the direction of rays via CGH
as illustrated in Figure 5.2. Direction of the rays is altered by adding diffractive lens terms
and grating terms on the CGH without any moving components. In essence, a demagnified
SLM image at the center of the eye projects the holographic image onto the fovea and the
eye rotations are handled by adding tilt terms to the CGH.
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Figure 5.3. Eyebox size vs. FOV curve for conventional and eye-centric holographic
displays.
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Conventional displays have fixed FOV and eyebox size, therefore fixed spatial
resolution across the FOV. In the eye-centric design, the eyebox size decreases towards the
edges of the instantaneous FOV due to vignetting effects, which results in degrading
resolution away from the foveal vision. As the instantaneous FOV follows the pupil, an
extended FOV is achieved as shown in Figure 5.3.

The eye-centric design has two major advantages compared to conventional holographic
HWD architectures: i) Instantaneous FOV can be digitally steered by only modifying the
CGH to follow the gaze, providing a natural foveated display with no moving parts. ii) The
extended FOV is much larger than what is achievable with conventional holographic
HWDs.

5.2 Design and Simulations

The eye-centric design can be realized using different optical components, as illustrated
from Figure 5.4 to Figure 5.6. The key point is to image the center of the SLM to the
rotation center of the eye. This can be achieved by using a flat holographic optical element
(HOE) in front of the eye that can be optimized for small form factor. With HOEs color
correction is a challenge with wide FOV so achieving full color displays is difficult. Figure
5.5 shows an alternative design using a section of an ellipsoid as the combiner element. An
SLM that is placed at one of the foci of the ellipsoid is imaged at the second focus of the
ellipsoid. This is a simpler solution, but the magnification is not constant across the FOV.
Additional imaging optics can be used to design a more compact system with balanced

magnification as illustrated in Figure 5.6.
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Figure 5.4. Eye-centric design can be implemented using a holographic
optical element that images the SLM to the rotation center of the eye.
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Figure 5.5. Using a section of a reflective ellipsoid is a simple alternative to
HOEs, with no chromatic deviations in the design.
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Ellipsoid
Mirror

SLM

Figure 5.6. Additional optics can be used to balance the non-uniform
magnification of the ellipsoid.

Magnification (M) is one of the key parameters of the ellipsoid for our display. Smaller
magnification brings larger eyebox and FOV, but high enough magnification is needed for
sufficient separation of the diffraction orders due to the pixelated structure of the SLM,
which results in a small eyebox and small FOV. Therefore, an optimum point should be
selected for a given SLM and desired display parameters. In our design we chose M = 4.
Te magnification is defined as the inverse of the ratio of the distance from the eye center to
the ellipsoid in y-direction (50mm) and from that point to the distance to center of the SLM
(200mm) in Figure 5.7. The a,b,c parameters of the ellipsoid are 125mm, 86.96mm and

86.96mm, respectively.
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50mm
Equation of the ellipsoid:
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(SLM)

Figure 5.7. Ellipsoid parameters of our design.

We modeled and simulated the ellipsoid described above in Zemax as seen in Figure 5.8
to Figure 5.10. Different gaze angles from -25° to 25° are simulated. The blue rays show
the central vision, red and blue rays show the edges of the instantaneous FOV. Due to the
non-uniform magnification across the aperture of the ellipsoid, the instantaneous FOV
varies; getting larger from nasal to temporal FOV. The full color eyeboxes for each gaze
angle is shown in the corresponding figures on the right. The colors show the actual color
of the diffraction orders due to the pixelated structure of the SLM. The circle in the middle
shows the eye pupil with 3mm diameter. As seen in the simulations the eyebox is

sufficiently large and no diffraction orders enter the eye.
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Figure 5.8. Zemax simulation of the ellipsoid as an eye-centric display
implementation. On the left the rays reaching the SLM for different object
points and the intermediate image plane are shown. On the right a 3mm
pupil in the eyebox and the diffraction orders are seen for gaze = 0°.
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Figure 5.9. Zemax simulation for gaze = -25°.
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Figure 5.10. Zemax simulations for gaze = 25°.

5.3 Experimental Results

In our experiments, we used Holoeye GAEA as the SLM, which is a 4K (3840x2160
pixels) LCoS phase modulator chip with 3.74 um pixel pitch. The light source is a LASOS
MCS4 series 3 wavelength fiber coupled laser with wavelengths of 473 nm, 515 nm and
639 nm for blue, green and red colors, respectively. We cut a section of the ellipsoid that
gives 60° horizontal and 40° vertical FOV. The part is fabricated using diamond turning

on aluminum substrate, as shown in Figure 5.11.
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Figure 5.11. Fabricated ellipsoid mirror.

To compute the CGHs the 3D scene is modeled as a set of luminous points, similar to
methods where 3D objects are represented by point clouds [91]-[93], and the hologram
corresponding to the entire scene is generated by superposing the holograms for the
individual points. The hologram for a single point is computed with an algorithm based on
ray-tracing, which makes use of Zernike polynomials to estimate the wavefront exiting the
SLM [94]-[96]. As a final step, the iterative Fourier transform algorithm is employed for
phase encoding [69], [97].
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Figure 5.12 illustrates the experimental setup. In the optical setup, the RGB laser beam
out of a single mode fiber is collimated by a lens and the collimated beam is reflected
towards the SLM by a pellicle beam splitter to avoid ghost images. The incident beam on
the SLM is modulated by the CGH and reflected towards the ellipsoid. The ellipsoid
creates the Fourier plane at the eye pupil plane and the diffraction orders are filtered-out by
the pupil. The ellipsoid also images the SLM to the rotation center of the eye and a
holographic image forms on the retina. A pupil tracker camera measures the pupil position
and the CGH on the SLM is updated accordingly.

Light Source

o0 mm 200 mm
LM “‘“XDC/ @5\ SLM
Image
g Beam Camera

Figure 5.12. Illustration of the optical setup.
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Figure 5.13 shows the experimental setup on the optical bench. As the fabricated
ellipsoid is not transparent, a true augmented reality demonstration could not be made. In
order to provide the peripheral image, we inserted a beam splitter between the eye and the
ellipsoid and showed the low-resolution peripheral image on an LCD screen at 10 cm from

the eye location without using any magnifier lenses.

Figure 5.13. Experimental setup on the optical bench
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Figure 5.14. Experimental results of the eye-centric foveated holographic
display. The periodic table is displayed by the SLM. As the eye rotates, a
high-quality holographic view of different regions of the image is seen.

Figure 5.14 shows the experimental results for our foveated display with no moving
parts. A low resolution image of the periodic table is displayed on the peripheral display at
all times. The high resolution image of the viewed section is projected onto the fovea by
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updating the CGH on the SLM. The gaze angle is measured by a pupil tracker camera and
the holograms are updated accordingly to steer the projected image. As the eye rotates, the
image on the fovea remains high-resolution at all times and the rest of the image is blurred,
mimicking human vision. Note the shift of pupil center with respect to the yellow reference
line due to eye rotation. Despite the step change between high and low resolution regions,
the human eye sees a continuous transition due to the receptor cell density variation on the

retina.

Figure 5.15. Simulation of the perceived image by the human eye. The
white circles show the FOV of the eye.

Human vision was also simulated for one of the images to show the smooth transition
between the high and low resolution regions, where only the resolution degradation of the
human eye was taken into consideration as seen in Figure 5.15. The minimal resolvable
angle size was assumed to be linearly increasing with eccentricity, which is a commonly
used approximation in both vision and computer graphics [89], [90]. The simulation results
show that the difference between the regions generated by the holographic and the
peripheral displays is not completely eliminated, but it is not as severe as the difference

observed in the camera images.
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Figure 5.16. Our holographic foveated display provides continuous depth
with correct focus blur.

Figure 5.16 demonstrates the capability of providing true depth information of our
foveated holographic display. Objects are displayed at different depths so that only the
gazed depth appears sharp, other depths appear blurred due to expected focus blur effect.
Different sections of the text are displayed at different depths. In a) and b), the upper-left section of
the text is displayed at 100 cm and the rest of the text is displayed at 25 cm. As the camera focus is

changed, different regions appear sharp or blurred accordingly. Similarly in ¢) and d), top and
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bottom rows are displayed at 25 cm and 100 cm, respectively. Note that coherent blur appears
sharper in camera images and smoother to the eye.

We can also display color holograms by time-sequentially updating the CGH on the
SLM and turning on the correct light source as seen in Figure 5.17. Holographic images
under monochromatic illumination of wavelengths 639 nm, 515 nm, 473 nm are shown in images

a) to c), respectively. Full color image with time-sequential illumination of RGB wavelengths is
shown in d).
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Figure 5.17. The full-color holographic demonstration.
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5.4 Conclusion

In this work, we proposed the eye-centric approach for 3D holographic HWDs, which
makes it possible to steer the instantaneous FOV within a larger extended FOV without
using any moving parts or dynamic optical components. Given a reflective phase-only
SLM, we have developed a design procedure for an eye-centric holographic HWD and
described an algorithm to compute holograms for any optical setup as discussed in detail in
the supplementary material. The experimental results verify that the proposed system is
able to display 3D images in a wide, steerable FOV. We achieved 28° instantaneous FOV
within an extended FOV of 60x40 degrees using a 4K SLM.
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6 CONCLUSIONS and FUTURE WORK

In this thesis we present three different head-worn augmented reality display
architectures to overcome the space-bandwidth product limitations of the SLMs. Our
architectures exploit the spatial degradation of the natural human vision from central to
peripheral vision. By tracking the pupil position in real time using our fast and reliable
algorithm described in Chapter 2, high resolution images that can only be created with
small FOV and small eyebox are provided over a large extended FOV and eyebox.

In Chapter 3, we presented our novel technique for extending the eyebox in head-worn
displays using a pupil tracker and an array of light sources, which we call the pupil
follower. We demonstrated the pupil follower concept with the pinhole imaging based
head-worn AR display. Our architecture alleviates the problem of the human eye being
unable to directly resolve near-to-eye displays. The proposed system counters the small
eyebox problem arising from the pinhole imaging approach by extending the effective
eyebox with a pupil follower with only 11msec motion-to-photon latency. The pupil
follower also creates a super light efficient display since nearly all light emanating from
the source enters the eye, making it suitable for mobile applications. The prototype
achieved 37° circular FOV with a luminance of 360 cd/m? using an LED with only 0.42
lumen output. The MTF cutoff frequency for the display system was measured to be
approximately 2 cyc/deg. Good quality experimental results for a real use case were
observed on a prototype setup with visually undetectable motion-to-photon latency. Pupil
follower concept can be applicable to other HMD architectures such as holographic

displays and foveated displays; therefore it will be of interest to a broader audience.
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In Chapter 4, we demonstrated a foveated holographic near eye display that dynamically
steers the limited FOV of a small SLM within the larger FOV of the user, always aligning
it to the central vision to provide a high resolution image to the fovea. With this
architecture we were able to extend the FOV of the holographic display to 37x4° with an
SLM that can provide only 7x4°.The system utilizes two fast- response servo motors that
rotate the beam-splitters mounted on them according to the gaze information provided by a
low latency pupil tracker. This ensures the holographic view is always perpendicular to the
viewing direction of the user. To our knowledge this is the first demonstration of a
foveated display with a pupil tracker in the literature.

In Chapter 5, we proposed the eye-centric approach for 3D holographic HWDs, which
make it possible to steer the instantaneous FOV within a larger extended FOV without
using any moving parts or dynamic optical components. Given a reflective phase-only
SLM, we have developed a design procedure for an eye-centric holographic HWD and
described an algorithm to compute holograms for any optical setup as discussed in detail in
the supplementary material. The experimental results verify that the proposed system is
able to display 3D images in a wide, steerable FOV.

In the future the pupil tracker algorithm can further be improved for increased reliability
and speed. With our current configuration the algorithm should be able to yield 100 fps,
but due to camera frame rate limitations we were able to demonstrate only 30 fps. To do
this, faster cameras should be acquired and the necessary Linux camera drivers should be
written for BeagleBone.

With the pinhole display the FOV can be improved by designing a custom focusing lens
that has a shorter focal length and larger diameter. Proper LCD driving scheme is also

necessary for updating the image in real time.
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We demonstrated our rotating beam splitters setup with 1-axis actuators. 2-axis
actuators should be developed to extend the FOV in two dimensions. Furthermore the
optics can be built compacter by custom lens design. Moving parts in a display is not
desirable, therefore reducing the number of actuators and elimination the rotating beam
splitter in front of the eye should be eliminated. A full color holographic demonstration
should also be considered for future work. In our demonstration a low-resolution
peripheral display was missing, which can be included in the future.

With our eye-centric display demonstration the main drawback was the aluminum
ellipsoid in front of the eye, so an augmented reality demonstration was not possible. A
semi-reflective ellipsoid or an HOE should be fabricated in the future. In our setup the
eyebox was stationary; it can be extended with an array of light sources as demonstrated in

Chapter 3. Real-time hologram computation algorithms should also be further developed.
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