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Abstract

Realtime obstacle scanning and projection are crucial to dernessl accident rates
worldwide. Current display advances in modern vehicles increase the risk of driver distraction
and endanger safety. Conventional hapdlisplays require the driver to shift the field of view

from the far field of the road towards a small region on the windsdrsgoagraphic 3D Head

Up Displays (HUDsEanprovide a basis for the transportation sector to build on accessible and
inclusive design strategies. However, current holographic HUDs lackpafalllax effect, the
number of pixels needed to recredtgplicateAugmented Reality (AR)magesof the original

object and the display capabilitiedo reach reatime projections.Panoramic holographic
projections that provide different depths of objects in creating a virtual reality experience in the
drivero6s field of v i dnwthisptihesisrhelagraphia setups evere d i s
developed to display 2D and 3Dltra-High Definition (UHD) projections using Light
Detection and Rangind-lDAR) datai n t he dr i ver 0s Diffeeehttightof vi
sources such asteNe laser an@dn Nd:YVO4 laser werecompared in terms of accuracy,
precision and ease of use the HUD applicatioa A UHD Spatial Light Modulator (SLM)

with a panel resolution of 3840x21&fF UHD and a ferroelectric reflectiveL™ were utilised

for the replay field projection®oth setup werecomparedandthe laser sourcesereused to
illuminate ComputeGenerated Holograms (CGHs) and generate the projection by
reconstructing the object image in the {egplay)field. Graphics Processing UniGPU)-
accelerated redlme hologramd4.6.6 times faster than tleguivalentCPU processing time\

virtual Fresnelenswas usedte nl ar ge the driver ds eytime box
scanned road obstacles from different perspectix@adethe drivera full view of risk factors

such as generated depth in 3D mode and the ability to project any scanned object from different
anglesacross360°. The 3D holographic projection technology alldws driver tomaintain

focus on the road instead of the windshidldenablesassistance by projecting road obstacles
hidden from t he A multcotour 83 recbnsteidtiah metiod accelerated

with GPU is introduced into the 360° LiDABased HUD architectungith singlemodefibre
pigtailed laser diodesT'he important aspect of this work is the leverage of driver integration
into the method. The LIDAR data collection and e processingierebased on the iPhone
integrated LIiDAR sensors to be utéd during driving. Architectures including light sources,
detectors, and rotating transmitters were previously accommodated to capture a panoramic
scene with LIDAR. The data processing method was oggoiwith a point cloud algorithm
accelerating computation timeFurthermore, xperimental results of dynamicAR

reconstructionsverediscussegverifying the application for regime colaur 3D HUDs.
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1. Introduction

1.1. HUDs a<efensiveT ools in Transportation

1.35 million fatal car accidents occurred on roads worldwide in 201Z). Human error was

a major contributing factor in 94% of the craski@®$). Drivers are exposed to an increasing
amount of visual and audio information through the use-chimand broughin devices such

as navigation aids and smartphones while operating a vehicle. Young drivers are constantly
connected with their social cirdgand many drivers still use smartphones while driving despite
expert warning$6). Many countries around the world have passed legislations to ban mobile
phone use while operating a vehicle. However, these legislations are ineffective as eight out of
ten drivers break them between the ages of 16 and 20(ygars this driver age group, 80%

of fatal accidents occurred due to mobile phone use while operating a vehicle on public roads
(8). The integration of augmentedality (AR) HUDs into the transportation sector is seen as

the future of connected vehicheg point clouds with the interactive urban environnm(@nt.0)

The advent of AR technology may be appropriate fortway video calling in vehicle€L1).

LiDAR point cloudbased AR HUDs have been proposed as a safer alternative to the existing
windshield projectiorbased technologies in vehicles with driver assistance systems. A
significant challenge in thprojection of holographic AR replay field resuissthe accurate
perception of human driver behaur@nd the recognition of surrounding areas and obydtts

LIDAR. The increasing urban population worldwide necessitates the development of road
safety standards for managing sustainable, securegaessibletransportation systems. The
paradigm shift from megai t i es towards MAsmar:t citieso i
actuators that interact with Internet of Things sucpaast clouds to share information such as
hidden road obstacle$he management of Big Data, for example 3D clouds for data storage,
transfer, and analysis, requires new protocols for mobility, safety, security, and information
privacy. The value of smart cities communicating WitBAR HUDs lies in thereaktime
processing methodForexample, in situations of danger, humans take defensive driving actions
which can be breaking driving rules to avoid major accidents. Hence, it is highly desirable to
developa warning mechanism to alert the driver in advance of the hazardous situation by
projecting 3D hidden obstacles on the road
rotation allows the driver to fully assess the hazard and react accordingly fofettyeo$all.
Additionally, aligning the holographic objects in size and distance t he r oad 1 n
gaze retains the dmprovements sn companelayel avenvitat for he r o a d
overall systems engineering development including the automotive LIDAR ecosystem

optimisation for the accurate detection of obstacles as well as decrgmsitgo-point
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processing time of each obstadle this work, two streets in London have been scanned with
LIDAR to provide the basisor reatlife hidden road obstacleslowever, this experimental
procedurerequires a largscaleimplementationof LIDAR technologyto scan all street#\
potential approach is to simulate rif# scenarios byProcess FailurMode and Effect
Analysis (PFMEA) to identify the hidden obstaclesn a connected urban environmetd
achieve reatime Car2X data sharingCurrently, there is a gaof nonrscanning LiDAR
applications in the automotive industry such as stereo vision and structured light. This is a
systems engineering gap which can be improved with custdnsolutions combiningolid-

state LIDAR with norscanning LIDAR applications.

1.2. Approach

This research focuses on holographic techniques for AR applications in the automotive sector
to increase road s aheteowetical badkgrodund needed o sinderstand o r
this thesis is provided in Chapter dscusfng bothhardware and softwar@he discussion
coversLiDAR, AR, 2D, 3D andin-eye panoramic holographic projectiomgcessibility in
transportationpoint cloud data generation and processing, 3D CGH custom elaboration, 3D
hol ographic video displays, and the d®Rpansi
Additionally, 2D windshield and 2/3D 4iaye projectiorbasedholographic setups were
benchmarked with commercial display technologies in terms of component arrangement in the
optical system and efficiencgD holography applications across commercial products were
analysed through a critical assessment in terms of security, safety, calwtormity, and
luminanceln Chapter 3 a novel methodology for inclusive 3D holographic Hid@escribed
coveringopticaland algorithmianethodsandthe equipment utilisedrollowing this, in Chapter

4, the methods of 2D, 3land AR ineye projections are demonstrated with experimental
results.This work also provides an analysis of the placement of the content on the windshield
in AR technologies according to the driver
safety, and user satisfaction. Information layout concepts based on maenmegl€VviL)
technology could subdivide the projection area and cus#oihi Certain objects could be
prioritised and placed into an area of personal preference by the driver. Thergakgossible

driver distraction with advanced infotainment options was addressed with support from
statistical dataChapter 5 outlines a novel approach of LIDAR point cloud data beingedtili

within the urban environment in holographic AR HUDs. Additionaltg impact on the driver

and the surroundings thoroughly analsed such as redime data processing and pixel
brightness control. After thisas been achievethe attention is drawn in Chaptetddhe RGB

fibre laser setup for full colour acssible holographic 3D projectionghis chapter combines
2



all previously gathered knowledge from the methods and algorithms used in this thesis to create
inclusive HUDs capable of offering flexible adjustments in terms of colour palette, brightness,
flicker rate, projection method, the number of points utiliswdebich object, and the number

of layers of the replay field results. Chapter 7 performs a systems engineering analysis of each
developed method and optical setup and verifies the readiness level for the technlogy.
efficiency analysis of the industriahd developed HUD system architectures with a failure
mode analysis framework was performed to stragethe advantages and disadvantages of
current commercial HUDs and the developed AR holographic HUD. Each system component
was justified, including components such as the light source, optical and virtual lenses,
algorithms and the SLMThe work analges system components, ssystems such as the
effects on the driver and the environment. The article discusses the robustness of commercial
products, proposed holographic devices, and the overall supersystem network operations.
Possible driver distractiowith advanced infotainment systems is also discugsierwards,

the conclusions of each chapter are summarised in Chapter 8 before the thesis is concluded by
outlining future directions in Chapter 9.

1.3. Research Aimsand Objectives

Combining industrial experiences in the automotive sector with optoelectronic research this
thesis sought to develop an edasyuse inclusive 3D headp display with increased safety and
application range for cars. Moderngaar displays can potentiallydract drivers and endanger
transportation safety. Industrial heag displays are commonly projected on the windshield
requiring the driver to shift the gaze from the road onto a prespecified region of the windshield.
Although research has been condudtednprove the layout of current heag displays, the
problem of gaze shift and distraction remains unsolWéde field of view holographic head

up displays providing different depths of objects in creatind@re x per i ence i n t
field of view can prevent driver distractiofthe overarching goal was to develop optical
systems capable of retiine obstacle projections in four different modes such as 2D windshield
projections with and without zemrder surface reflection, 3D projections, and AR/MR

projections in UHD. The spedaifobjectivesof this project are:

(O1) To develop holographic optical systems capable of projecting 2D and 3D floating
projections for singlaiser fieldof-view applications.
(0O2) To generate several algorithms capable of projecting replay field results in 2D and 3D

modes from images, CAD models, and point clouds.



(O3) To create a method to divide the replay field into slices to show the different depths of
the replay field objects such as the layering method to project depth cues and be able to
generate multiple replay field results at different distances indfkedf view.

(O3) To enhance the accuracy of the 3D holographic projections with various calibration
methods, optical equipment such as a despeckler, and improved algorithms.

(O4) To enhance the driverds eye box by rotat
the obstacles on roads.

(O5) To create an inclusive HUD to increase accessibility in transportation with the help of
a Failure Mode and Effects Analysis (FMEA) map for the holography setup, algorithms

and data acquisition and processing for display technologies.

This thesis demonstratthe application of an UHBR holographic optical HUD with real
time applicability in a personal vehicle. All modes of the optical setups, such as 2D holographic
windshield projections with and without zero order surface reflection, 3D floating projections
and AR projections were detailed and arslgl for targeted applications within automotive
HUDs. Different data acquisition and processing options were evaluated and assessed based on
time and availability criteria. Additionally, ausive design options for the layout of HUDs in
2D windshield mode and SR mode were generated to be projected with variable light sources
and positions according to the preferences and needs of the driver. Robustness analyses of each
of the optical systems were carried out for their need and applications, including boundary
diagrams, interface analyses, and logical architecture diagrams to evaluate the needs of every
component. The FMEA assessment leads to findings reducing the size of the optichy setup
replacing components with virtual ones such as virtual Fresnel lenses. To increase the accuracy
of the developed optical setups, parameters such as perspective and defocus blur were analysed.
Different calibration methods were usiéid for specific applications and the use of a despeckler
was evaluated for targeted application scenarios. Different areas require varying parameters for
holographicAR projections such as increased accuracy for mapping, a large field of view for
design and manufacturing purposes, andtiead processing for fast image projections in head
up displays. These applications have been studied with the built optical systahgdahe
readiness level of holographdR projections for incar use.



2. Background

This chapterintroduces the history of HUDs and discusses 2D and 3D HUDs. Commercial
HUDs from industrial manufacturemsnd proposed HUDare discussed in terms of efficiency,

usability,safety and securityThis work was published in Advanc&thterials in 202Z13).

2.1.Head-Up Displays HUDSs)

HUDs were first utilsed in fighter aircrafts after World War II. The original HUDs emerged as

an advancement to the reflector sight that were capable of projecting a reticle at (béhit
Characteristics of aircraft HUDs were extracted from the reflector sight reticle predecessor. A
semitransparent window allows the transmitted light fritvareal world to be combined with

a projected image that appears as a ghost image. Subsequently, the reticle is projectey at infinit
as it remains fixed at distant targets regardless of the position of the \({iE»eFurther
developments includealvariable focal distance of the projected reticle and a gyroddd)e
However, the incorporation of a screen in place of the reticle openpddbibility of showng
dynamically a broader range of information.

HUDs have been proposed as a safer alternative to reduce sight shift from i’ ).oktok
automotive HUD market is expected to grow from $3.7 billion in 2020 to $13.0 billion in 2025,
which represents a compound annual growth rate of 2818 Automotive manufacturers
such as Jaguar Land Rover, BMW, Audi, MerceBesz and Hyundai have significantly
invested in HUDs over the last deca@eirrent HUD technologies consist of biiit optical
devices provided by camanufacturers (Chevrolet, BMW, Jaguar Land Rover, Toyota,
MercedesBenz and Hyundai) or external HUD suppliers (Garmin and Pioneer) that display
vehicle navigation informatio(lL9). The firstHUD in cars was introduced by General Motors
within the Cutlass Supreme in 198&). This HUD consisted of a monochromatic segment
display reflected on the windshield. Since then aglmatrices and retractahieflectors have
been introduced to HUD§1, 22) In contrast to aircraft technology, most commercial
automotive HUDs show ghost images focused at a short distance from the windshield. The
mismatch between the focal distance of the displayed image and the real objects has significant
implications(23, 24) The eye lens requires a change in accommodation between the displayed
image and the road even if the displayed image is in the line of(8h26) The displayed
virtual objects or informative signs cannot be fixated in place of the real of#&3t§ hese
technical challenges limit applications in an extended reality experience. The most important
challenges in the implementation of HUDs to reach real applicability in AR are (i) the

multifocal display, large viewing area without compromising thel fedlview, (ii) the optimal

5



positioning on the windscreen, and (iii) minimal invasiveness in the drivei@viar by
accurately pointing out hazards on the road.

The manufacturing cost of a HUD based on microelectromechanical syseegis (
micromirrors) is constantly decreasing ($1T8D) (28, 29) Built-in HUDs can provide a wide
range of information including vehicle data and night vision with the option to turn the HUD
off and automatically on to alert the drivé80). Current studies are focused on language
processing and gesture control to proxddeer-specificinformation using sensors and cameras
(31). As compared to headown displays that require an information uptake in 1.8 s, HUDs
can attain information uptake in 1.0 s, which can decrease mental fatigue and prevent gaze
shifts from the road(32). Automotive manufacturers have developed builHUDs with
different operating mechanisms. Peugeot proposed a portable projector system located on the
dashboard of the vehic{83). The panel of translucent polycarbonate adjusts the brightness of
the projected images with built sensors. This buiih HUD is like external HUDs, but it has
the advantage of being fully connectedhe operationsystem of the vehicle and can maintain
a safe distance between vehicles by taking and processing sensor informatiottinmereal
the road. BMW proposed a full windshield HUD with mirrors capable of projecting high
contrast, easyo-read imagesintotreer i ver 6 s | i ne eldinfsllicalohr(34)on t h
Jaguar Land Rover developed a HUD wvatlocal dynamic deptivariable viewing angle and
enl arged driver eye box by c3bnThistdchnologycant h e
project dynamic pojups for hazard warnings within the HUD, creating an image depth of 50
cm and an image size of 1.4 times the natural viewing experience.

Figure 2.1aillustrates a conventional HUD system showing the mechanism of the perceived
i mages directly projected i ntsadeyelbex ardar 3Dv er 0
floating projection can be achieved through different optical methods. The HUD technology
involves an el aborate optical system, the i
view and the cruci al rsonalreye doxigure 2.1b)f(36)tCptecal d r i v
phenomena created by the human eyes need to be considered when designing an elaboratec
HUD (37): (i) Accommodation(ii) motion parallax (iii) convergencg(iv) binocular disparity
(v) linear perspective(vi) shading (vii) occlusion (viii) texture and (ix) pior acquired
knowledge

Accommodation represents the adjustment of the focal length of the human eyes by
controlling the ciliary muscle tensiqi38). This process evaluates the rate of change of the
human eye lens when the ciliary muscles contract to obtain a focused image of an observed
object. Motion parallax compares relative motion of different elements in a 3D environment by

using depth cug89). When the viewer moves, closer objects appear to move faster than objects
6



further away. Convergence measures the angu
viewing directions when observing the same fixated point on one object; the closer the object,
the greater the convergen@®). The difference in resulting images by both eyes is presented

by binocular disparity (stereo). The further an object, the further apart the two images acquired
with both eyes. Linear perspectikadates to theelative distance of acquired obje(4d). Any

two straight parallel lines appear to converge at a distant point. Shading describes variations in
light intensity that form a 3D spatiatlationship clue, which recreates object orientation and
surface shape in the braf#2). The occlusion effect indicate that objects behind an opaque
object appear further away than two interposing objét3s Texture refers to the surface
structure of objects recreating the 3D shape of the object together with the object distance from

the viewer(44). Importantly, prior knowledge considers familiar shapes and sizes of common

structures static, and in motion can recrea
brain (45).
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Figure 2.1. Perception of images and depth cues in HUD systems. (a) A conventional
holographic HUD showing system components. The viewer perceives the original image within
the viewerdéds eye box I imited by the field c
motion parallax, convergence, binocular disparity and accommodation. Reproduced with
permission13). Copyright 2022, WileywCH.

Some commercial 3D displays cowepth cuesuch as binocular disparitidUDs can be
either classicalor holographic.Classical HUDs utilise a projectanstead of a spatial light
modulator (SLM) Figure 2.1a). The advantage of holographic HUDs is thailability of
depth information and the possibilibf projecing objects as augmented and mixed reality in
3D in the dr i & Heénee, hblogaphd HUDE arer garamount to explore the
possibilities of augmented and mixed reality for road safety. For example, Philips offers an end

to-end 3D display enabling live capture of new 3D content, visatadn and animation of 3D
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objects (47). See Re al Technol ogi es o hol ographic 3
accommodation of the observer 0@S8)¥vidd) offeesn s e s
holographic displays for AR application with real depth perception and bright image quality of
500,000 cd i without exceeding 1.64 #9). Qi net i Q6s printing by a
can subdivide the photosensitive area into tiltedaas. Various illuminations account for
selected pixelated light pattern controlling the assembly of the final image produced from the
subareas with ove5 hillion px (50-52). Envisics provides holographic HUDs with AR
experiences catered specifically to the automotive market for advanced driver assistance
systems(53-56). BMW and Siemens VDO Automotive system developed a HUD with a
brightness of 500,000 cdfnThe optical path was diverted with a reflector to a thin film
transistor (TFT) display, where the display images were generated at 65,&0). phe HUD
provided a homogeneous backlighting for the imgegeerating device with LED sourcgss).

Lincoln in collaboration with Continental generated a HUD with a brightness of 15,000 cd
m2, a dynamic dimming range of 5,0881, and temperature stability. The DLP36QQ
technology does not require light source psédion. The HUD is capable of projecting virtual
images 1820 m ahead of the drivgb9). The HUD consists of a 0.3 in digital micromirror
device (DMD) and a DLPC120 DMD controller. The field of view on the windshield is
10°x2.5° and the resolution is 70xpls deg! (60). MercedesBenz and Ni ppon
collaboration resulted in a HUD generating an active projection image of 45¥1&ajected
at a distance of 10 m. A micromirror and a cussaahidigital projector generated a virtual
image. The implemented HUD is adjustable in terms of the projection location of the display
light. Thisallowsf or adj usting the height of the HUD
without the movement of the virtual image in vertical direc{@h). Additionally, the compact
HUD from Nippon Seiki enables geneardtiimages in the HUD with a plurality of display
distances. This is achieved throumtisplay that em# projection light to illustrate the virtual
image at a predetermined distance. An image formation adjusting mirror receives the projection
light and converts it into a plurality of first and second projestairdifferent distance?2).

Nissan and Panasonic collaborated on a HUD with dhgseagh display. This HUD included

a light source, @ optical projection system, whicks capable of displaying volumetric
holograms(63). Table 1 shows commercial 3D display technologaed illustrates existing
commercial HUDs that focus on improved resolution, a greater field of view for the driver and
increased display brightness. These are industrial requirements to improve HUD technology,
but the effect on the driver and overall roadesafare not yet clear. Further hureentred

studies need to be carried out to understand the industrial design effects on overall road safety

and security. For example, the need to perssmatntenin HUDs for the driver is another
8



design criterion that should be considered. An inclusive strategy for the driver should be
developed to quantify the progress and improvement of each technological design requirement
of current HUDsDisplays, which require additional features such as stereo glasses to bridge
the accommodation and convergence effects, can cause fatiguei@abeas the images are

projected in 2D instead of their physical distance in 3D s(Gxt68).

Table 1.Commercial automotive HUDs with their optical properties and resolution parameters

Car Display Wavelength | Panel FOV | Display Ref.

Manufacturer | Manufacturer | (nm) Resolution | (°) Brightness
(cd m?)

Jaguar Land | Envisics 532/633 4096x%2400 15x5 | 12,500 (56,

Rover pX 69)

BMW Siemens VDO| 530, 880 65000 px | 10x4 | 500,000 (57,

Automotive 58)

Lincoln Continental 450, 520 70 px ded | 10x2.5| 15,000 (59,

60)

Mercedes Nippon Seiki | 530, 880 4K UHD 10x4 | 15,000 (61,

Benz, Porsche 62)

Nissan Panasonic 637 4K UHD 10x4 | N/A (63)

Design proposals incorporate a balance between the risks and the advantages of windshield
HUDs such as considering driverods abilities
transportatior(70). A need for a humanentered approach in the design of windshield HUDs
is paramount for safety and securityonrogd9. The dri ver 6s cognitive
need to be balanced with the driverds needs
the driver with 3D information that merges with the road s¢@8¢ The focus point of the
driver wanders within the field of view when primarily targeted forward scenes are processed.
The sensory capability of the driver allows for small pieces of the 3D information to be
processed at once when presented visually tdrlier (73). Appropriate design of individual
information custonsed for every situation, such as the position and size supported with colours,
can guarantee rapid danger recognition and improved road safety.

The projected information on the windshield should follow strict guidelines in design to
follow a usercentered approach for reducing hazafd4). The principles of information
presentation must enhance the driverdés 1int
projection should be displayed in specific areas on the windshield and must not require long
attention and perception times to undmnsl the meaning of the presented da& Information
density should be increased and critical safety awareness signs must be strategically placed on
the windshield to (i) reduce traffic blind moments, (ii) mirsendistraction, (iii) cluster relevant

and similar information, (iv) enhance situation awareness, and (v) highlight relevant input
9



information for the driverKigure 2.2a-c). Oneoption is the layout locating items by relevance
such as contextual relation and spati al pr
visual information. Figur@.2d-g illustrates different transportation situations that are depicted

with individual windshield HUDsesponses.

Figure 2.2. The current state of HUD applications in the automotive industry. (a) HUD image
projected on thevindshield of the car in 2D showing a right turn and the vehicle speed. (b)
HUD showing road directions in the urban environmeantA(personabed HUD with complete
windshield space used for information display. The highligreddrea shows the space, where
most driver attention is situated, to display crucial information. The area highlighted in orange
shows secondary drivattention space for a calculated layout of the HUD to enhance road
security. (df) Personabed HUDs showing highway situations with the complete windshield
space utied. (g) Crosswalk situations with obstacle on the road with the complete windshield
used for information displayreproduced with permissiqa3). Copyright 2022, WileywCH.

The assessment parameter presented for industrial HUD manufacturers apply to 2D
windshield projections (Table 1). The luminance and uniformity of the projections decrease in
quality in 3DAR projection mode. Hence, the need for display performance metrics for 2D and
3D HUDs should be established. A method of defining requirements and boundaries was
developed for the qualified viewing space (QVS) which was based on the display quality
performance parameter§7, 78) Such boundaries could include but are not limited to a set of
physical | ocation points for the driverods e
the peak intensity. Another boundary could be the projection distance for 3D holographic AR
projectons. 2D windshield HUD efficiency studies have been carried out to describe another
crucial parameter: the cognitive capture eff@@). This parameter evaluates the inefficient
attention switching from the HUD projection to the driving task. In a simulation study of 48
users, 2D windshield HUDs showed fast response time in unanticipated road events such as

speed limit detection. Additiotlg, 2D HUDs promote driving behavim such as smaller
10



variances in lateral accelerati@0). One study verified the driving behauowith less mean
deviation from lane in an ISO 26022 lane changing 8%k Another metric for 2D windshield
HUDs could be the relative ghost luminance (R@2). A P-pol combiner film was developed

to increase the projection image quality by reducing the RGL to 20% compared to- wedge
system windshield projection with RGL of 60% (83). Regarding the 3D AR HUD metrics,

an optical se¢hrough HUD (AR DriveSim) was developed to examine physiological and
cognitive effects of HUDs with context and focal distance switc{8d4y Another criterion for
introducing metrics for HUDs is inclusivity, where the superposition of text in projections was
found to have a negative effect among elderly u&s¥ This was attributed to the decreased
vision capability, poar coordinationand reduced reaction tinoé the elderly userdue to the
deterioration othe peripheral nervous systemith increasingage Finally, ergonomic studies
suggested that the placement and the amount of HUD projection content is(@Qiciaewer

than 6 symbols should be displayed at one time and the main content should be placed in the
cente of the windshield.Gap analysis frameworks can allow for defining metrics for the
component arrangement and replay field efficiency to meet the industry requirements for
holographic HUDs.

An angular spectrum method was developed to improve the image quality oplandi
holographic projectiong10). The benefits of the angular spectrum method lie within the
computation of diffractiopatternswith a high numerical aperture and working in both paraxial
fields and nonparaxial field86). The Fresnel diffraction method is limited to the paraxial
fields (87). The angular spectrum method however suffers from speckle noise and image
diffraction distance disturbancéi).

A threestep hybrid algorithm was developed for nmibidiam steering. This algorithm
generated reconstructed output fields with flexible power ratios. In addition, the algorithm
balanced multiple indicators such as diffraction efficiency, crosstalk poamd the
reconstructed root mean squared erf®8). This result was achieved with a thigtep
combination of the iterative Fourier transfofRT) algorithm.A hybrid algorithm was used for
error reductiordue to convergence abilities and fast computation speed. Compared to other
algorithms, the iterative Fourier transform algorithm was susceptible to initial states and was
not capable of solving a multitude of tagB9) Hence, the iterative Fourier transform
algorithms were enhanced with a global optimisation process with fitness functions to enhance
search directiono tackle the multiple objectives proble(®0). However, the speed of the
overall algorithm reduced with the introduction of the global optimisation algo(B8inBoth
hybrid algorithms in combination generated a hologram, whichaltatitinuous phase due to

the iterative FT algorithm and balanced mutitlicators quantifying the hologram to 256 phase
11



levels. The hybrid algorithm was a tvetep iterative process, where the first one erased the
background and in the second iteration enhanced the image depth of the chosen object by
focusing on the signaloncentrated areéB8). The depth of both iteration steps could be
enhanced with the root mean squares error function. Another algorithm was developed based
on the hybrid iterative FT algorithm with one additional step. The image plane was separated
into the background area, tegnal aregand the additional noise area. Each ofaheasvas
constrained by different amplitudegigure 2.3a-b) (10). An iterative FT algorithm was
produced to create holograms that diffract the light into arbitrary 2D intensity p8flle3he

intensity distributions outperformed the frequently used algorithms by one and two orders of
magnitude in accuracy and roughness, respectively. The central technique used in the algorithm
was mixedregion amplitude freedom. It consisted of a singheimgi parameter controlling the
relative distribution of optical power in two subsets: the signal region and the noise region of
the output plane. Phase freedom was allowed everywhere in the output plane of the replay field,
but amplitude freedom was petied solely in the noise region to emplsasihe accuracy
(Figure2.3c) (88). This algorithm controlled the intensity in a bounded 2D subset of the focal
plane with greater accuracy (>10%) than the GS algorithm. This single plane intensity profile
algorithm could only be applied to create 2D arbitrary optical traps (F&y8dg¢(92). Figure

2.3 illustrates the creation of 6 holograms able to diffract light into the 6 chosen 2D intensity
profiles. To create the mentioned holograms, a diregion amplitude freedom (MRAF)
algorithm was utised (93).

@) (b) (c)
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Figure 2.3 Algorithmic holograms. (a) Mukconstrains angular spectrum algorithm showing
the signal ( U),antdh & hkea ocnkog rsceu n(do ) (. b )(-shaped nt er
beamswere achieved with two SLMs. Reproduced with permiss{@a). Copyright 2014,
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Nature Portfolio. (c) The holographic dowgane HUD demonstration #diefar plane: 9.0 m

on the left, near plane: 1.5 m on the rigind the target imag <l GG
I ) Target intensity profiles to anaby the performance of the

MRAF algorithm. The fieldof-view (i-iv) is 200200 px and for (v) and (vi) 400400 px. The
grayscale represents intensity, where black corresponds to the regions of zero intensity.
Reproduced with permissiof®2). Copyright 2008, Optica Publishing Grauf@) Intensity
profiles for the MRAF algorithm based on the test target profiles from (d). Reproduced with
permission (92). Copyright 2008, Optica Publishing Group. (f) Numerical and optical
reconstruction results with Fourier domain segmentation method when viewing from (i, iv) left,
(ii, v) center, and (iii, vi) right viewpoints. Reproduced with permis$8%). Copyright 2019,

Optica Publishing Group

Algorithms were elaborated to spatially segment the CGH into multiple hologels, which
captured the parallax views by perspective projections from corresponding viewp6ir&s)

These were based on stereograms such as spatially multiplexed 2D parallax views of a 3D
scene. Spatial segmenting was achieved through computer graphics rendering. These
algorithms had the disadvantage of being vampendent. The depth performance desee

during the optical reconstruction process and needed-meNtpoint rendering98, 99)

An algorithm was created to calculate photorealistic 3D CGHs with Fourier domain
segmentation without the paraxial approximation, which was present in the sterdxagpenn
algorithms(100). Segmented angular spectrum lapeased algorithm calculated partitioned
elements in the Fourier domain. This segmentation could reduce aliasing errors by limiting the
bandwidth of the transfer function and by extending the limited region of the conwantion
angular spectrum. This algorithm was compatible with computer graphics rendering techniques,
which provided a smooth motion parallax wéh occlusion effect in the replay field results
(Figure 2.3¢). Figure 2.3e shows the intensity profiles of the 2fibjects fromFigure 2.3d
proving that the MRAF algorithm improdethe results by two orders of magnitude on
roughness compared to the GS algorithm and by roughly one order of magnitude the accuracy
of the resultg92). The numerical simulationBigure 2.3f (i-iii) and the optical experiments
Figure 2.3 (iv-vi) demonstrated photorealistic 3D images with depth inform#&86h

The speckle noise appears due to the random and erratic phase distribution as significant
intensity fluctuations occur in the reconstructed im@ddg) The phase of the image directly
influences the intensity of the points in between the sampling range as the amplitude may not
be controlled on finite sampling points in the hologram generation pr¢b@2s The output

light field is determined by the interpolation of the sampled points, which are based on the finite
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size of the generated hologrdh®, 88, 103, 104) o reduce the speckle noiskerandomfree
phase (linear, quadratic, constaand conical) is referred tas an initial phase within the
iteration algorithm. However, the speckle noise cannot be removed completely.
Achievinghigh-accuracyreplay field results requires the ability to arbitrarily manipulate the
spatial full field information of a light bea®8). This was accomplished by manipulating the
amplitude and phase of the incoming light beam with two pbakeSLMs and without any
phase iterative algorithm. This method generated multiple collinear orbital angular momentum
beams, LaguerrGaussian beams$Bessel beamsand arbitrary beams with oedhaped
intensities(94, 105) Figure 2.4a-b shows the working mechanism of arbitrary manipulation
of theamplitude and phase of a light beam with two cascaded SLMs. Thespinteridirection
of the input light was set to 45bncerninghex direction, which was the working direction of
the polarsationdependent SLM 1. After the polser of 45° direction has been passed by the
light beam, the light reached SLM 2. In both systems, the light propagates from a collimator
laser (1550 nm) (Figur2.4a-b). The collimated light passes through the pstar{Pol 1) and
a halfwave plate (HWP 1). The crucial components in the optical setup are twe@iiase
SLMs. As the phase and amplitude might change upon light beam propagation between the two
SLMs, lenses are added to develop two imaging systems wttmagnification. The lenses
facilitate the cancellation of spurious phase delays caused by the light propagation between the
two SLMs in the optical assembly. Figite&la shows a orkens imaging system. The distance
between the two SLMs is 60 cm. The focal length of the lens was 15 cm. In this system, the
plane of the SLM1 images the plane of SLM2 with unit magnification. This optical
arrangement can retrieve bakieamplitude and phase of the SLM1 plane at the position of the
SLM2 plane. Figurdb illustrates a #loptical system with two lenses placed between the two
SLMs separated by 60 cm aadocal length of 15 cm. This optical arrangement also images
the plane bSLML1 to the plane of SLM2 with unit magnification. In the optical assembly in
Figure 2.4a (i), no additional radial phase distribution was used as opposed to the optical
system in Figur@.4a i).
Figure 2.4b (i) illustrates the mechanism of the arbitrary-figld manipulation of a light
beam technique used to independently control the phase and amplitude. The symmetrical
version of the iterative FT algorithm with phase and amplitude freedom and flexible wggghti
of the fitness function in the Genetic algorithm was utilised in combingfigare 2.4b (iii)
shows the basis for the hybrid algorithm. When a plasehologram was uploaded onto any
position of the LCoS chip, multiple or a single waveband wasateitl and switched from the
shown input fibre port to an arbitrary multiple or single output port. The optical signals were

angularly dispersed in the direction of thaxis(88). Figure 2.4c (ki) shows a multcasting
14



(a)

(i) laser Col Poll HWP1 sLmM1 (ii) Laser Col Poll HWP1 SLm1

-

‘,»-"‘ ol ” "".«"
i r e ¢ el
SLMZ\ Camera

(II) Cascaded Phase-only 5SLMs g
A & )| independent
- Phase-Only i A ' ' s % Manipulation
‘ Manipulation ol V) - 3 of Phase and
: . g Amplitude
Phase-only SLM e ! g
|||
SLM1 Polarizer 1 Output
v = EAn(exp(fqoltx,y)) +1) A cos(ﬂ(-V'y))exp(f¢-(-“=Y)+2<":(-”~J’>)
;. 7 2 2
x
Polarization aexp(!fpl(r J’))
direction
! Pilx, y) / 6. (x.5)
Polarization
Working direction direction Working direction
(c) i
| =
Y A
T—PZ A |
m— e 4 \
e A :
) A A4 s e oAy
Fiber coupling I
microlens array Collimating Transmission ™ Cylindrical LCOS
x lens grating - lens SLM
T—»z Output port i
E ::::::::;k__
o e, endER Sy =
-‘g_\ ¥ ,:_f——:—a—-E:.'_‘__ =
T T T s ——— ot _'—"'__':—.:.;
c e RS
= e 2 e — =

Figure 2.4. Schematics of different optical system arrangemdéajsExperimental setup with
two SLMs. (i) Onelens imaging system. (ii)f4ens imaging system: Halfave plate (HWP),
Collimator (Col), Polager (Pol). Reproduced with permissi{®4). Copyright 2014, Nature
Portfolio. (b) Principle of the arbitrary fufleld manipulation of a light beam with two phase
only SLMs, which control both the amplitude and the phase. (i) Rivdgemanipulation. (ii)
Independent manipulation of the phase #relamplitude. Reproduced with permiss(64).
Copyright 2014, Nature Portfolio. (c) Hybrid algorithm illustrated with a Gaussian beam
travelingfrom a fitre coupling microlens array through a grating. Reproduced with permission
(88). Copyright 2020, IEEE.
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hybrid algorithm principle, where a Gaussian beam travels from the fibre coupling microlens
array through a grating. The optical signals with multiple wavelength channels were observed
to angularly disperse itney-axis direction. The optical signals were projected onto the LCOS
chip that was placed at the back focal plane of a collimating lens and a cylindrical lens. This
flexible powerweighting allows foithe optimisation of multicasting hologramgnsuring that
intensity distributions match with the port locati(88). The circular symmetry of the zone

plate algorithm calculated the CGH at high speed. A computer graphics technique evaluated
the circular symmetry of the zone plates as fringe patterns formed by interferences of spherical
waves originatingfrom a single point cloud and a reference plane wave. When running
Ni shitsuj i 6Gasinted Cogeord7n9QKICRU(400rGHz), the computational time for

one CGH was 12 md.06) This speed can cope with rgahe reconstruction and interactive

information presentation for multiple viewers.

2.2. Applications of AR and Machine Learning (ML) in HUDs

This section presents current and future application examples of 3D holographic HUDs. The
possibilities of 3D HUDs to achieve augmented and mixed reality projections are discussed.
The role of AR in HUD applications is to increase driving efficiency bycedy the time spent
by the driver to look at the buiib display or the windshield for navigation purposes. AR can
serve a® hatural medium for the driver to increase road obstacle alertness and reduce driving
stress levels with virtual objects projettte i nt o t he driverds field
section discusses the outlookhtL algorithms for gesture recognition and automatic obstacle
detection.

AR enriches the 3D world by superimposing compgtanerated virtual objects ieal time
into the environment. These 3D virtual objects can serve as additive information to warn,
inform, or entertain the user. Current AR technologies do not require stationary displays as
carriers, insteadhey can be embedded into the real world with a holographic optical system.
Spatially embedded virtual objects contain or transfer data about associated and known real
objects, locations, or events. With AR technologidata has the potential to generate
personaked projectiodayoutsb ased on the driverds nedads an
gazeat in-car displays could be reduced. Enhanced driver perception can be achieved with the
combination of objects or events at their inherent location thus condensing the displayed
information. A study was conducted with 20 participants within a Higdelity driving
simulator to compare the fully embedded gesture recognition system to a traditional Head
Down Display interfae (107) A reduced collision probability of 90% was found on a

motorway compared to the traditional HUD system. A multimodal HUD Interface with gesture
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recognition was proposed to enhance human responses in situations of (A@8y€efhe

gesture control was based on cell division for increased acciHigeyd 2.5a).

Figure 2.5. Gesture control recognition schematics. (a) Ritgntded finger gestures for system
automation for HUDs with AR content. Reproduced with permisgl@8) Copyright 2020,

Oxford University Presgb) A colaured overlay for directioni G-
I o) Lo < highlighting for clear visualisation of the road. Surface
cell division for gesture contrd GGG )

Cell divisionis based on the radial shift of the pointing findii GGG
I - (#) Cell division due to

differentiation on the vertical axis showing AR virtual shadow warning for HUD systems

I

Al fast deep learning algorithms can detect hidden road objects and holographically project
3D i mages i nt o Mt algorithchs cav predidtscomglexzaad scenarios and
elaborate a safe travel plan for the vehicle with a single convolutional neural network based on
the opersource Caffe deep learning librgfyl1) AR can allow for the incorporation of driver
and safetyrelated information into the automotive domain such as lane highligi&iggré
2.5b-c) and gesture controF{gure 2.5d-e). However, an abundance of information offered to
the driver within a modern automotive environment requires the driver to multitask,

overwhelming the cognitive load that increases the probability of coll{&i@n).
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2.3. Applications of Virtual Shadow-Casting HUDs

This section discusses examples of 3D HUD applications, which include virtual shadow
warning systems that can be observed by both the driver and other road participants such as
pedestrians, bicyclistand other vehicle drivers. Virtual shadow warning systems may increase
situation awareness and reduce traffic accidedisrecvision-basedalgorithms have been
demonstrated in experimental outdoor studies under several weather conditions such as rainy,
foggy, and snowy during both day and nidht2). Additionally, virtual warning systems are

based on computer vision, which also provides vehicle detection, distance estianadian
reakttime data stream from mounted cameras by using monocular \R&akime data transfer

can be implemented for automotive HUDs. The tffectiveness of the data stream is based
ontheprocessing of 25 to 28 fps when using one monocular camera on a Core i5 2.7 GHz PC
with 8 GB of RAM. HUDscan be utilsed for AR pedestrian warning systems by using in
vehicle volumetic HUDs that provide spatial virtual shadows. A user interface was proposed
forcrosstraffical ert systems by using an AR HUD c¢ o mj
process anthe physical reality othe driving environmentKigure 2.6a-b) (21). This design
involved casting virtual shadows of approaching obstacles through an AR HYlDg 2.6¢)

(113, 114) The calculated minimum distance for AR holograms for urban traffic is 5 m (18 km

h?, 1 s driving timewith a field-of-view of 40°, and this distance for highway traffic is 80 m

(144 km ht, 2 s security distance time) with a fiedview of 20°(115). Current neaeye

HUDs achieve afieldf-vi ew of 45A but | i mi t2withaeesalutionv er 6
of 1280x1024 px. Recently, an eye box size of 25x36 mas achieved in the fdield HUD

setting with a resolution of 38402160 px. These inclusive studies serve as a basis for the
development of virtual shadow warning systems in the transportation séntigting
pedestrian collision warning systems incorporate either visual, auddotyoth alarms to

inform the driver about upcoming obskas. However, these methods do not give insights into

the exact location of the obstacles, which are crucial for the driver to respond accordingly.
Volumetric HUDs capable of providing spatial information based on conformal graphics
integrated into the HD can result in increased safety and secuityoads(114, 116) The

design idea can be leveraged to create reliable and safer AR interfaces for drivers.
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Figure 2.6. Analysis of automotive HUDs. (a) Simulation results of HUDs in different
scenarios such as (i, ii, vi) low visibility, (iv, v) with obstagles (iii) at night. || | | | lld

I () Current industrial HUD systems: (i)

Windshield HUD and (#ii) Foldable translucent panel HUD. Reproduced with permission

(117). Copyright 2018, Springer. (c) AR HUD with exemplar projections: (i) Traditional
warning system for t heii)dR virwa shadew warnihgesystern o n

for every participant on public roacEEEEG——
-

2 4. PanoramicHolographic Projections

This section discusses the experimental str
3D holographic projections. Increasing fiedd of view results in situation awareness without
causing driver distraction. A wide field of view in LCD displays originates from the diffused

light sources in the back of the LCD panel, which randesiihe phase of propagating waves.
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The holographic setup using only coherent light sources such as lasers or LEDisnitas a
field of view based on the SLM display size and pixel period in the holographic getup.
conventional LCoS SLM is 10x20 nfnrandhas a pixel period of 8 um and a corresponding
diffraction angle of 1.9{118) Several studies introduced techniques to overcome the limited
field of view by introducing multiple SLMs in different arrangeme@8, 99, 106, 11820).
Figure 2.7a-c shows the relation between a single SLM or multiple SLMs in different

configurations.
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Figure 2.7. Projection systems with different SLM arrangements. Schematic of the field of
view of (a) a single SLM, (b) multiple SLMs, and (c) multiple SLMa@ircular configuration.
Reproduced with permissighl8). Copyright 2011, Optica Publishing Grog) Optical setup
using multiple SLMs iracircular configuration with a beam splitter to align the active areas of
the SLMs without discontinuatioReproduced with permissi¢h18) Copyright 2011, Optica
Publishing Group(e) Dynamic holographic stereogram achieved by a curved array of several
SLMs. Reproduced with permissidB6). Copyright 2008, Optica Publishing Graup

Figure 2.7a depicts the concept of capturing the entire field of view through the entire
bandwidth of the SLM. When the viewer moves away from the designated field of view, the
bandwidth for reconstructing the objects decreases. This reduces the sharpness ofthe imag
addition to making some parts of the object invisible. This dilemma is caused by the narrow
diffraction angle and the size of a single SLINgQure 2.7b shows a holography configuration
that has multiple SLMs. A planar arrangement of the three SLMsmite@ncrease the field of
view for the viewer as only the SLM in the midalentributesto the entire reconstruction of

the object. To increase the field of view, a curved arrangement of SLMs is elab&igted (
20



2.7¢). In a circularconfiguration, the field of view increases significantly compared to the
planar one. This configuration allows for implementing 3D holographic displays as the
reconstruction appears binocularly, where the viewer can rotate around the reconstructed object
within the field of view of 24{118). Figure 2.7d shows that the beam splitter aligns the active
areas of the SLMs (without the frames) for a continuous field of view. A cone mirror can be
utilised to direct the light into all SLM# beam splitter was placed between the SLMs to create

a gap illusion. Commercial SLMs are mounted in frames, which discontinue the field of view.
A cone mirror is utilsed to direct light into all SLMs. The SLMs are slightly tilted to prevent
the optical components from blocking the view as the reconstructed objects appear slightly
above the setupgn volumetric displays, each volume element in a 3D scenery emits visible
light. This ability to project volumetric autosé®scopic imagesasapplicationan automotive

HUDs (121) To expand the limited field of view by a few degrees, which is limited by the use
of one SLM, a curved array of twelve SLMs was developed to reduce the spatial bandwidth of
SLMs and obtain a greater number of data points compared to a singld-igjuké (2.7€) (86).

From the theory of holographic stereograms, it is vital to restrict the angular spectrum of the
object wave(122) Holograms were generated to formanglebasedmeshmodelled 3D
surface object$123) The angular spectrum equals the object wave, which passes through a
viewing window within holographic stereograi®4) The mathematical representation of the
light field radiated from a unit triangular facet is shown with surface diffusiveness;tladlestb
occlusion(125) Figure 2.8a shows two hands composed of 2436 triangles. To project a triangle
meshmodelled 3D object, an incident Hde laser was used to modulate a phady SLM
(Epson L3P06) witlapixel size of 12 um. The 3D object was optically Fourier transformed by
a singlet with a focal length of 50 mm.

A CCD camera (Kodak Megaplus ES 1.0, pixel size =9 um) was used to capture the image
light fields at different defocus pointsSigure 2.8b-eillustrates the geometry and mesh analysis
of the chosen object with reference frames. The surface diffusiveness factor was set to 5 and
the phase distribution was designed to generate shade effects. The anipigude2.8f (i))
and phase (Figure 2.8f)) distributions of the angular spectrum are presented. The size of the
generated hologram was 501x501(p23). Figure 2.8f (iii-iv) presents the simulation results
with a focus on the right and a focus on the left hakagures 2.8f (v-vi) present the
experimental result§l23) Figure 2.8f illustrates numerical @{iv) and experimental (vi)

reconstructions validating a 3D model to confirms the monocular cues (defocus(&é#égyt)
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Figure 2.8. Trianglebasedmeshmodelled 3D surface objects. (a) Projection image of mesh
modelled two hands directed towards the viewer. (b) Triangle-mestelled 3D object of two
hands. (c) Triangle mesh surfagelyhedron objects in the global coordinate system. (d) Local
coordnate system of th&" unit triangle. (e) Relationship between the global and the local
coordinate systems. (f) CGH of the 3ikesh model(i) amplitude and (ii) phase distributions
of the angular spectrum respectively,-) Simulated results witla focus on the right and
focus on the left hands respectively;\viy experimental results. Reproduced with permission
(123) Copyright 2008, Optica Publishing Group.

The angular spectrum equals the object wave, which passes through a viewing window in a
generated holographic stereografigure 2.9 shows the 3D object arrangement and the
definition of central directions corresponding to the central frequencies of the angular spectrum
in the local view. In the dynamic holographic stereogram, every central direction was rotated
at the interval of anrayle equivalent to 0.705°, generating 36 possible views when 12 SLMs
were adopted-igure 2.9a illustrates thebject'sarrangements and the 36 viewing angles with
a combined field of view of 39.7Figure 2.% shows the numerical simulation results from
the viewing directions (left, center, righBigure 2.9 presents the experimental results from
different viewing windows each having a different field of view with visible zero order in the
middle of the imag¢86).

A conical surface with anisotropic diffusion characteristics for incoming light rays was
created to project a 3D scene with the help of 288 projectors spaced at 1.25° (7.4 mm) pitch
(127). Dynamic holographic stereogram with several SLMs had a field of view of 22.8°. To
expand this number, a method was developed to project floating 3D images on a flat and empty
tabletop surface by utilizing static componerfgygre 2.109 (120). This method allowed
multiple viewers to observe the projected 3D image from any angle, not limiting the field of
view without the need for 3D glassé20) This technique provided futlolour animations

with interactive content to be projected for mixeality applications. The illumination process
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Figure 2.9. Configuration of the objects to be projected and the experimental results. (a) Object
arrangement with viewing windows3b6 with a total field of view of 39.7°. (b) Simulation
results of the different viewing positions of the objects. (c) Experimentdts@gereobtained

from different viewing positions of the object (left, center left, center right, right) with visible

zero orderReproduced with permissi@@6). Copyright 20080ptica Publishing Group

was reproduced by a conical screen and multiple projectors providing a horizontal parallax in
acircular Figure210b) . The vi ewer 0 slikeepares of edelsirrage/peojectet h e
at any position of the annular viewing area of the tatdance, the eye collects fractional slit

like images from different projectors and assembles an appropriate image from the perspective
of the eye at each viewpoi(t28) With the circularly arranged projectors and the conical
anisotropic reaprojection screen, 288 mujperspective images were used to reconstruct the
360° 3D images providing parallax without glasses. 3D models were taken as a base to project
3D objects lf=5 cm, w=10 cm).

A 360° tabletop electronic holographic display was devel@p2€) This system had a 45°
oblique viewing angle, which was not visually distorted. This system was created through four
synchronised higispeed digital micramirror displays. These were optically calibrated to
comprise a twdy-two multiple-vision panel, fatitating the holographic image enlargement
together with timedivision multiplexing of the holographic image content. The optical layout
of the designed system was composed of parabolic mirrors and an aspheric lens to deliver the
enlarged optical imageBigure 2.11ab shows the effect of the inserted aspheric lens between
the parabolic mirrors with a ray tracing analysis. An integrated centre of rotational axis an

aspheric lens (L8) resulting in a focused light beam.
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Figure 2.10. Construction of the 3603D images(a) Lightfield reproduction of 3D images
using the conical screen technique with multiple projectors. (b) 3D olajexytsojected from
3D modelson the tabletop using the conical screen technique with multiple projectors. Scale

bar: 5 cm. Reproduced with permissid20) Copyright 2016, Optica Publishing Group.

(@) (b) Center of

: / rotational axis

Second magnified image

lane of hologram : :
P g 5 Parabolic
Parabolic ; mirrors
mirrors \\

/" .. .\. < '
T Y /\ < }'t./}\ASpheriC
> First magnified image / >, ons (L8)
M3 // / M4 plane of hologram M2 g -/ M4
A 7 Al :
L7 g L7

Rotating part

Figure 2.11. Comparison of the optical paths with ray tracing. {de conventional
arrangement of the parabolic mirrors where the optical rays at the top diverge. (b) Parabolic
mirrors with the aspheric lens, where the rays at the top converge into the position of the
viewing window. Reproduced with permissift06, 129) Copyright 2016, Optica Publishing
Group.
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A multi-projection of lenticular displays was developed to construct 50 dense views. This
was achieved with one lenticular lens pitch covering 5.333pstdls, a screen resolution of
1920x1080 pxand a maximum clear displayed depth of 24.8 cm. This technology generated
3D images by multiple view flgbanel displays, which were superimposed on a single screen
using a multiprojection system. The eye boxes of the-flahel 3D display were produced
the pupils of the projection lenses and imaged to theingespace with a screen lens. Sixteen
flat-panel 3D displays with 16 views were used to generate a-wetidisplay counting 256
views. The resolution was 256x192 px and the screen size was 26.2 cm, stuthacotpur
3D objects (5x10 cA) rendered from 3D mode{$30) The horizontal interval of the eye boxes
was 1.3 mm. This could have a positive eff@etaccommodating the HUD within the car as
the lenticular arrays have the potential to project the laser light within a certain angular range
for the viewer. The benefitsf implementing such lenses could accommodate the HUD for a
better fit in the car. Additionally, the driver would only see the HUD object in a certain area of

the head position to prevent distraction.

2.5. Holographic Video Displays

This section introduces video projection capabilities for holographic HUDs. Video projections
allow for perceiving road obstacles in full depth and within a 360° view. Video projections
enable the driver to assess the hidden road obstacles and readghghcdidlography allows

for the creatiorof multidimensional images at differedepths as overlayered objects for 3D

AR applications(131) Algorithms can add an infinite number of layers to facilitate the AR
experience in the replay field foll colour.(132) This can be achieved without visual fatigue

or glassesA 3D femtosecond laser technoloaijowed forfabricaing a highaspect ratio of up

to 15 nanopillars (w=390 nm, |=780 nm) metam with different heights (3.40. 45 & m) t
reduce shadowing effect&33) The results achieved a hologram (2.5x2.53nronsisting of
2,000%2,000 pxThis study provided a useful method for the production of the lscgke
complexamplitude metasurfaces for application in multidimensional holographic disphays.
terms of holographic video projection, 3D motion pictures were projected to 2 Svitimone

SLM and two parabolic mirror€L06). A hologram generation time of 12 ms was achieved by
employing 4 CPU cored06) High-r e s ol ut i on i mavgre taker(fdrb objeatsa me s
(football, basketball) to create videos. An orbital angular momentum diffuser arrayawith
random phase function sampled each image fradfiguie 2.12a) (133) A high-resolution
(10,000%10,000 px) complemplitude orbital angular momentum multiplexed hologram was
generated. The numerical results and optical results are shown as a holographic video display

(Figure 2.12b-c) . Each video contained 10Q133)mage fr
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Figure 2.12. Replay field of results showing the physical mechanism of corrgoigxitude

based orbital angular momentum multiplexing holograplpiglications in video displays. (a)
Algorithm of a complexamplitude orbital angular momentum multiplexed hologram utilizing

i mage frames of Afootball 06 and :1@tdRekesdntb al |
different random phase functior{s) High-resolution (10,000%10,000 px) compiarmplitude

orbital angular momentum multiplexed holograms. (c) Optical results of the holographic video

displays. Reproduced with permissidi33) Copyright 2020, Nature Portfolio.

By duplicating and adding phase shifts to the optical path, including eye tracking to
compensate for the low diffraction angle, and to increase the eye box and size of HUDs, large
arrays of SLMs have been assemi{lEg4-136). Industrial devices for spatial light modulation
such as microelectromechanical systems, -Hwdlke acoustoptic, and liquid crystal
modulators present challenges for integration in holographic video proje®nsA major
obstacle is the high cost of the mass manufacturing of the SLMs-castivSLMs were
fabricated with aggregated temporal bandwidth of more than 50 bin'.(%38) The SLM
assembly exploited the guid&hve phenomenon. This phenomenon specialises in anisotropic
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mode conversion to eliminate the zenaler undiffracted light spot and tuneable wavelength
filtering to generate simultaneous and superimposed modulation of colour sigigalse (
2.13.ac) (138) Figure 2.13ashows a holographic stereogram created with a single laser light
(red) anisotropic waveguide modulator with an overall display of 35x28, Figure 2.13b
shows the single channel aRijure 2.13cillustrates a superimposed (RGB) stereogram. The
subsystem components of the SLM consisted of an anisotropic-feakle coupler, which had

a protorexchanged channel waveguide on a LiNIs0Obstrate with a transducer within one
single end139, 140)

This waveguide is only able to hide the light in one psdéion due to its anisotropic
behaviar. The transducer generated surface acoustic waves when excited by a radio frequency
signal, which propagated collinearly with the light trapped in the anisotropic wavddibe
Large outputs creating persistence of vision were generated with anisotropic mode couplers.
This allowed the development of holographic video projections imreiogdevice. The
viewing angle, the frame rate, the image extant vertical resolution can be interchanged
within the bandwidti{138).

Currently, a frame rate of 9523 framé'sasmd 28 different holographic frames are achieved
through highspeed dynamic laser beam modulation and space channel metas(ifies
143) For realtime video projections in HUDs, the continuous depth sensation and accuracy in
the replay field have a profound impact. An optical setup wasadiin combination with a
deeplearningbased CGH pipeline consisting of 4,000 pairs of Ri&pth image$144) The
optical setupcould synthese a photorealistic colar 3D hologram from a single RGéepth
image inreaktime. Figure 2.13d presents a 2D target image for testing the spatial resolution of
the optical setup of 1,920x1,080 px atH Figure 2.13e shows the convolutional neural
network (CNN) predicted hologram withe antialiasing double phase method.

To incorporate holographic video projection in automotive HUDs, the requirements for
safety, security, and comfort should be assessed. There is @ffrée¢ween the 3D display
size and the field of view of the driver resulting from the spaioporal esolution of industrial
displays. To bridge this trag#f, a technique of combining digitalgesigned holographic
optical elements with digital holographic projection has been develdgéd An enlarged
holographic imagel( 0 T 1 & with M7 bin px of wavefront information was achieved. The
advantage is that the display size and the field of view for the driver can be designed
independently; hence, the enhancement of the display size can accelerate the adoption of
holographic video mjection in automotive HUDs. Another crucial parameter for the adoption
of automotive holographic video HUDs is the hologram generation time. By combining double

random phase encoding techniques with optimised random phases, fast encryption and
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Figure 2.13. Photorealistic 3D holograms. (a) Monochrome holographic stereograms made
with a single channel anisotropic waveguide modulator in a display (35x2) ())nntended
output projection, (ii) zero order reflection, (iii) unwanted conjugate image projection, (iv)
higherorderimage projection and quasdtion noise, and (v) diffracted higher order resulting
from modular pixel structure. Reproduced with permisgib88) Copyright 2013, Nature
Portfolio. (b) Holographic stereogram reproduced with red laser light. Reproduced with
permission138) Copyright 2013, Nature Portfolio. (c) Holographic stereogram with different
colours created by superimposed modulation of red, graaah blue lights. Reproduced with
permission(138) Copyright 2013, Nature Portfoli¢d) A 2D target image for testing the spatial
resolution of the optical setup. Reproduced with permisglidd) Copyright 2021, Nature
Portfolio. (e) A photograph of the CNN predicted hologram wiganttaliasing double phase
method. The insets (yellow and blue) show the magnified regions. Reproduced with permission
(144). Copyright 2021, Nature Portfolio.
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decryption were achieve(ll46) Colour phas@nly holograms with an LCoS SLM were
generated in HUDs. To address the limited field of view of the driver, a holograila@angle
display (306x161 mA) at a 700 mm distance was genergfiet¥) This setup included a single
Fourier lens imaging system, a 4K SLM, a frequency filter utilising complex coding, and non
paraxial diffraction

Several insightérom the literature reviewvere crucial in guiding the objectives of this work
such as thanalysis of existing industrial HUDs, the light sources available for the integration
in HUDs, the computational approaches, and the type of HUBs.analysis of industrial
HUDs and their currergtate and futurproposals affected the direction of the first objective of
this work which consisted ofhie layout of the 2D windshield projectiobg displayingroad
obstacles in the driverodés area of focus o
developed to demonstrate flexibility in beam diversion towardt he dri ver 6s e
Fresnel lenses were introduced for the compactness of the HUD, but also fomeeal
adjustment of the holographic obstacle projections without the need to replace optical lenses
for varying focal lengths of the displayed atige Furthermore, everal computational methods
were created and tested on different HUD types, such as the 2D windshield HUD and the 3D
floating projections HUD. All HUD architectures were additionally tested with different display
methods with and withdwzero order surface reflection. All results were evaluated according to
the driver's eye safety, visual perception of the information displayed, the accuracy dfethe rep
field results, eye box size, and the field of view. The litergitogideddirections on the visual
depth cues and the area of focus on the windshield. Different objects were tested such as
developed CAD objects and scanned and-postessed LIDAR point cloud objects. This
technique allowed for another dimension of comparisénthe deeloped optical and
computational system to existing industrial and proposed HWBBditionally, by analysing
proposed HUDs such as virtual shadow casting HUDs or the-8iLl\ti HUDs, apoint-cloud
computatioal method was developed to create several holographic replay field results from
di fferent objects in the driveroés field o
projections are a natural superposition of virtual obstacles into thevoelal driving scenario
on the road and alert the driversaveral hidden obstacles. The literature re\aése provided
new equipment knowledge such as the possibility to utilize a despeckler for speckle reduction
in the replay field results. This was an opportunity added to the objectivesréasethe
accuracy of the replay field results. A despeckler ané f@sers were tested in different optical
system architectures developed with the aim of achieving increased precision and accuracy in
the replay field resultsLastly, the literature reviewevealedthe current limitations of the

current industrial anggropo®d HUDs encompassing the diversity of human conditions and
29



needs. Accessible and inclusive HUD proposals in terms of optical system architecture,
algorithms, and knowledge about various adjustments were not accommodated in the early
stage design strategies. Hence, the objective to propose several adjustméetsnidusive
design of HUDs was paramount to encompass individuals with visual deficiencies,

neurodivergent individualsind people with additional physical requirements.
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3. Materials and Methods
3.1. Holographic HUDs

This section focusesn the equipment utded inHUDSs for safety applications on public roads.

HUD setups including the manufacturers of optical components are evaluated. Holographic
projection methods and associated computing algorithms are described to achieve 3D
projection.Holographic HUDs can serve as a defensive technology to promote driver attention,
reducing the eye strain of the driver, and provide shorter obstacle visualisatioi(148) &

is highly desirable to develop holographic HUD technologies for diverse user groups including
elderly and disabled populationd49) Employing humarmachine interaction studies,
optimised data architecture and differentiation can be aadland implemented in a HUD to
project the sensed objects on the road. A key development area in holographic projections is
the obtained image (replay fiel@50) An uneven replay field results from the overlap of
neighbouring pixel fields, creating an envelope that should be compensated. Computational
approaches to reduce the uneven replay field and speckle can benefit the holographic displays
(151) Moreover, goabriented approaches can be used to obtain single objects in the replay
field; and hence, i n the 0 e?wihalbaveral brighfness s e )
of 16,000 cd rf (152) It is a precaution towards the exgrowing tendency of superimposing

visual information over the realorld scene on the windscreen. The principle of this work is
based on minimal interference with driver assistance systems in the driving behaviour. This
could be monitoredia a smartphone application or on the holographic projector itself to reduce
driver tasks while using sensors. A collimated optical system needs a predefined exit pupil. As
conventional HUDs are fixed, retaining a small exit pupiklellenging(74). With the
introduction of the panoramic display, which can be projected directly in the eye box (90x90
mm) of the drivero6s personal preference, tI
mm can be achievgdb).

Holographic projection can be integrated into automotive HUDs, which require a high image
contrast for AR to enable a teable projection distance for both the near and the far fields.
Industrial HUD technologies are limited in projecting floating images on multiple layers,
hindering applications in 3D ARL53) Computergenerated holography (CGH) allows for
displaying floating 3D objects for HUDs and headunted screens. Ulttagh-definition (4K)

Spatial Light Modulators (SLMs) can enable increased fields of view and display sizes in the
CGH (154). Holography is a unique technology to develop virtual and augmented realities
(155) CGHs allow for projecting digital inference patterns through a SLM without the

requirement of a real obje(56) Holographic HUDs can project 3D objects directly into the
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retina to achieve an AR experienEggure 3.1presents the holographic optical setigpeloped

in this PhDwork to projectreplay field results directly into the retina.

SLM
L, L. P HWP BS
HeNe Laser fi g,
5 mW, 633 nm

Figure 3.1. Schematic of the holographic projection setups showing a HeNe laser, focusing
lenses, a polaser, ahalf-wave plate, a beam splitter, and a UHD SLM (3840%2160 px).

3.2. Lasers and LED sources

Light sources and their coherence properties in holographic displays have a direct impact on
image sharpness and speckle n¢l&) Both temporal and spatial coherence can be affected

by the intrinsic spectrum bandwidth, the size, and the optical path of the light source. Spectral
bandwidth and source size are key parameters for choosing a suitable light source. The spectral
bandwidthshould be narrow band (< 1 nm) to reduce the blurriness of the replay field image,
as blur increases with increased spectral bandwidth of the(flgeiTable 2 shows the key
requirements for lasers in automotive HUDs. The DiBdenped SolieState (DPSS)
frequencydoubled Nd:YVQ laser (532 nm, 340 mW) showed ce$fectiveness and
elimination of electromagnetic noise, which resulted in less speckle and noise in the replay field
images Table 3) (158) TheHeNe | aser (=633 nm, 5 mW) wit!t
coherence length can also be stitl (159, 160) In terms of temporal coherence, laser diodes

and DPSS lasers achieved increased sharpness in the replay fields compared to light emitting
diodes (LEDs) and micro LEDs{EDs) (161)

Table 2.Product target specification of lasers in holographic HUDs

Criteria Requirement Result

Spatial Coherenc( Device size Contrast, speckle

Linear > 100:1 extinction ratio Contrastefficiency

Polarisation

Focused beam | Fill factor >93% Resolution

Wavelength Blue:4406480 nm, Green:53550 nm,| Luminance
Red:620642 nm

Optical output 250-500 mW Brightness

power

Ellipticity Matched to the heigkb-diameter aspeq Efficiency > 25%
ratio of the SLM
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Lifetime Automatic HUD > 10,000 h Reduced number of laser|
> 200 mW

Thermal Passive or active cooling to stabdliat 60| Stability of the output

Management °C power

Cost $2-30 Cost competitive with
high-power LEDs

Device Size 2cn Reduced HUD size

Table 3.L a s spedfisations in holography
Type Wavelength | Power Coherence Manufacturer | References
(nm) (mW) length (mm)

Diode 445 21-200 2.1 +0.02 Thorlabs (162)

lasers

Diode 808 150-300 1.4+£0.02 Coherent Inc. | (163)

arrays

DPSS 1064 100750 >50,000 Jenoptik AG | (164)

DPSS 532 5 >50,000 IPG Photonics| (165)

The spatial coherence value and the image sharpness values are directly progbsignal
Hence, light sources with low temporal coherence and high spatial coherence are suitable for
application in holographic displays to generate sharp replay field results with minimal speckle
noise. Such light sources could be super luminescent light enitiiles (SLEDS)pLEDs,
and LEDs with a broad spectrum and spatial filt@b(e 4) (157) LED backlight units have
been incorporated into an optical setup, which allowed for emitting light in a narrow cone shape
to collect the | ight (&57)denntplermentationdof5D ME®S (23s ey
W) resulted in a brightness of 13,398s (cd m?) inthedr i ver 6s eye box
homogeneity of 97% white and 83% black measured over 25 gd®& This process is
desirable for specific optical setup configurations, such as when using LCD panels with
lenticular lenses, which require a fixed angle of luminescence from the light source. The optical
setup design was simulated in OpticStudio (Zemaagkoeve an angular spot size of <1 arcmin
to match the human eye resolution to >60 pixels'd&his optical setup configuration resulted

in high brightness and the suppression of stray light in the replay field.

Table 4.LED specifications in holography

Type Wavelength | Power Bandwidth Manufactu | Referen
(nm) (mW) (FWHM) rer ces
(nm)
SurfaceMounted 450 100250 |13 Thorlabs (167)
Diode (SMD)
Throughhole LEDs | 3651650 80-1000 | 81 Luckylight | (168)
Bi-colour LEDs 470-565 60-170 |55 Neumduller | (169)

33



RGB (Red, Green, | 474, 536, 62.5, 51, | 16, 22, 31 Lumex (170)
Blue) LEDs 630 51

UV LEDs 365405 60-120 |17 Marubeni | (171)
High-Power LEDs | 940 1300 47 Lumileds (172)

3.3. Spatial Light Modulators (SLMs)

Phase modulation instead of intensity modulation is crucial for choosing a suitable SLM. This
is based on higher diffraction efficiencies of the phase modulated devices than the amplitude
modulated(148). The efficiency of the replay field projection increases when the SLM
modulates the phase instead of the interd@#3175. The SL M
modulation, (ii) a fast response time, (iii) high resolution, (iv) large fill factors, and (v)

show offer (
multilevel phase modulation for maximum efficien@48) The SLM should have adequate
resolution of at least 512x512 pixels to reproduce an accurate replay field. The higher the frame
rate of the SLM, the less the neighbouring pixels on the same hologram generated. Studies
focused on anfparallel aligned eledtally controlled birefringence (ECB) mode LCoS SLMs

(176). A Liquid Crystal on Silicon (LCoS) SLM consists of two substrates: (i) ITO coated glass

as the electrode and (ii) a CMOS backplane with a resolution of 1280x770 px. There are pre
tilted angles of ~5° which are created by a coating on both substratesadigiiment layers.

The two substrates are aligned in guarallel directions resulting in an LC cell with 1.7 pm
space ifbetween. The liquid crystal material (FIp should fill the complete cell to a
birefringence level of 0.212 and dielectric anieptr of 6.7(148). A LCoS binary SLM Figure

3.2) was developed for industrial displafis/7, 178)T h i s
A 4K SLM

manipulation such as the creation of complex beam structures with a total conversion efficiency

devi ce, however,

modul ati on. (Jasper Display) has a

of 49%(154)LCoS technology offers reflective coating and 4K display with a panel resolution

of 3840x2160 px.

a
4K Driver Board
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Figure 3.2. Working principle of the4dK SLM. (a) The principle of LCoS is based on the
alignment of liquid crystals. (b) The assembly of the SLM consists of optoelectronic
components. Scale bar: 1 cm. The inset shows the LCoD panel. Inset scale bar: 5 mm.
Reproduced with permissiqh79) Copyright 2023, WileywCH.
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The SLM was operated at 633 nm with aNe laser (5 mW). Linear poladrs allowed for
controlling the axial polasation of the laser source. The patars were crucial to find the
liquid crystal switching angle. Generally, light potad at 90° would be parallel to the fast axis
of the liquid crystal and the SLM. A minisad zero order and the clearest image appears when
all polarisers were placed at 45° to align with the liquid crystal switching angle of the SLM
(154) Metasurfaces covered by ultrathin plasmonic structures can kseditib control the
phase of light(180) There are different types of metasurfaces: (i) coupled thermal antenna
arrays for the manipulation of spontaneous or stimulated emi§s&#) and (ii) ultrathin
devices consisting of a monolayer of subwavelength-YiBAo NIR) plasmonic resonators for
controlling the wavefront of electromagnetic wavés82) However, the geometric
metasurfaces with arrays of plasmonic nanorods with spatially varying orientation showed
properties of phase control based on the geometry of their phase profile. CGHs were created
based on geometric metasurfaces that reacheddtiiffineefficiencies of 80% at a wavelength
of 825 nm and a broad bandwidth between 630 and 105@186) Other investigators
demonstrated multilayer subwavelength metal elements capable of forming a Cémplase
hologram in the IR regiof 1 0 . §183) nmjroducing metamaterials can lead to greater
control over the propagation of light, which might result in more compact, efficient, and
versatile optical componentBhe metamaterials implemented consisted of gold discs (75 nm),
rectangular patches aneébéams of various dimensions centered in a cuboid SiDstrate
(1 dAlthoubh gbldi®a suitab)e metal at the wavelength of operation (560
590 nm), Si@substrate with aspect ratio (AR) (0.25) showed significantly more absorption

em | 1

than gad substrate (AR = 0.2)he replay field had an image of 150x150 px each consisting
of 5x5 metamaterial elements. The metamaterial structures could be modified to manage
polarisation; hence, controlled anisotropy or even chirality mayberporated to the material

resulting in more degrees of control with minimal manufacturing compléxas)

Table 5.Commercial amplitude and phase SLM displays

Manufacturer | Wavelength | Panel Panel Pixel | Output Ref
(nm) Resolution | Active Area | Pitch | Frame
(px) (mm?) ( € m Rate (Hz)
Jasper Display 532/633 4096x%2400| 15.3%8.9 3.74 | 120 (184)
Hamamatsu | 532633 1272x1024| 15.9x12.8 |12.5 |60 (185)
Jenoptik 4301600 832x624 | 64x10 3.0 |60 (186)
Santec 532, 800, 1920%1200| 15.3%9.6 8.0 |600r120 | (187)
1064
Sintec 405-1550 512x512 | 7.6x7.6 15 44 (188)
Optronics
FourthDimen | 430-700 2048x2048| 21.1x22.8 | 8.2 1000 (189)
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3.4. CGH Image Generation

The ability to focus at different depths within the replay field results and layer various objects
at different distances was created by a virtual Fresnel lens based on the Fresnel diffraction
theory(190) The holograms are computationally created, and are layered at different distances
within the obser ver-éysandexterdiagyo the faefi§td1) Positoven t h e
lenses could be ut#ed as Fourietransformers for phase transformati@i92) A layered
hologram based on the angular tilting concept and a graphic rendering approach generated a 3D
hologram. In this process, a 3D object was sliced into @es$onal layers, which were placed
perpendicular to a chosen viewing direction. Additibnalepth cues, occlusion, and shading
were incorporated due to the graphics rendering approach. Parallel computing algorithms
enabled a computation time of 176 ms by using a graphics processin@Bhl) card to
generate realistic 3D image reconstrocs (193) In Figure 3.3a, the concave lens is at
distanced away from the input, which is a complex transmission function U(x,y). The lens is
il luminated by a collimated monochr@atic
Figure 3.3b-cillustrates different lens arrangements in the holography setup. No lens is present
in Figure 3.4.1b, and the light path is undiffracted. Fiigure 3.3c, the light path is shown with
a convex lengrigures 3.3d-e show a comparison between a conventional optical holographic
display system and a Fourier transform optical system with a virtual38hs

The Huygend=r e s nel di ffraction method can be
RayleighSommerfeld equations on the propagation of the electromagnetid X@%g 196)
The propagation of an electromagnetic fiéldfrom a random poinib to an arbitrary point

bcanbe described as the surface inte§i&i7)

IR

0 b®ATYb (Eg. 3.1)

whereQ ¢“7_i s the wavevector. Huygends wavel et
of light becoming a secondary emitter of spherical waveE®8) This theory leads the
preservation of straight wavefronts, which cannot be sustained unless the waves pass through
an aperture. All edges of the aperture will cause a lack of emitters leading to an overall distortion
of the wavefront diffractiorf199) Two approximations result from the ntivial integral of

Eq. 1: the Fraunhofer approximation for thefiatd, and the Fresnel approximation for a near

or intermediate field200). The first approximation, the Fraunhofer field, occurs (200}

P bS W e W e q (Eq. 3.2)
which is evaluated to a point approaching infinity. With a standard Taylor expansion, it can be

demonstrated for a large distaricg201)
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Figure 3.3. Image reconstruction in diregtew holography. (a) A negative lens with an input

of complex amplitude transmission. (b) The light path with the human eye as a positive lens
with an input of complex amplitude transmission. (c) A positive lens in adddgitdmethuman

eye lens with an input of complex amplitude transmissfdh.A conventional holography
system. (e) A Fourier transform holography systéeproduced with permissio(202)
Copyright 2021, SPIEReproduced with permissidt3). Copyright 2022, WileyvCH.
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0 o © AYohd Q- Qe ce (Eq. 3.3)

Eq. 33 represents the Fourier transform of the field function at the diffraction plane, where
(Yo describes the relative size of the resulting hologram. AnyedilSLM can only define a
retardation phase of the propagated field. This implies that a given phase at the diffractive plane
should be capable of creating an intensity profile at the far field. However, there is no analytical
solution to obtain the phaseéthe hologram plane creating an intensity profile in the Fourier
domain(203) The analytical solutions optimising the process are known as phase retrieval
algorithms such as th&erchbergSaxton (GS) method156) To obtain a solution in the
intermediate field, the Fresnel approximation is requig&dl). This presents a necessity for a
further term in the Taylor expansion. An additional approximation shows a multiplicative
quadratic tern{201)

0 ¢ ® A 0 oo Q° Q- Q aP ce (Eq.3.4)

The Fresnel diffraction is a convolution process which can be expressed as:
0 o O o Q (Eq.35)
whered 6hy is the initial field andQis the impulse response of the optical system, which is

given by the quadratic term:

M Q" (Eq.3.6)
where Qis referred as the Fresnel diffraction lens. To find the focal point with the used
diffraction pattern, the variabl@ can be set as the focal distar{2@0). Fresnel holography
utilises the encoding of asbject. The encoding process is generated with Fresnel diffraction
and interferences with a reference wave. Eq. 5 performs a transformation of the convolution

process into a Fourier transform, which allows numerical FFT algorithm implemer{2amn

3.5. Holographic Image Generation Algorithms

Fresnel virtual lens or a Gabor superlens algorithmic methods can bedutilsuperpose 3D
holographic replay fields by a summation process of their direct viewed replay field focused at
infinity (206). These methods ut#e an advanced GS algorithm for phase retrieval to oggimi

the replay field results. The replay fields were focused at infinity to superimpose the summated
results in the method to create floating replay field reconstrug@73 To achieve this result,

the focal length of the CGH was set to infinity and the projection (viewing) angle was kept
constant. The field of view was limited based on the superposition method because this effect
could have been only reached with a speaifewing angle (4.85° and 14.58° depending on

the focal length of the lens). To reduce the zero order in the replay field results, the rotations of
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the two polamsers in the setup were modulated. A layering technique achiev2d it layers

for 1024x1024 px resolution by introducing a sparse template holographic fringe pattern for
3D objects(208). In another study, UHD 3840%2160 px resolution was attained based on a
layering approach in rediime with 24 frames%5(89). This technology has the potential to be
utilised in AR application$191). This algorithmonly approach was utged to display replay

field results with multiple depths by using a stochastic gradient descent (SGD) algorithm with
complex loss functiorf209) Previous algorithms calculated the loss function generally by
comparing the obtained amplitude of the reconstructed image with the target images at different
depth planeg210). Hence, the optimisation time is a crucial challenge. The SGD uses the
complex loss function for optimisation. This reduces the optimisation time by comparing the
complex loss instead of the amplitddased multdepth loss. Hence, the optimisation time of
the algorithm is close to the singlepth optimisation timé09). Fourier and Fresnel methods
have been used to generate CGHkL) The Fresnel method generates arbitrary large images
with object depth$212, 213) The Fourier method utgses the Kinoform technique to project

the replay field (projection area) at the focal plane of a (td4) A CGH can be formed
through the phase retriedi25, 215)the wavefront recording plari216-218), the multiview

(212), and the polygotbased219, 220)algorithms such as triangular or hexagonal. With the
polygonbased method, fupparallax CGHs with four billion pixels can be obtain@21)
Phaseonly CGHs provide high diffraction efficiency for the reconstructed replay field.
Holograms capable of producing 3D aaled images with a modified GS algorit{222) By
utilising a Fresnel incoherent correlation holography, experimental and digitallyreslo
holographic images were obtain€223) This costeffective holography system could be
applied in automotive HUDs.

Multi-level phase modulators based on LCoS with a reflective coating, 4K UHD, and a panel
resolution of 3840x2160 px have a greater efficiency due to the absence of conjugate orders
and residual zero orde(824). The robustness of holographic projectors lies in the setup as
only one lens is used without a potari(225). Another advantage is the control over the output
image due to the continuation of the holographic projection, which is an important criterion in
selecting the optical setup used for applications in éassudy proposed layered holographic
projection methods to displdyHD 3D images in direetiew floating mode. A laser and an
LED at 532 nm were used. Computational algorithms were created based on phase retrieval
algorithms and a virtual Fresnel lens to project several holograms ortGadlsalisplay panel
of a 4K SLM. Additional codes such as the Wirtinger derivatives and hardware in the loop were
developed for generating multilayer 3D nege projections by adding multiple retrieved

holograms with an independent Fresnel zone plate intayiediologram(226).
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Using Wirtinger derivatives allows for posing the phase retrieval problem as a quadratic
problem, which can be miniged with firstorder optimgsation method$227) This method
facilitates rendering 3D scenes. The HOLOEYE LEM@uid crystal on silicon (LCoS) with
reflective coating phasenly spatial light modulator with a resolution of 1920x1080 px was
utilised for the optingation method. The pixel pitch of the SLM was 6.4 um, resulting in an
active area of 12.28x6.91 mMnA single optical filbe was coupled to laser diodes (446 nm, 517
nm, and 636 nm), in combination with collimating optics, to illuminate the SLM in the optical
setup. The laser power was contedllby a laser diode controller, and the output was linearly
polarised. The SLM had a refresh rate of 60 Hz, which was illuminated by the laser source in a
colour field sequential manner. This method reached a reconstruction quality of 40 dB. Others
developed accelerated algorithms by combining coherent ray tracing (CRT) algorithms with
look-up tables (LUTs}228), combining data compression with LUZ29), and by introducing
customsed computer clusters such as the HO&®(R30) The developed method outperformed
double phase encoding holograms by more than 10 dB across all dé2adgtOthers
managed to obtain reconstructions with aN#elaser (633 nm, 5 mW) and a 4K SLM with
reflective phase modulatioBD holograms were directly observed floating as ghost images at
different focal distances and siZ@82) Concave and convex lenses were varied at the output
of theLCoSdisplay panel in the diresiew mode to increase the field of view of the hologram
up to the size of the beam splitter

Every image can be represented as an intensity map of pixels. The most crucial parameter
which can be varied currently is the phase. The phase controls the replay field projection by
regulating the pixeto-pixel interaction233, 234) The phase can additionally control the
gratingso i nt g23% 236)iTmsrparameter tispaam@uBthh the FFT method
when creating the CGH because it can be varied to agatitihé replay field projections either
manually or computationally. When the CGH is created with the FFT, one limiting factor is the
bandwidth of this system containing the amount of gra{ipg8) Therefore, the phase between
0 and 2 is applied to set the amount of grating within the limits of the bandwidth of the
supersystem. A method was developed to opéirtie CGH, which was based on the FFT and
the GS method&00) This method was based on the phase retrieval method to sgptimei
replay field projection. The GS method was based on a chosen phase map, which was applied
to the square root of thiatensity map of pixels from the original image with an iterative
approach(238, 239) The FFT was based on a discrete amount of pixels (points) to prevent a
continuing source of pixels into the FT integral form(#40). Each pixel had one grating in
the original imagéQohy . The inverse Digital Fourier Transform (DFT) of the original image

provided the total amount and the arrangement of the discrete gratings, which could be defined
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as the sampling of an image. To improve the replay feetgection, the grating could be
modified with a GS cod€L60, 241) The DFT and the FFT were different equations leading to

the same result; hence, the FFT equation was used for the FT in the GS algorithm. In the DFT,
the output determinel points each consisting &f number of input points, which needed to

be multiplied by a complex number. In mathematical terms, the problem can be displayed based
on the complexity of the ordér 0 . In the general cas®|xN input and output points were

used. ThereisaconstantfactorYf t argeted to increase the al
(192, 242) The use of FFT accelerates the traditional computational pr{t@3sTo reduce

the size of the optical setup, algorithms could be implemented as functior(§ farage
conversion into a hologranmstead of a holographic plate, and {ifegration of a virtual
Fresnel lenses to remove at least one lens in the optical setup. Furthermore, algorithms could
be used to test optisation and focusing functions: (i) GS function, (ii) Fresnel function, and

(iii) scripts for generating multilayer holograr(®9, 243)

3.5.1. Functions
The functions evaluate the mathematical expressions. Thatigematical expressions are

validated within the functionds algorithms.

Conversion of 3D objects into hologranksinctions have been developed to implement the GS
algorithm, which iteratively finds an optimum value for a mphase hologranfl56) A

Fourier transform was taken to approach the target image. The input variables in this function
were the initial phase of the hologram, the target image intensity, and the total number of
iterations. To start the function, an initetion of the mode is achieved byoa loop (215) In

thefor loopscript, a hologram is defined with an initial allocated phase. When the FT is applied
to the hologram, a new phase of the final replay field result is retrieved. This indicates that the

phase of the replay field image is extracted and combined withrget taagg238, 244)

Algorithmic virtual Fresnel lens and Gabor superleds virtual lens creates a virtual
propagator system that enables an experimental and theoretical study of beam propagation and
light diffraction withoutphysically moving any optical compong245) Virtual lens simplify
the optical setup by decreasing the required number of lenses. An angular spectrum method that
used Fresnel and Gabor superlens zone plates was implemented on@phdsM (PLUTO,
HOLOEYE Photonics). The SLM had a reflective LCa®rodisplay (1920x1080 px). The
pi xel pitch of the StaMlevell90) Bhe design ofithe aldoritiin5 6 ¢
included holograms capable of producing 3D images at different distances, where the effective
plane of observation could be changed. This process was carried out by changing the encoded
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propagation instead of physically moving components in the optical setup. The input variables

in the algorithm are the size of the grid in #@ndy axes, the physical period of the pixel pitch,

the focal point of the target, and the wavelength of the optical {&86) A mesh of
coordinates in the axes is generated and evaluated, thereafter, the Fresnel and Gabor functions
are retrieved101) Additionally, an acceleration of the virtual Fresnel and Gabor superlens
implementations can be achieved by a GR46) Holographic computations integrating at a

standard graphics pipeline enables-teak (>90 Hz) data processing.

3.5.2. Scripts
A script is a set of commands developed to test the functions of the vatigtaithm €.g, in
MATLAB, Python). The following scripts describe each step of the algorithmic testing process.

Test of the Gerchber§axton functionThe output of this script consists of an opteai
hologram that reconstructs a target image at the far field. This script has the following steps: (i)
a general user interface is wgdd to retrieve an image, (ii) the image is converted to grayscale
and normabked, (iii) the GS algorithm is executed with a random phase, the target and 10 cycles,
(iv) the retrieved hologram phase is norrsadi and saved on the hard drive, (v) the hologram
phase is utibed to retrievethe reconstruction through an FT, (vi) the retrieved hologram
reconstruction is stored on the hard drive, and (vii) the sigrabise ratio is calculated.

Test of the Fresnel and Gabor superlens functidriee compiled Fresnel and Gabor
functions are run and tested in this section. These two scripts consist of the following steps: (i)
the Fresnel/Gabor function is defined with a given Stddolution, an SLM pixel pitch (A
smaller pixel pitch of preferable, refer to Table 5 pixel pitch comparison), one or more light
source wavelengths (If two light sources are consideredctlaor spatial multiplexing in the
field of view can be achieved.), and the desired focal distance, (ii) the retrieved phase is
redefined intherangeef t o °~, and (iii) the resulting
to be implemented in the hologtapsetup(205, 247)

Multilayer hologramsTo create multiple layers in the replay field, virtual Fresnel and Gabor
superlens functions and a script are applied to define the focal distance for each holographic
layer (66). Furthermore, a single hologram or multiple holograms can be dgf24&) The
|l ens makerds formula allows for recreating
Fresnel len$249) The multiple layers script consists of the following steps: (i) the parameters
are defined, i ncluding the resolution of tt
the wavelength of the excitation source (671 n@§0) The target complex amplitude
distribution is defined as the amplitude ranging from 0 to 1. The optimal angle between the

reference beam and the object beam was found to b€2U2} (ii) With known focal lens
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lengtht he | ens maker s formula is applied to r
A for loopis utilised to combine through addition of the fields of each hologram: (1) the images
are retrieved, normaied and raised according to the dimensions of the SI08{x1080 px),

(2) the GS algorithm is applied with a random initial phase and the image target for several
cycles €.9.10 iterations), (3) a Fresnel zone plate is created and added to the hologram, and
(4) the retrieved hologram islded to the previous hologram to create a Hoyelayer effect,

and (iv) the image hologram is stored in the hard d@8%e 191)

Hologram generationThe GS algorithm was the first method to opsenphase retrievals
(159) The algorithm operates by comparing phases of the several original images present in an
image and their replay fields. In a CGH, the phase at the SLM and the phase in the replay field
result are unknown during the computational GS process. The interisttye ISLM is
programmed to 1 in a loop to determine the unknown parameter of the phase of both the original
image and its replay fiel@47) During this computational process, the GS algorithm allocates
a random phase to each pixel of the original image. The Fast Fourier Transform (FFT) is run to
obtain the phase parameter in the replay field ré88)t This process is repeated several times,
where each time the retrieved phase is allocated by the algorithm to each pixel of the original
image, and a different parameter for the phase of the replay field is gen@&ltgd he GS
algorithm represents an iterative process of the FT with specific boundary conditions at the
input and output planes. The function at the input plane is retrieved when the target image at
the output condition plane is assigned. In the case ofranketween the reconstructed image
in the replay field result and the original target image, the pbialgefunction is obtaine(1L86).
Additionally, multiphase retrieval algorithms, which contain several pbakefunctions, are
used to reconstruct the replay field as the target, where specific Fresnel holograms include the
information of the original obje¢R239, 252)

Image recreation systems could be achieved through monocular cues and binocular disparity
(253, 254)Monocular cues, which were generated with 2D imaging, were visible with one eye,
where the occlusion effect used layering to empghatlie object overlap in the ferand
background(253) Pictorial depth cues were due to shading and perspective rendering. A
dynamic version of the monocular cues was represented by the motion parallax, where objects
at a greater distance from the observer (>10 m) had less lateral movement than of clctser obje
to the observer (<3 m). This method was achieved by the rotation or translation of a scene in
2D with a parallax effect in the rendering proc€38, 255) Original images could also be
recreated through the binocular disparity (stereopsis), which defined a visual process for both
eyes when a scene is viewed from slightly different an@®&4, 256) This process recreated

close to realife holographic projections due to the meshing process of 2D scenes in one
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coherent deptiperceived visual response. Different layers could create holograms at different
depths(131) A modified GS algorithm was generated to create CGHs with depth by using a
layering technique, which superimposed up to four holographic replay field (Ap&sin

other studies, by superimposing layers with an ogéthialgorithm, the hologram generation
time was reduced by four times for application in dynamic 3D holographic displays and HUDs
(99, 257)

The GS algorithm generating pham@ly CGHs has fast calculation ability due to an iterative
Fourier transform proceg244) The underlying principle of the iterative Fourier transform
algorithm is Fraunhofer diffraction, which limits the projection distance to the focal plane of
the lens(91). Hence, this algorithm is limited to the 2D plane as for 3D images the light
propagation takes place in the néiatd diffraction with the angular spectrum, the virtual

Fresnel or Gabor superlenses, and the Fresnel diffra@b@)

3.6. Equipment for Generating 3D Holograms

A HeNe laser (random polasat i o n, =632. 8 nmlens §=3.80Whm, an
NA=0.47), a planeconvex lens (f=75 mm, @1", K7, ARC: 356700 nm), achromatic
doublet lens (f=100 mm, @1"), a linear potari (J1", NBK7, 38% transmission), a polymer
zercorder halfwave plate (1", 633 nm), ngolarizing beamsplitter (50:50 split, 30 mm), an
optical power meter interface with USB operation (PM100USB)adtdD SLM (3840x2160

px, EXULUS4K1) were purchased from Thorlabs. The UHD SLM was manufactured by
Jasper Display Corporation and had an operating wavelengtl®-&5@0nm, phase/retardance
range of 2° at 633 nm, frame rate of 30 Hz
camer a -rhourt full-fiameEBensor (35.8 mmx23.9 mm), 24.3 MBhd a camera lens

(FE 2870 mm, F3.55.6 OSS) were purchased from Sony. A Range Rover Velar model (h=110
mm, w=37 mm, h=53 mm) wasedto simulate a redife background object

3.6.1.AR CGH ImageGeneration

CGHdatawascreatedusingSolidWorks2020(SP2.0 DassaulSystémesCAD modeling,and
importing LIDAR data into MATLAB (R2020a, MathWorks). The CGH data was
communicated to the UHD SLM via HDMI. The processing time to generate the CGH via the
MATLAB code on a Lenovo ThinkPad laptop {(8880H, 2.30 GHz, 64 GB RAM) withn
NVIDIA GeForce GTX 1650 MaxQ 4GB GDDR5 graphics card required 4.5
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3.6.2.LIiDAR Terrestrial Scanner Data Collection Process

A RIEGL VZ 400 (RIEGL Laser MesdfaLiRAReatas Sy s
collection. The scanner used has a wavelength of 1,550 heana divergence of 0.35 mgad

and a measuring range of around 60QAMMAR systems emit a wave that avoids interference

with other sensing deviceg.(, cameras, human eye). Hence, the emission wavelength of
LiDAR is predominantly located in the neiafrared rangeThe LIDAR data was obtained from
scanning MaleBtreetand Hampstead Heath in London. Data was-postessed in RiISCAN

Pro (RIEGL Laser Measurement Systems GmbH) to produceregesier point cloud in an
arbitrarycoordinatesystem.The objectson the sidewalksof the scannedtreetwereprocessed

by usingseparation algorithms containing four different filters. Thieriaof anidealSLM are
aphasemodulationdeviceinsteadof anintensitymodulationthe efficiency of theeplay field
projection increases when the SLM modulates the phmstead of the intensity. The next
criterion is the bandwidthdaf he modul ati on of the SLM: at |
in the SLM for maximunefficiency. The SLM should have adequate resolution to reproduce

an accurate replay fieldhe UHD SLM had 8LMpvhsaperatedi633nth™ . Tt

wavelengthwith anunpolarsedHeNelaser(5.0mw).

3.6.3.Modulation of Linear Polari sers

In the UHD SLM setup, linear polaars (31", N-BK7, 38% transmission) were placed to
control the polagation of the light source as the laser light before the selanvere not
polarised to any axes. The polsers were crucial during all experiments as a grayscale map
was developed by having found thecaled liquid crystal switching angle. Two poksis

were used before the beam splitter and the replay field image was observed when geespolari
were rotated, one at a time. Generally, light pstatiwith 90° would be parallel to theisvof

the liquid crystal and the SLM. The least zero order and the clearest image appeared when both
polarisers were placed at 45°. Hence, the liquid crystal switching angle of the SLM was 45°.
The zereorder region at the origin of the replay fielkhs due to undiffracted lightThe
polarisers were utilised to calibrate the optical setup by generating a grayscale map to find the

liquid crystal switching angle.

3.6.4. Materials

A UHD SLM (3840%2160 px, EXULU&K1 from Thorlabs), three singlaode filre pigtailed

laser diodes with FC/PC connections (488 nm at 20 mW), (520 nm at 15 mW) and (642 nm at
20 mW), three plangonvex lenses (f=150 mm, @1";BK7, ARC: 3586700 nm), and a nen

polarizing beamsplitter (50:50 split, 30 mm) were sgili in the study. The UHD SLM was
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manufactured by Jasper Display Corporation and was found to have an operating wavelength
of 400850 nm after calibrations studies with full factor of >90%, a panel active area of 15.6
mm I 9.2 mm, pixel pitch of 3. dmandsd?nmmhdas e/
a frame rate of 30 Hz. The replay field images were taken with a digital camera and equipment
from Sony-mduttfulSfrandsénsoE(35.6 mm x 23.8 mm), 24 MBRhd a camera

lens (FE 1635 mm, F2.8 GM).

3.7.LIiDAR Object Mapping and CGH Generation

The Li DAR data was col |l ected ksocessedinRisCAN R1 E
Pro to produce a database of point clouds in an arbitrary coordinate system. The objects were
processed by using separation algorithms containing four different filtdWeATLAB. The

CGH generation was achieved by importing processed 3D objects into MATLAB (R2022a,
MathWorks). The CGH data was transmitted to the UHD SLM via HDMI for replay field
projection data. The processing time to generate the CGH via the MATLABatod Lenovo
ThinkPad laptop (i9.2900HX, 5 GHz, 128 GB RAM) witanNVIDIA RTX A5500 graphics

card required an average of 0.47As Ultra-High-Definition (UHD) SLM with a panel
resolution of 3840%x2160 px, the EXULUE1 from Thorlabs was utsded. Additionally, a
singlemode filve pigtailed laser diode with FC/PC connection (642 nm at 20 mW), a-plano
convex lens (f=150 mm, @1",-BK7, ARC: 358700 nm), and a nepolarizing beamsplitter

(50:50 split, 30 mm) were utd#ed in the study. The UHD SLM operatatl406850 nm, with

a full factor of >90%, a panel active area of 15.6 mm x 9.2 mm, a pixel pitch of 3.74 um,
phase/retardance range of 2° at 642 nm, and
results were taken with a digital camera from SGny r p . ( -tdourg, full -ftame séhsor

(35.6 mmx23.8 mm), 24. MP) and a camera lens (FB5L&im, F2.8 GM).

3.8. Methods for the Point Cloud Data Analyses

To obtain the floating 3D mixed reality holographic replay field results,algorithms were
created: 1. The Comput&eneratedHologram (CGH) algorithm which generated the
hologram and 2. The layered algorithplacesthe resulting 3D virtual object at the desired
distance matching the size to Hif objects at the distance. The original 3D objects were
generated with SolidWorks and imported into MATLAB (R2021a, MathWorks). The
processing time to generate the CGHR tie MATLAB code on a Lenovo ThinkPad laptop (i9
9880H, 2.30 GHz, 64 GB RAM) with a NVIDIA GeForce GTX 1650 Ma@4GB GDDR5

graphics card required an average of 0.2 s.
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3.8.1.LiDAR Data Acquisition

A RIEGL VZ 400 (RIEGL Laser Me as ur ssthidm t Sy
LiDAR data collection. The LIDAR data was obtained by scanning Malet Street in London.
Data were posprocessed in RiISCAN Pro (RIEGL Laser Measurement Systems GmbH) to
produce a ceegister point cloud in an arbitrary coordinate system. The obgctthe
sidewalks of the scanned street were processed by using separation algorithms containing four

different filters.

3.8.2.0ptical Setup

A He-Ne laser (Thorlabs) with random pokation was utilsed. The laser was operated at a
wavelength of &2=632.8 nm and a power of 5 m
(f=3.30 mm, NA=0.47), plancconvex lens (f=75 mm, @1",BK7, ARC: 356700 nm), a

linear polarser (31", NBK7, 38% transmission), a polymer zesaler halfiwave plate (31",

633 nm), and a nepolarizing beamsplitter (50:50 split, 30 mm). A 4K SLM (3840%x2160 px)
manufactured by Jasper Display Corporation was used to display the holograms. The phase
only SLM operated at a wavelength range of 600 nm and was determined to possess a
phase/retardance range of 2° at 633 nm, a f
ASony digital enooneafull-frame sersor (36.6 mnix23.8 mm, 24 i)d

a camera lens (FE 13 mm, F2.8 GM) were utded to capture the replay field results.

3.8.3.Algorithms and Hologram Generation

The obtainedAR holographic image projections required the capability to map each point of
the point cloud data in x, y, and z coordinates. The number of points and the brightness of each
pixel were controlled to recreate the rifd LIDAR objects. Each extracted poiclbud object
identified as a potential hazard varied in the number of points. The maximum number of points
was the tree and the truck objects with 400k points each. An algorithm was generated to extract
the point cloud points of the chosen hazardous tbjElee algorithm extracted a pre
programmed number of points from the total collected amount of point cloud points from the
position utilised to collect the LIDAR data. After the 3D object was extracted from the overall
data, it was mapped in MATLAB (R2022b, MathWorks) in X, y, and z coordinates with a
controlled number of points (nk = 100, 1000, 10000, 100000, and 400000). The algorithm was
performed at each number of points to obtain the time with the CPU and the GPU parallel

processing.
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The processors used in this work were the Tn@dré™ i7-8665U @ 1.90GHz, 2.11 GHz
with 48 GB RAM, the Intél Core™ i9-10885H @ 2.40GHz, 2.40 GHz with 64 GB RAM, the
Intel® Core™ i7-1185G7 @ 3.00GHz with 48 GB RAM, RTX 3070 AMD Ry£erv 5800H
Processor @ 3.20 GHz, up to 4.40 GHz Max Boost, 8 Cores Nvidia RTX A5000 24 GB GDDR6
Graphics Card, Intel® Coke i7-1280P 1.8 GHz at 48.0 GB RAM and the Ifit€loreE i9-
12900HX @ 5 GHz. All running times were compared equally between the different machines.
The machine with the highest number of cores (16) performed most efficiently and the
machines with the least number of cores (4) performed least efficiently. thitetime
comparison of ta GPU against the CPU, the brightness of each pixel was controlled by an
algorithm that extracted the depth information of the LIDAR point cloud data and recreated a
matching brightness of each pixel representing depth information. This method was
implemerted to generate depth cues such as accommodation and occlusion in the replay field
results. Additionally, a method was developed to match thdifeabjects in size and distance
in the replay field by introducing a virtual Gabor lens based on the imatinel imaging
approach. First, the hologram was computationally created by using the previously described
algorithm to create a layer in the replay field in the Fraunhofer region. Secondly, the hologram
was placed in the middle of the replay field at ffedent depth compared to the first CGH to
match the size of the replay field result to the original object. The virtual Gabor lens was at a
calculated distancd away from the input, which is a complex transmission function U(x,y)
illuminated by a collimeed monochromaticHBle | aser | i ght (&=633 nn
360° rotations (20°, 80°, 120°, 160°,180°, 200°, 250° and 310°) were generated due to the
imported LIDAR point cloud data into the x, y, and z coordinates in MATLAB. A 3D rotation
was peformed based on the 3D rotation matrices to obtain the gradual 3D object rotations. This
process was carried out to demonstrate that the depth information was present in the replay field

results and for the full assessment of the 3D object as a hazheddover.

3.9. Methodsfor the RGB Fibre LaserExperiments

3.9.1.LiDAR Data Acquisition

An Apple iPhone 13 Super Retina XDR OLED, 12 MP camera, /1.6, 26mm (wide), 1.7um,
dual pixel PDAF, senseshift OIS and 256GB 4GB RAM with integrated LIDAR sensors
were utilised for LIDAR data collectionThis mobile technology is ubiquitous and could be
deployed in cars as a cadffective LIDAR technology without requiring integrated systems.
The iPhone LIiDAR sensors created accurate-hggiolution models of scanned street objects

with a greatem bedgtam talbam | @@l 3D models ofrrcact y o
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obstacles for automotive appl i amwithaoabsoluei t h
accur aacywarefcollétted LIDAR is a widely usid method to measure distances by
timing the return pulse, emitted from a laser transmitter to the laser re(2»@rThe road
obstacles were col | ecthgdtrafficacas sucthas Futhanr Falace s o
Road and High Street Kensington. The data was-asiessed to extract the desired road
obstacles by using separation algorithms containing four different filters.

3.9.2.0ptical Setup

Three RGB fibelaser sources (488 nm at 20 mW), (520 nm at 15 mW) and (642 nm at 20 mW)
(Thorlabs) were utitled and integrated into the optical setup. The lasers were operated
automatically with a generated LabVIEW software to control the intensity and flicker rate of
each of the three | aser sources at a wavele
and a power of 15 mW and =642 nm and a pow
include a planeonvex lens (f=150 mm, @1",-BK7, ARC: 358700 nm), a noipolarizing
beamsplitter (50:50 split, 30 mm), and a Thorlabs!l¥nnel wavelength combiner with ports
operating at Port 1 = 488 nm, Port 2 = 532 nm and Port 3 = 640 nm. Additionally, a 4K SLM
(3840x2160 px) manufactured by the Jasper Display Corporation wasditii display the

three generated holograrmssquentially The phas@nly SLM operated at a wavelength range

of 400700 nm and was determined to possess a
operated wavelengths, a frame rate of 30 Hz, arduftion of (RMS) <5%. A Sony digital
camer a (mbanSafull-frdme $ensor (35.6 mmx23.8 mm, 24 Vé@)d a camera lens

(FE 1635 mm, F2.8 GM) were utded to capture the replay field results.

3.9.3. Calibration of the LIDAR Data Acquisition Process

The LIDAR sensors were first tested on known dimensions of road traffic signs. The iPhone
was centered on every road sign amehsuredlistances ranging from 35 cm to 1 m. Each road

sign scanning process was repeated five times to account for precision when camfieged
postprocessing process. The scanned data was collected with the help of the iPhone App called
A3D Scanner AppO version 1.8.2 accessed in
exported from the collected model into a text filghw6 columns which would be later
processed with a generated MATLAB algorithm. Although the iPhone offered already Apple
Incc.software to process the raw collected LilL
ancveiyPoinb t he goal of t his wor kpointelosidbased d e v
algorithm to extract specific road obstacles and create RGB holograms to be projected as replay

field results. Another reason for the custetaborated algorithm was that the number of points
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collected and to be processed is not limited as opposed to the providediikp@#eps are
limited to 12 million points in a point cloud. Another reason for the pbaded chosen
approach is the flexibility and brightness control of every point procesdedery point
contains depth information and is reflected in the replay field result creating sactomate

representation of the real 2D object.

Algorithms and Hologram Generation

The pointbased method utdesspherical waves emitted from point sources with each having
one X,y, and z coordinate to be computed and superimposed within the hologram plane. A
minimum of 400000 points is required to generate a sufficient surface density to achieve a
smooth and accurate replay field result. The computation time needed to process the point
based coordinates is proportional to the product of the number of points and pixeads in th
hologram. To achieve UHD in the replay field results, the computation time increasexbip to
minutes with GPU parallel processing to proc#3@,000points.The iPhone point cloubdased
method utilses several arbitrary polygons to generate an object suifagpare 3.4). In this

work, the polygons were regarded as arbitrary triangles and solved analytically. Each polygon
was regarded as a surface source of light. Wave fields emitted from each arbitrary polygon were
computed by numerical methods based on wave opticgdinglan acceleration on the GPU
parallel processing module.
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4. LiDAR -Derived Digital Holograms for Automotive
Head-Up Displays

This chapter introducemautomotive headp display to project 2D and 3D UHD images using

Li DAR data in the driverods fiel d oterrestriale w.
laser scanner and was converted to CGHSs. The reconstructions were obtained with a HeNe laser
and a UHD Spatial Light Modulator with a panel resolution of 3840x2160 px for replay field
projections. By decreasing the focal distance of the CGidsdreorder spot was diffused into

the holographic replay field image. 3D holograms were observed floating as a ghost image at a
variable focal distance with a digital Fresnel lens into the CGH and a concavihehsDAR

data acquisition in this chagtwas carried out in collaboration with Dr Phil Wilk&is work

was published in Optics Express in 2q291)

4.1. Introduction

HUDs should project information within the eye box (15x15caf the driver. The eye box is
required to achieve minimal interference with driver assistance systémesdriving behaviour
(152) A collimated optical system needs a predefined exit g@pB) As conventional HUDs
are fixed, retaining a small exit pupil is challengi{@$2) A panoramic display can enable
projecting directly in the eye box of the driver.

LIDAR systems complement camera or radased perception to increase accuracy and
safety in autonomous ca(263) LIiDAR instruments are active sensors that illuminate the
surroundings by emitting either pulsed or phas®ulated light; the range is then measured
precisely by processing the backscattered laser waveform. LIDAR sensors seé fatilobject
detection, classification, tracking intention predictiand depth layer analys€x64) Mounted
on a moving platform, LIDAR has emerged as an indispensable technology to generate a
detailed 3D representation of a locality. The benefits of using LIDAR sensing not only include
leveraging both image and 3D point cloud information but also atzunoving object
detection and grid detection for localiion and mappin¢265) The incorporation of LIDAR
data in holographic HUDs is highly desirable to project images in creatiAg &xperience.

CGHs of 2/3D LIDAR projections were developed based on a modified GereShgtgn
algorithm for phase retrieval. The LIDAR data was collected from a public road in London
using a 3D terrestrial laser scanner. The acquuageform data was processed to dsgitihe
echo signals in the form of CGHs. Holography setups were developed to generate UHD images
of the LIDAR data with a panel resolution of 3840x2160 px: (i) 2D projections with zero order,

(i) 2D projections with diffused zero order, and (iii) 3D prdiess with zero order in the far
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field. Multi-level phase modulators used in this work have a greater efficiency due to the
absence of conjugate orders and residual zero orders. The ability to display holographic LIiDAR
images setup can have safety and security applications in the ttatispaector.

The novelty of this work is the enlarged eye box of the driver, the alignment of the
holographic objects in size and distance with-fiéalobjects in the 3D floating AR vievand
the contrasted and accurate replay field results without zero order. The eye box developed in
this work meets the size of the holographic objects of the same size as-ttfie obgects which
act as an addition t o abdutgoadiobstacles.rTbesadditioneflthd o f
LiDAR point cloud data has thedvanageof reatlife scanned data from public roads witfe
potential to integrate the data into the urban environment to project 3D road obstacles into the

driver 6 s freatimd of vi ew in

4.2. Experimental Results

A 3D terrestrial laser scanner was a#til to collect LIDAR dataKigure 4.1a). The scanner
had a reference beam wavelength of 15%0 a beam divergence of 0.35 mrad, and a
measurement range 600m. The scanner captures data at 122 kHz and has a range accuracy
of 5 mm accuracy with a repeatability of 3 mikigure 4.1b). Figure 4.1c shows the
experimental setup for LIDAR data collection of an object (tree). The LIDAR produces
echo signals (waveform data) from the emitted pulses of the oldjegisd 4.1d). Malet Street
(51.5214° N,-0.1302° W) and Hampstead Heath (51.5608° N, 0.1629° W) in London were
scanned. For example, Malet Street was scanned at 11 positions along the streetositiesch p
an upright and tilt scawasacquired Figure 4.1€). Data was pogprocessed to produce a-co
register point cloud in an arbitrary coordinate system.
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Figure 4.1. LIDAR datacollection.(a) Featuref the 3D terrestriallaserscanneffeaturinga

pulsedaserscanne( o = 1 nnf, phoOtodiodetimer circuit,andautomateaontrolof thefield
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of view (100° vertical, 360° horizontal). (b) The LIDAR scanner s#tli a reference beam to

scan theobjects in the environment with a scdata acquisition of 5 mm accuracy and 3 mm
repeatabilityand a measurement range of 600 m, enabling a measurement rate of 122,000 points
s. (c) Theexperimental setup for LIDAR data collection of an object (e.qg. tree). (d) The echo
signals(waveformdata)basedon the emittedpulsedof the laserandreturnedwaveformwere
analysed. (e) B i r-eyéview of Malet Streetin London, showingthe direction of LIDAR
scanningScalebar=30m. Theinsetshowsthe scannedtreetposition.Scalebar=10m. (f) A

LiDAR reflectancamage of a scanned street position (inset in (d)), demonstrating the ability
to distinguish objectsuchas vehicles and tredeproduced with permissiqt91) Copyright

2021, Optica.

A previously developed opesource Python library called TLSeparation was used during
this study to perform a classification of TLS data separd66) This package, including
filters, separation algorithms, and classification of collected data used geometric features and
structural analysis to classify individual point clouds into different materials. In total, four
algorithms, two based on path detectand two based on pointwise geometric features were
introduced. The pointwise algorithms were based on adjustments to the classification and class
labeling. The path detection approach based on point arrangements from trees as connected
topological netwrks were newly introduced by Vicari et §266) The validation of the
separation algorithm was carried out using a direct comparison of manually classified randomly
sampled points from point clouds measured from real objects.

The objects in the scanned street were processed by using separation algorithms containing
multiple filters. The separation algorithm had 10 point clouds. The accuracy of the separation
algorithm consisted of 90% correctly identified objects and the petictibn showed an
accuracy of >80%Frigure 4.1fillustrates the reflection points of a street locatieigre 4.1e
inset), showing the ability to differentiate between objézig, buildings, vehicles and trees

To connect the pogirocessed LIDAR data with the holographic technology, the contrasted
objects obtained at different focal distances were converted into an object plane. A Fourier
transform was then applied to the object plane to holographically ptiogeiciformation within
a single layer at the desired distance of the driver. Hence, this technology presents a
personake d approach to project 3D floating hol
fieldofview, encompassi ng teyeboxStuideshave proventiheimgortancee r 6
of displaying data in specific areas of the
hazards of distraction to the driv@i6). The varying ability of the holographic pgstocessed

LiDAR data to be displayed at different distances within one single pagsentan addition
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of depth recreating th&R experience. An examplef the arranged information displayed in
the driveros field of view, objects such as
to humans at various focal distances.

A holography setup was developed to project the 2D UHD images on a viewing screen
(Figure 4.2a) . The holographic projection setups
mW), an aspheric lens (f=3.30 mm, NA=0.47), achromatic doublet lens (f=100 mm, @1"),
linear polarser (31", NBK7, 38% transmission), a polymer zesaler halfwave plate (31"),
non polarizing beamsplitter (50:50 split, 30 mm), aaddHD SLM. The SLM employs a
Liquid Crystal on Silicon (LCoS) microdisplay to create higBolution (38402160 px)
reflective phase modulation with individually controlled pixels. The LCoS microdisplay panel
consistf a liquid crystal layer sandwiched between a reflective electrode (bottom layer) and
a transparent and conductive indium tin oxide (ITO) electrode (top laye)reflective layer
produces individually controlled pixels. When a voltage is applied, an electric field is formed
between the two reflectivelectrodesandthe ITO electrode. The strength and direction of the
electric fieldallow for controlling the alignments of the birefringent liquid crystal molecules to
modulate the phase shift and retardance of each pixel. When the LCoS microdisplay is
incidentally illuminated with a HeNe laser beam wavefront, the panel can reflect theaptase
shift the wavefronbased on the individually controlled pixels.

Figure 4.2bshows the experimental projection setup to display 2D holographic images. An
unpol ari sed HeNe | aser (a=632.8 nm, 5 mWw)
(f=3.30 mm) and collimated with another lens (f=100 mm) to obtain a beam of @30 mm. A
linearlypolarised (31", NBK7, 38% transmission) polymer halfave plate (&d1") was utilised.

An image (to be projected) was converted to a CGH pattern and communicated to the SLM
through a HigkDefinition Multimedia Interface (HDMI). The computationaikctl length was

set with a digital Fresnel lens to 100 m at a beam wavelength of 633 nm. To display the far
field diffraction a planeconvex lens (f=75 mm) was used. To calibrate the holography setup, a
slanted line (45°), a grid, and fine slanted lin€s 46° and 90°) were displayeligure 4.2.9.

Figure 4.2d shows that the holography setup displayed thefiéa diffraction patterns
correctly.Figure 4.2eshows the optical power measurements of the diffracted patterns, where
the zereorder and the difaction spots were identified in the far field. CGHs were created at
the SLM, and the beam was projected into the screen through another lens to obtain a
reconstructed image, the-soa | | ed Arepl ay fieldo of the ho

of the LCoS SLM, a beam splitter was necessary to divide the input and output beams.
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Figure 4.2. Optical setup to generate 2D images with zero order. (a) Schematic of the
holographicprojection setupshowing a HeNe laser, a focusing lens, a polariser, anzalé

plate, a beamsplitter,anda UHD SLM (3840x216(Xx). (b) The experimentaketupallowsfor
projecting?D holographicmages.The insetshowsthe LCoS microdisplaypanel.(c) Patterns
(slantedine, grid, fine lines at 0°, 45°, 90°) that are projected to a screen. (d) Projected patterns
in the farfield. (e) Optical powemeasurement athe projected patternfReproduced with
permission191) Copyright 2021, Optica.

This study focussed on the phasdy CGH as it had a higher diffraction efficiency for
enhanced reconstruction in the replay field (projected area). Hence, this approach was phase
only as the phase component of the hologram was kept while it was sanipledumiform
grid lattice. The most important parameter which could be varied in both the SLM plane and
the replay field plane, is the phase. The phase at the SLM was controlled pixel by pixel, in a

similar fashionto a display(233, 234) This crucial parameter is paramount when creating the
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CGH as it can be adjusted to optmthe replay field projections. When the CGH weslelled
with a fast Fourier transform (FFT), a limiting factor was the bandwidth of this system to
contain thenumberof gratings(237)Hence, the phase between 0 a
amount of grating within the limits of the bandwidth of the supersystem. Herein, The CGH was
generated and optisad through the FFT in the Gerchb&gxton method. This optisation
method utilses the square root of the intensity map of pixels from the original image as the
modulus of the target field to find an optsad field in an iterative approa¢i38, 239) The
original object (LIDAR data) was represented as an intensity map of pixels. There are two
unknowns in the equation to obtain the optimal replay field result: the phase at the SLM and
the phase at the replay field. The intensity at the SLM was seta® dn optimal result
parameter; however, the crucial parameter determining the replay field result was the unknown
phase of both the original object image and the replay field projection phase. Hence, the
GerchbergSaxton algorithm allocated a random gd@n each pixel of the original image and
ranthe FFT through it, hence a result for the phase parameter in the replay field was generated.
This iteration process was repeated multiple times, where each time the retrieved phase was
allocated by the algorithm to each pixel of the original object iy a different parameter
for the phase of the replay field was obtained. A FFT accelerated the calculation of the discrete
Fourier transform from an input sequence. During the hologram generation proeesgptht
image could be varied by amplitude and phase.

To validate the ability to project 2D images, solid modeling comgaitkrd design (CAD)
wasconverted to holograms and displayed in the far fieildure 4.3a). To test the resolution
of the developed optical setup, 3D CAD modetse utilized to validate the accuracy of the
replay field resultsThis method allowed for the most accurate 3D replay field results outlining
the 3D model silhouettes and depth through shadows and visuabeuesaBD CAD models
were created to demonstrate different depth representations of the opticdFsgivgp 4.39.
This allowed forillustrating binoculardisparity and accommodation to visualise Gfijects.
After this method achieved accuracy and the depth cues in the replay field results, the LiDAR
objects werealso projected Figure 4.3d,f). These results achieved depth through accurate
shadow representations crucial for the application in 3D automotive HUDs. First, a tree was
chosento present an object with an increasmmplexity due to a high number of points
(400,000 points) and detai(se. leave3. When this 3D object was precisely projected, the
application for displaying human within the genedatdJD wasalsoverified (Figure 4.3f).

To determine the optimal phase angle, the psesiwere rotated to minisa the zero order
in the replay field. The smallest zero order was determined at 45° of botlsgrslahniaving a

phase anlgdure4.3bfllustratesta. hologram dhe 1951 USAF resolution test chart.
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Figure 4.3cshows a LIDAR image of a tree based on the collected reflectance waveforms. This
Li DAR i mage was converted to a CGH and the
the LCoS microdisplay panel to project 2D LIiDAR data on a plane opaque viewing screen
through a convex lens (f=750 mnfigure 4.3d). This UHD 2D image displayed the fine
features of the tree (branches, leaves) in high resolution (3840x216Uguxe 4.3eillustrates

the LIDAR reflectance images of two individuals, showing clear facatufes. The LIDAR

data of these individuals were holographically projeckegure 4.3f).

(a)

(b)

Reflectance (a.u.)

Reflectance (a.u.)
o
-

Figure 4.3. A 2D holographic projection of LIDAR images with zero order. (a) Solid modeling
CAD hologramglisplayedn thefarfield. Scalebar=5mm.(b) 1951USAFresolutiorntestchart.
Scalebar=5 mm. (c) LiDAR data of a tree. Scale bar=3 mA{dplographicimage of a tree.
Scalebar=5 mm. (e) LIiDAR data of two individuals. Scale bar=20 cm. (f) Holographic 2D
images ofwo individuals. Scalebar = 5mm. Reproduced with permissiqi91) Copyright
2021, Optica.
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Although the zerarder spot can be highly reduced with the aid of psdesiand analf-
wave plate, it will be an inherent feature of any reflective SLMs. This dmggnsity spot
interferes with the displayed holographic projection on the same image plane. Hence, it is highly
desirable to diffuse the zemrder spot in display applications. Tleeusing effect of the CGH
was controlled by designing a virtual lens without the requirement of a physical lens. The
diffraction pattern was focused at a closistahce rather than at thefagld. This reduction of
the field to a closer distance is commonly called the Fresnel field. In contrast with the
Fraunhofer field, the Fresnel field is an alternative Taylor approximation of theZEdn this
approximation, the Fourier transform represented at thé BEiqcluded a convolution Fresnel

term:
Yohw © ATYoho QT Q Q&R W (Eq.44)

The Fresnel term is multiplied by the field function at the diffraction plane. Therefore, it
represented a focusing lens anceierred taas a Fresnel zone plate. In our experiment, the far
field was focused at a distance near the SLM with a Fresnel zone plate and then projected to a
screen with the aid of a lens. This methodology diffused theareler because it had a different

focal point than the replay field. The optimal scenario occurs with the minimum focal point
achievable by the SLM. Thieconsructedminimum eye box sizeepresentan image of a

similar size that of the SLM panel. This focal point could be obtained with trigonometrical

relations. The maximum diffraction anglecordingto the grating formula is:

s N o~ oz oA

— AOAGET (Eq.45)

wheren represents the pixel pitch. A factofrfour was used instead of two because two pixels
were required to form a complete oscillation. Based on the trigonometric approach, the

minimum focusable distan¢@is related to the SLM siZ@

Q - — p (Eq.4.6)

With an SLM of pixel size of 3.74 um and a resolution of 2160 px, an optimum focal distance
of 47.68 mm was obtained. This number was satiliin the calculation of the Fresnel zone
plate.Although this technique allowed for diffusing the zero order, it was necessary to utilise a
lens to project th€GH in a larger area on a whiteboard. Following tl@isonale an optical

setup was developed to diffuse the zero order with the polatiSgrge 4.49. Although the
zeroorder was dissipated creating a uniform 2D replay field result on a whiteboard at variable

distancs, the accuracy and precision in the replay field results red&egdré 4.4b-d). This
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reduced accuracyasillustrated by blurriness, and increased speckles, especially around the
silhouettes of the generateeplay field results. Hence, thiapproachof displaying the 2D

replay field results with reduced accuracy and precision was not further pursued as accuracy
was a key factor in the design of the optical sefgtiowing this scheme, an optical setup was
developed to diffuse the zero ord€igure 4.4a). A focusing lens (f=75 mm) was used after

the beam spilitter to project the hologranddhe Fresnel diffraction method was s&ll. The

75 mm focal length lens was determined as optimal for theaeer diffusion in the replay

field. The zero order in this setup spreads out throughout the projected holographic pattern, so
that the observer can focus on the object instead of ¢navimghly concentrated spot in the
centreof the imageFigure 4.4b shows the zerorder diffused 2D holographic projections of

the CAD models in the far fiel&cigure 4.4c demonstrates 1951 USAF resolution test chart
with zeroorder diffusion.Figure 4.4d illustrates the ability to project 2D LiDAR holographic
images of a tree, a man and a woman in the far field without zero order.

(a) S zero Y

| order order order
|

“ _______________ LA B - SLM

HeNe Laser fi g,
5 mW, 633 nm

(b) -
(d)

Figure 4.4. 2D holographic projection of LIDAR images with diffused zero order. (a) Optical

setupto diffuse the zero order of the holographic image. (b) 8édiks CAD modelsdisplayed
in the far field a®2D hologramdor accuracy and objects precision te§sale bar=5 mm. (c)
1951 USAF resolution test chart. Scale bamw8. (d) 2D holographicLiDAR imagesof atree,
a man,andawoman.Scalebar=5mm. Reproduced with permissiqdi91). Copyright 2021,

Optica.
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An optical setup was developed to project 3Eeye hologramsHigure 4.5a). The beam
was collimated then linearly polagid before entering the SLM. By excluding the convex lens
shown inFigure 453, t he beam splitter directed the
eyes, so that the eye lens could focus at the infinite when a Fraunhofer hologram was displayed
in the SLM. Figure 45b shows the setup for 3D -eye holographic projections focused at
infinity in direct view mode without any lens at thelogram output. Inset ifigure 4.5b
illustrates the 3D ieye holographic projection of a checkerboard. Furthermore, a concave lens
("& -100 mm) was utibed at the hologram output to increase the focusing range and field of
view of the SLM. The concave lens projected a virtual image behind the lens when a Fraunhofer
hologram was focused atfinity. ContrastinglyFigure 4.4afollows the approach, where the
image was displayed in front of the convex lens. The position of the g=tialpject followed
the |l ens ma68r 6s for mul a:

Py Pa Py (Eq.4.7)

where Qs the focal distance of the lens, andandd are the positions of the SLM image and

the projected image, respectively. The positions were calculated from the lens plane as the
reference as opposed to the SLM plane. The effective optical path from the SLM to the lens
was5 0 mm. Based on the I ens makerdés for mul a,
concave lens resulted in a collimated image, which represented an object at the infinity. Thus,
any distance between infinity and 50 mm behind the lens could be wffgatalculated with
thelensmker 6s formul a.

(@) i e

HeNe Laser fi g,  Direct

SmW, 633 nm

(c)

Figure 45. 3D in-eye holographic projection of LIDAR images. (a) Optical setup to create 3D

holographic projections focused at infinity, directedvard the viewer.(b) Optical setup
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showingaHUD to display3D holographidmagesTheinsetshowsaholographicheckerboard

at infinity in direct view. (c) 3D holographic LIDAR images of a tree and a woman focused at
infinity without zero order. (d) 3D holographic LIDAR image projections with a seftective
window and reaivorld car model in the background to simulate a car HUD with a scenery,
showing 4 types of CAD car models aligned with the-vealld model of a Land Rover Range
RoverVelar at(i-ii) 300 mmand (iii-iv) 600 mm Reproduced with permissi¢h91) Copyright
2021, Optica.

LIiDAR data was projected at different distances in front of the viewer. This effective
location of the image was achieved by a virtual Fresnel lenswuittiplicationwith the CGH.
Figure 4 5cillustrates the 3D ieye holographic images of LIDAR data focused at the infinity
with dissipated zero order. The dissipation of the zero order was achieved through the
polarisers. The images do not have scale bars as the holograms are displayed 3B AR in
infinity (Figure 4.5¢) or different distances aligned with the réfd objects Figure 4.5d).
Additionally, Figure 4.5d depicts the AR applications of the presented technology as the CGH
can be projected accurately and aligned with thelifeabbject until 600 mm distance from the
viewer. The elaborated algorithefiowsfurther distances, but it does consider the fact that with
increasing distance the object size decreases. The Range Rover Velar model measures 110 mm
in length, 37 mm in widthand 53 mm in height; this limited the full alignment distance to 300
mm as shown ifrigure 4.5d i-ii. The ineye holographic projections provided image depth
focus matching the position of the rdi#é¢ objects, which were at 300 mm and 600 mm
distances fronthe viewer. This setup provides theiver with the opportunity to see the
holographic projections at the same distance as the real objects are located. Hence, the driver
will not need to shift the eye focus (field of view) on the car windscreen as the holographic
objects will appear in the far fieldutside of the car although the projection will be directed
straight into the driver OFguredsbeig-ivwhichisata epr o
further distanceappearssharper and more accurate thiwe reproduced CGH at a closer
distance. It can be observiedm Figure 4.5d iii-iv that objects at a greater distance (600 mm
from the viewer) appear sharper, more contrasted, and better aligned with 4ife cdgécts

as is the case with the CGH car and the-lfB|aRange Rover Velar model.

4.3. Discussionand Conclusion
Comparisons of the AR replay field projections were performed with Zemax simulations of a
HUD design based on a freeform reflective systemenerate an eye box of 80 mmx40 mm

(269) Other investigators introduced a method to align CGH withlifeabbjects at near and
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far distances with an eye box size of 3 mmx3 1f2¥0). For holographic neagye display
systems, an eye box expansion method has been generated allowing an eye box size of 7 mmx7
mm (271). For applications in HUDs, an area of 150x15Gmvas available. In the present

work, the eye box of the driver was 25mmx25mm in 2D holographic projections on the
windshield and the size of the beamspitter (25mmx36 mm) in the 3D floating holographic
projections. Regarding the field of view of the achieved holographic results, the UHD resolution

of the SLM used, comes with a trad# with a maximum diffraction angle restrictdoy the

pixel pitch of the SLM of 3.74 um. The calculated field of view with the laser wavelength of
632.8 nmis:

00 @ AOA & AOAGET co (Eq.4.8)

s N o~ oz oA

00 W AOAGEEdT ¢ i ¢ @Rpu @J (Eq.4.9)

The wavelength of the Hie laser and the pixel pitch of the SLM determine the maximum
FOV of 6.856°. The smaller the pixel pitch of an SLM, the greater the FOV. Similar research
studies with identical SLM pixel pitch and a laser wavelength of 550 nmvacha& FOV of
8.4°(272) For the HUD application, the achieved FOV in this work is acceptable considering
the driveros | imited p-eys hotograpmc displag techmologieh e v
achieved a FOV of 45°, but a limited eye box size @il x 7 mm and a low contrasted replay
field (271) Others proposed asymmetric FOV holographic hgadisplayghatcan achieve a
FOV of 30° (horizontal) and 24° (vertical) with a resolution of 1280x10228) This is an
interesting technology for multiiewer applications. For the automotive HUD, a strong contrast
in the replay field results and an enlarged eyedrewf greater importance. The focus of this
work was the enlarged eye box with a resolution of 3840x2160px and the dissipation of the
zero order to enable an accurate replay field filling the eye box of the driver with holographic
objects. The impact of theLM on the FOV and the eye bbxasbeen studied for the limited
driver position, but for ambserver with lateral and rotational motion, the FOV and eye box
achieved is not enough. This topic can be pursued in future research studies. However, an
increase in the eye box decreases the resolution of the reproduced hologram. In the present
work, three different setup architectures were developed for 2D with zero order, 2D without
zero orderand 3D floating modes. Future directions for increased efficiency within these
presented setup architectures could focus on algorithm optimisation in tetims efficiency
and accuracy and by using different light sources.

The methods used in this work demonstrated the basic principles of aligned 3D holographic
projections with realife objects. This process could be optimisgdboth computationabnd

experimentahpproaches. In future works, more objects could be aaldedligned with real
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life objects to recreate the AR experience. This could be achieved with affiolent
algorithm to spatially slice the hologram into holographic elements (hologels) by using the
multiple viewpoints rendering technique and providing motion parallax with an occlusion
effect. The slices could generate accurate depth cues and the advantage of the algorithm is that
it is compatible with computer graphics rendering techniques for producing quality 3Bsimag

at a decreased computing load. The optimisationeo€timputational algorithm was identified
during this work when the CGH was adjusted with the distance. With increasing distance, the
CGH decreased in size. This automation could be further optimised for better alignment with
the reallife model. To achievéetter AR results, the aligned replay field images could be
integrated withdynamic3D holography having high frame rates to produce video projections

in the visible range. Currently, a frame rate of 9523 frames per second?®adiffetent
holographic fames are achieved through higjreed dynamic laser beam modulation and space
channel metasurfaced42, 143) Another area for future research is the +teak data
acquisition and generation of holograms that could be employed to navigate and orient the
driver inreal timethrough traffic(274, 275) This could lead to mobile holographic AR driver

assistance systems on demg2ib).

4.4. Applications for 2/3D Augmented Reality HeadUp Displays in Cars

The approach of this work is based on LIiDAR data, the |am®id the holographic setup are
placed into a systethatinterfaces with objects recognised by the LIDAR sensors in the front
of the vehicle. In the case of the holographic displare are several measures to be taken and
identified as risks and possible errors. A HeNe laser (633 nm at 1.2 mW) and a Ndag®O
(532 nm at 340 mW) were used to illuminate a UHD Spatial Light Modulator (SLM) with a
panel resolution of 3840x2160 px for high definiticeplay field projectionsand a Forth
Dimension ferroelectric reflective SLM respectivelgoth setup results were compared
regarding eye box size, field of view, illumination intensity, speckle and application complexity
within a car settingThe advantages Nd:YV@aser were the linearly polaed emission, low
temperature control dependenand the single mode output whishitedthe application area

of an invehicle setting asewer optical lenses were needed making the overall setup more
compactHowever, the HéNe laser offered high beam quality and stable power output which
were highly desirable for even replay field results and longer usatislines. The laser
sources illuminated CGHs and generated the projection by reconstructing the object image in
the far field,commonly referred tas the replay field. The UHD SLM replay field reached an
average eye box size (9%9 cm). The holographic setup was modified to reduce tbe surfa

reflection of the laser light (zero order) by ussayerakhort focal distance lense&5( 50, 75
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and100mm). Judging by the eye box size gmmjectionintensity, the 75 mm focal length lens

was optical for the developed optical setlipe replay field projections were reconstructed

with high accuracy in any position of the windshield because the projections could be shifted
and tilted. This method allowed for reaching beyond the 2D windshield projections to
reconstruct panoramiwlographic projections in the far field. The holographic setups built in

this work offer system operability with high lun@ince images in the replay field image
projections for automotive applications. These setups also enable the recreation of 4k replay
field images for accuracy and a broader e
conventional HUD (150 mm). The 340 mW lasdluminateda ferroelectric reflective SLM

(Forth Dimension) A liquid crystal on silicon (LCOS) binary SLM which was designed for

I ndustri al di spl ays. This device, however,
modified 532 nm wavelength and 340 mW laser with an external power séigoee(4.6)
(177,178) The Thorl abs UHD SLM was foundKlt o he
Liguid Crystal on Silicon used reflective coating, 4k Ultra High Definition (UHDH a panel
resolution of 3840 x 2160 pixels. The SLM was operated at 633 nm wavelength with the HeNe
laser at 1.2 mW powerF{gure 4.6b). The processing time to generate the CGH via the
MATLAB code on a Lenovo Thinkpabhtel® Core™ i7-8665Uwith an Nvidia graphics card

took on average 3s.

Power source

Laser and SLM |
assembly

Figure 4.6. Experimental setup of (a) DP$®quencydoubledNd:YVO4 340 mW laser setup
illuminating a ferroelectric reflective SLNForth Dimension)(b) He-Ne laserilluminatesa

UHD reflective SLM with replay field projectioaon the curved windshield

TheLiDAR scanned 3[point clouddata was collectednd posfprocessed with elaborated
MATLAB algorithms such as to separate the 3D objects with a certain number offpamts

the overall scenerAfterward the separated 3D point cloud objects were converted tot6GH
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be projected on a whiteboard first to calibrate the setup and define the challenges of the
technologysuch as field of view, eye box, illumination intensignd time of replay field
generationFigure 4.7 shows the opticasetup to explain the operability of the id¥3rojecting

LiDAR data on aurved windshield The SLM used was reflective. The light source illumidate

the CGH generatettom the 3D LIiDAR data projected on the SLM and the lens with the
polariser exparetlthe beam and polaridehe light to generate asptimalsizedreplay field
matching the eye boxfdhe driver Figure 4.7 presents the detailed schematic with visible
explanations of the light paths to the projection tairghe curved windshield. The Ises were
varied to identify the widest replay field and suitability for the eye box on the windscreen of a
car. The single object extraction method resulted in high accuracy due to single controlled
points with depth informatiorilhe method furthefocused on improving details such as the
accuracy of objects in the replay fiddg varying the illumination intensitgndincreasinghe
projectionsize of the overall projected replay field images. Adjustments to the setup such as
the calculation of the phase itotate the polarisers to the optimal angular position and using the
varying focal lengths ofenses for each application by using the lens formula to calculate the
focal length of the lenses were maBigure 4.8shows the technique of converting a 3D object

into a CGH and lastly into a replay field result.

Windshield

Figure 4.7. Schematic of the optical setup withdemonstration of the LIDAR scanning
mechanism being integrated into the generation of the holographic replay filed r(&stdts.

Par) LIDAR scans a 3D object. The 3D point cloud data is transferred to the PC where the
algorithm extracts the points of the 3D object and creates a CGH. (Second part) The CGH from
the first part is then projected onto the SLM integrameol the optical setup to generate a 3D

replay field result of th&iDAR -scanneabbject.
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Hologram Replay Field
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Figure 4.8. Mechanism of converting an object image into a CGH by applying a digital inverse
Fourier transform and from there generating a replay field result by optically Fourier
transforming the CGH.

4.5. Calibration of the Holographic Setup

An experimental holographic projection setup was developed to displasn@fes and 3D
projections An wunpol arised HeNe | aser (&=632.8 r
aspheric lens (f=3.30 mm) and collimated with another lens (f=100 mm) to obtain a beam of
@30 mm. A linear polarised (d1") polymer halave plate (J1") was utilise@D images and

3D models were converted to CGH patterns and communicated to thefSeMomputational

focal length was set with a digital Gabor lens to 100 mm at a beantengtteof 633 nm. To
display the faffield diffraction a concave lens (100 mm) was used. Optimal conditions for
accurate replay field results are a reduced minimal zero order spot and high contrast between
the image and the background. A calibratiors warried out to test if the original object should

be tested ints original colours or invertedgure 4.9a, €. Both images were converted to
CGHs and optically projected tbtainthe replay field resultéigure 4.9c,9. The reason for

testing two different scenarios was the simulation of varmmckground intensitieS he user

needs to be able to identify the holographic objects with its depth cues with different
backgrounds and intensity scenarios. In the caskigire 4.9.¢ the virtual object was
superimposed omaOLED screen displaying a hospital to identify whetherwineial object

could be integrated into a scene. The result shows that the depth information and accuracy
decreased as the background intenaityeased The silhouette of the displayed object was not
clearbased orthe spread intensity measurentehYhen the background intensity was dimmed
(Figure 4.99 the virtual object accuracy, precision and depth information incréasetieve

a high quality of object detail visualisation. Therefore, this optical sstufd be utilizedor

precise medical educati@pplicationsWith the aid of the 3D graphical software Imagéé

replay field results were analysalouttheir contrast and the intensity of the zero or&egyre

4.9d, h).
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Figure 4.9. Completethe process from the original images to their replay field results. (a, e)
3D models of a human knee joint, original and inverted. (A, tiplogramof the original 3D

model generated with a generated layering MATLAB code. (c, g) Replay field results of the
original 3D model from (a, e). (d, h) Anald replay field results showing the image intensities
and their contrast. As the aim is to achieve a high contrast ratio between the replay field result
and its background, the inverted image achieves a distiaktip¢he analysis whereas the non
inverted image shows noise and a lower contrast ratio. Additionallgetb®rderspot is less
prominent in the inverted image result to further support the choice of the inverted image of the

human knee joinReproduced with permissiq@02) Copyright 2021, SPIE.

All CGHs were created by utilizing SolidWorks 2022 (SP3.0, Dassault Systemes) CAD
modeling, and importing 3D models into MATLAB (R2021a, MathWorks). The CGH data was
transmitted to the UHD SLM via HDMI for replay field projection data. The processing time
to generate the CGH via the MATLAB code on a Lenovo ThinkPad lapte@8@80H, 2.30
GHz, 64 GB RAM) with a NVIDIA GeForce GTX 1650 M&Q 4GB GDDRS5 graphics card
required an average of 1.15FKgure 4.10 presents the calibration of the developed optical

system to determine the recorded resolution of the UHD replay field results.
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