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Abstract 

Real-time obstacle scanning and projection are crucial to decrease road accident rates 

worldwide. Current display advances in modern vehicles increase the risk of driver distraction 

and endanger safety. Conventional head-up displays require the driver to shift the field of view 

from the far field of the road towards a small region on the windscreen. Holographic 3D Head-

Up Displays (HUDs) can provide a basis for the transportation sector to build on accessible and 

inclusive design strategies. However, current holographic HUDs lack a full-parallax effect, the 

number of pixels needed to recreate duplicate Augmented Reality (AR) images of the original 

object, and the display capabilities to reach real-time projections. Panoramic holographic 

projections that provide different depths of objects in creating a virtual reality experience in the 

driverôs field of view prevent driver distraction. In this thesis, holographic setups were 

developed to display 2D and 3D Ultra-High Definition (UHD) projections using Light 

Detection and Ranging (LiDAR) data in the driverôs field of view (eye box). Different light 

sources such as a HeNe laser and an Nd:YVO4 laser were compared in terms of accuracy, 

precision, and ease of use in the HUD applications. A UHD Spatial Light Modulator (SLM) 

with a panel resolution of 3840×2160 for UHD and a ferroelectric reflective SLM were utilised 

for the replay field projections. Both setups were compared, and the laser sources were used to 

illuminate Computer-Generated Holograms (CGHs) and generate the projection by 

reconstructing the object image in the far (replay) field. Graphics Processing Unit (GPU)-

accelerated real-time holograms 16.6 times faster than the equivalent CPU processing time. A 

virtual Fresnel lens was used to enlarge the driverôs eye box to 25 mm Ĭ 36 mm. Real-time 

scanned road obstacles from different perspectives provide the driver a full view of risk factors 

such as generated depth in 3D mode and the ability to project any scanned object from different 

angles across 360°. The 3D holographic projection technology allows the driver to maintain 

focus on the road instead of the windshield. It enables assistance by projecting road obstacles 

hidden from the driverôs field of view. A multicolour 3D reconstruction method accelerated 

with GPU is introduced into the 360° LiDAR-based HUD architecture with single-mode fibre 

pigtailed laser diodes. The important aspect of this work is the leverage of driver integration 

into the method. The LiDAR data collection and real-time processing were based on the iPhone-

integrated LiDAR sensors to be utilised 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 optimised with a point cloud algorithm 

accelerating computation time. Furthermore, experimental results of dynamic AR 

reconstructions were discussed, verifying the application for real-time colour 3D HUDs. 
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1. Introduction 

1.1. HUDs as Defensive Tools in Transportation 

1.35 million fatal car accidents occurred on roads worldwide in 2017 (1, 2). Human error was 

a major contributing factor in 94% of the crashes (3-5). Drivers are exposed to an increasing 

amount of visual and audio information through the use of in-car and brought-in devices such 

as navigation aids and smartphones while operating a vehicle. Young drivers are constantly 

connected with their social circles, and many drivers still use smartphones while driving despite 

expert warnings (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 years (7). In 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 augmented reality (AR) HUDs into the transportation sector is seen as 

the future of connected vehicles via point clouds with the interactive urban environment (9, 10). 

The advent of AR technology may be appropriate for two-way video calling in vehicles (11). 

LiDAR point cloud-based AR HUDs have been proposed as a safer alternative to the existing 

windshield projection-based technologies in vehicles with driver assistance systems. A 

significant challenge in the projection of holographic AR replay field results is the accurate 

perception of human driver behaviour and the recognition of surrounding areas and objects with 

LiDAR. The increasing urban population worldwide necessitates the development of road 

safety standards for managing sustainable, secure, and accessible transportation systems. The 

paradigm shift from mega-cities towards ñsmart citiesò involves a network of sensors and 

actuators that interact with Internet of Things such as point clouds to share information such as 

hidden road obstacles. The 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 with LiDAR HUDs lies in the real-time 

processing method. For example, 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 

develop a warning mechanism to alert the driver in advance of the hazardous situation by 

projecting 3D hidden obstacles on the road in the driverôs gaze. The 3D aspect with 360Á 

rotation allows the driver to fully assess the hazard and react accordingly for the safety of all. 

Additionally, aligning the holographic objects in size and distance on the road in the driverôs 

gaze retains the driverôs focus on the road. Improvements on component-level are vital for the 

overall systems engineering development including the automotive LiDAR ecosystem 

optimisation for the accurate detection of obstacles as well as decreasing point-to-point 



2 
 

processing time of each obstacle. In this work, two streets in London have been scanned with 

LiDAR to provide the basis for real-life hidden road obstacles. However, this experimental 

procedure requires a large-scale implementation of LiDAR technology to scan all streets. A 

potential approach is to simulate real-life scenarios by Process Failure-Mode and Effect 

Analysis (PFMEA) to identify the hidden obstacles in a connected urban environment to 

achieve real-time Car2X data sharing. Currently, there is a gap of non-scanning LiDAR 

applications in the automotive industry such as stereo vision and structured light. This is a 

systems engineering gap which can be improved with customised solutions combining solid-

state LiDAR with non-scanning LiDAR applications. 

 

1.2. Approach 

This research focuses on holographic techniques for AR applications in the automotive sector 

to increase road safety and driverôs comfort. The theoretical background needed to understand 

this thesis is provided in Chapter 2, discussing both hardware and software. The discussion 

covers LiDAR, AR, 2D, 3D and in-eye panoramic holographic projections, accessibility in 

transportation, point cloud data generation and processing, 3D CGH custom elaboration, 3D 

holographic video displays, and the expansion of the field of view and the driverôs eye box.(12) 

Additionally, 2D windshield and 2/3D in-eye projection-based holographic setups were 

benchmarked with commercial display technologies in terms of component arrangement in the 

optical system and efficiency. 3D holography applications across commercial products were 

analysed through a critical assessment in terms of security, safety, colour, uniformity, and 

luminance. In Chapter 3 a novel methodology for inclusive 3D holographic HUDs is described 

covering optical and algorithmic methods and the equipment utilised. Following this, in Chapter 

4, the methods of 2D, 3D, and AR in-eye 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 driverôs understandability of the provided information, 

safety, and user satisfaction. Information layout concepts based on machine learning (ML)  

technology could subdivide the projection area and customise it. Certain objects could be 

prioritised and placed into an area of personal preference by the driver. The question of possible 

driver distraction with advanced infotainment options was addressed with support from 

statistical data. Chapter 5 outlines a novel approach of LiDAR point cloud data being utilised 

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

and the surroundings is thoroughly analysed such as real-time data processing and pixel 

brightness control. After this has been achieved, the attention is drawn in Chapter 6 to the RGB 

fibre laser setup for full colour accessible holographic 3D projections. This chapter combines 
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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 utilised for each 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 technology. An 

efficiency analysis of the industrial and developed HUD system architectures with a failure-

mode analysis framework was performed to strategise the 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 SLM. The work analyses system components, sub-systems 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 distraction with advanced infotainment systems is also discussed. Afterwards, 

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 Aims and Objectives 

Combining industrial experiences in the automotive sector with optoelectronic research this 

thesis sought to develop an easy-to-use inclusive 3D head-up display with increased safety and 

application range for cars. Modern in-car displays can potentially distract drivers and endanger 

transportation safety. Industrial head-up 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 conducted to improve the layout of current head-up displays, the 

problem of gaze shift and distraction remains unsolved. Wide field of view holographic head-

up displays providing different depths of objects in creating an AR experience in the driverôs 

field of view can prevent driver distraction. The overarching goal was to develop optical 

systems capable of real-time obstacle projections in four different modes such as 2D windshield 

projections with and without zero-order surface reflection, 3D projections, and AR/MR 

projections in UHD. The specific objectives of this project are: 

 

(O1) To develop holographic optical systems capable of projecting 2D and 3D floating 

projections for single-user field-of-view applications. 

(O2) To generate several algorithms capable of projecting replay field results in 2D and 3D 

modes from images, CAD models, and point clouds. 
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(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 in the field of 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 driverôs eye box by rotating the obstacles 360Á for a full assessment of 

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 demonstrates the application of an UHD AR 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 analysed for targeted applications within automotive 

HUDs. Different data acquisition and processing options were evaluated and assessed based on 

time and availability criteria. Additionally, inclusive design options for the layout of HUDs in 

2D windshield mode and in AR 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 optical setup by 

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 utilised for specific applications and the use of a despeckler 

was evaluated for targeted application scenarios. Different areas require varying parameters for 

holographic AR projections such as increased accuracy for mapping, a large field of view for 

design and manufacturing purposes, and real-time processing for fast image projections in head-

up displays. These applications have been studied with the built optical system to judge the 

readiness level of holographic AR projections for in-car use.  
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2. Background 

This chapter introduces the history of HUDs and discusses 2D and 3D HUDs. Commercial 

HUDs from industrial manufacturers and proposed HUDs are discussed in terms of efficiency, 

usability, safety, and security. This work was published in Advanced Materials in 2022 (13). 

 

2.1. Head-Up Displays (HUDs) 

HUDs were first utilised 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 infinity (14). 

Characteristics of aircraft HUDs were extracted from the reflector sight reticle predecessor. A 

semi-transparent window allows the transmitted light from the real world to be combined with 

a projected image that appears as a ghost image. Subsequently, the reticle is projected at infinity 

as it remains fixed at distant targets regardless of the position of the viewer (15). Further 

developments included a variable focal distance of the projected reticle and a gyroscope (16). 

However, the incorporation of a screen in place of the reticle opened the possibility of showing 

dynamically a broader range of information. 

HUDs have been proposed as a safer alternative to reduce sight shift from the road (17). The 

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 28.5% (18). Automotive manufacturers 

such as Jaguar Land Rover, BMW, Audi, Mercedes-Benz, and Hyundai have significantly 

invested in HUDs over the last decade. Current HUD technologies consist of built-in optical 

devices provided by car manufacturers (Chevrolet, BMW, Jaguar Land Rover, Toyota, 

Mercedes-Benz and Hyundai) or external HUD suppliers (Garmin and Pioneer) that display 

vehicle navigation information (19). The first HUD in cars was introduced by General Motors 

within the Cutlass Supreme in 1988 (20). This HUD consisted of a monochromatic segment 

display reflected on the windshield. Since then colour, matrices and retractable reflectors have 

been introduced to HUDs (21, 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 sight (25, 26). The displayed 

virtual objects or informative signs cannot be fixated in place of the real objects (27). These 

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 the field of view, (ii) the optimal 
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positioning on the windscreen, and (iii) minimal invasiveness in the driving behaviour by 

accurately pointing out hazards on the road. 

The manufacturing cost of a HUD based on microelectromechanical systems (e.g. 

micromirrors) is constantly decreasing ($100-150) (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 driver (30). Current studies are focused on language 

processing and gesture control to provide driver-specific information using sensors and cameras 

(31). As compared to head-down 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 built-in HUDs with 

different operating mechanisms. Peugeot proposed a portable projector system located on the 

dashboard of the vehicle (33). The panel of translucent polycarbonate adjusts the brightness of 

the projected images with built-in sensors. This built-in HUD is like external HUDs, but it has 

the advantage of being fully connected to the operation system of the vehicle and can maintain 

a safe distance between vehicles by taking and processing sensor information in real-time on 

the road. BMW proposed a full windshield HUD with mirrors capable of projecting high-

contrast, easy-to-read images into the driverôs line of sight on the windshield in full colour (34). 

Jaguar Land Rover developed a HUD with a local dynamic depth-variable viewing angle and 

enlarged driver eye box by considering the driverôs head movement (35). This technology can 

project dynamic pop-ups 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 2.1a illustrates a conventional HUD system showing the mechanism of the perceived 

images directly projected into the driverôs eyes through the personalised eye box area. 3D 

floating projection can be achieved through different optical methods. The HUD technology 

involves an elaborate optical system, the image and the perceived image in the driverôs field of 

view and the crucial component of the driverôs personal eye box (Figure 2.1b) (36). Optical 

phenomena created by the human eyes need to be considered when designing an elaborated 

HUD (37): (i) Accommodation, (ii) motion parallax, (iii) convergence, (iv) binocular disparity, 

(v) linear perspective, (vi) shading, (vii) occlusion, (viii) texture, and (ix) prior acquired 

knowledge. 

Accommodation represents the adjustment of the focal length of the human eyes by 

controlling the ciliary muscle tension (38). 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 cues (39). When the viewer moves, closer objects appear to move faster than objects 
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further away. Convergence measures the angular difference between the viewerôs eyes and the 

viewing directions when observing the same fixated point on one object; the closer the object, 

the greater the convergence (40). 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 perspective relates to the relative distance of acquired objects (41). Any 

two straight parallel lines appear to converge at a distant point. Shading describes variations in 

light intensity that form a 3D spatial-relationship clue, which recreates object orientation and 

surface shape in the brain (42). The occlusion effect indicate that objects behind an opaque 

object appear further away than two interposing objects (43). 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 recreate their 3D shapes and their distances in the viewerôs 

brain (45). 

 

 

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 viewerôs eye box limited by the field of view. (b) Physical depth cues of the eyes showing 

motion parallax, convergence, binocular disparity and accommodation. Reproduced with 

permission (13). Copyright 2022, Wiley-VCH. 

 

Some commercial 3D displays cover depth cues such as binocular disparity. HUDs can be 

either classical or holographic. Classical HUDs utilise a projector instead of a spatial light 

modulator (SLM) (Figure 2.1a). The advantage of holographic HUDs is the availability of 

depth information and the possibility of projecting objects as augmented and mixed reality in 

3D in the driverôs field of view (46). Hence, holographic HUDs are paramount 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, visualisation and animation of 3D 
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objects (47). SeeReal Technologiesô holographic 3D display products offer selective 

accommodation of the observerôs eye lenses and natural depth perception (48). VividQ offers 

holographic displays for AR application with real depth perception and bright image quality of 

500,000 cd m-2 without exceeding 1.64 W (49). QinetiQôs printing by active tilting apparatus 

can subdivide the photosensitive area into tilted sub-areas. Various illuminations account for 

selected pixelated light pattern controlling the assembly of the final image produced from the 

sub-areas with over 5 billio n 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 cd m-2. The optical path was diverted with a reflector to a thin film 

transistor (TFT) display, where the display images were generated at 65,000 px (57). The HUD 

provided a homogeneous backlighting for the image-generating device with LED sources (58). 

Lincoln in collaboration with Continental generated a HUD with a brightness of 15,000 cd 

m-2, a dynamic dimming range of 5,000-to-1, and temperature stability. The DLP3000-Q1 

technology does not require light source polarisation. The HUD is capable of projecting virtual 

images 15-20 m ahead of the driver (59). 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°×2.5° and the resolution is 70 pixels deg-1 (60). Mercedes-Benz and Nippon Seikiôs 

collaboration resulted in a HUD generating an active projection image of 45×15 cm2 projected 

at a distance of 10 m. A micromirror and a customised digital projector generated a virtual 

image. The implemented HUD is adjustable in terms of the projection location of the display 

light. This allows for adjusting the height of the HUD based on the observerôs point of view 

without the movement of the virtual image in vertical direction (61). Additionally, the compact 

HUD from Nippon Seiki enables generated images in the HUD with a plurality of display 

distances. This is achieved through a display that emits 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 projections at different distances (62). 

Nissan and Panasonic collaborated on a HUD with a see-through display. This HUD included 

a light source, an optical projection system, which is capable of displaying volumetric 

holograms (63). Table 1 shows commercial 3D display technologies and 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 road safety are not yet clear. Further human-centred 

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

and security. For example, the need to personalise content in HUDs for the driver is another 
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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 HUDs. Displays, which require additional features such as stereo glasses to bridge 

the accommodation and convergence effects, can cause fatigue to the viewer as the images are 

projected in 2D instead of their physical distance in 3D space (64-68). 

 

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

Car 

Manufacturer  

Display 

Manufacturer  

Wavelength 

(nm) 

Panel 

Resolution 

FOV 

(°) 

Display 

Brightness 

(cd m-2) 

Ref. 

Jaguar Land 

Rover 

Envisics 532/633 4096×2400 

px 

15×5 12,500 (56, 

69) 

BMW Siemens VDO 

Automotive 

530, 880 65000 px 10×4 500,000 (57, 

58) 

Lincoln Continental 450, 520 70 px deg-1 10×2.5 15,000 (59, 

60) 

Mercedes-

Benz, Porsche 

Nippon Seiki 530, 880 4K UHD 10×4 15,000 (61, 

62) 

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

 

Design proposals incorporate a balance between the risks and the advantages of windshield 

HUDs such as considering driverôs abilities and the priority of tasks in every single context of 

transportation (70). A need for a human-centered approach in the design of windshield HUDs 

is paramount for safety and security on roads (71). The driverôs cognitive and sensory abilities 

need to be balanced with the driverôs needs for windshield HUDs. A windshield HUD provides 

the driver with 3D information that merges with the road scene (72). 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 to the driver (73). Appropriate design of individual 

information customised 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 user-centered approach for reducing hazards (74). The principles of information 

presentation must enhance the driverôs intuition and must enforce safety while driving. The 

projection should be displayed in specific areas on the windshield and must not require long 

attention and perception times to understand the meaning of the presented data.(75) Information 

density should be increased and critical safety awareness signs must be strategically placed on 

the windshield to (i) reduce traffic blind moments, (ii) minimise distraction, (iii) cluster relevant 

and similar information, (iv) enhance situation awareness, and (v) highlight relevant input 
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information for the driver (Figure 2.2a-c). One option is the layout locating items by relevance 

such as contextual relation and spatial proximity to reduce the driverôs effort in processing 

visual information. Figure 2.2d-g illustrates different transportation situations that are depicted 

with individual windshield HUDs responses. 

 

 

Figure 2.2. The current state of HUD applications in the automotive industry. (a) HUD image 

projected on the windshield of the car in 2D showing a right turn and the vehicle speed. (b) 

HUD showing road directions in the urban environment. (c) A personalised HUD with complete 

windshield space used for information display. The highlighted red area shows the space, where 

most driver attention is situated, to display crucial information. The area highlighted in orange 

shows secondary driver attention space for a calculated layout of the HUD to enhance road 

security. (d-f) Personalised HUDs showing highway situations with the complete windshield 

space utilised. (g) Crosswalk situations with obstacle on the road with the complete windshield 

used for information display. Reproduced with permission (13). Copyright 2022, Wiley-VCH. 

Reproduced with permission (76). Copyright 2019, MIT Press. 

 

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 3D AR 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 parameters (77, 78). Such boundaries could include but are not limited to a set of 

physical location points for the driverôs eyes, where the HUD luminance degrades to 50% from 

the peak intensity. Another boundary could be the projection distance for 3D holographic AR 

projections. 2D windshield HUD efficiency studies have been carried out to describe another 

crucial parameter: the cognitive capture effect (79). 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. Additionally, 2D HUDs promote driving behaviour such as smaller 
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variances in lateral acceleration (80). One study verified the driving behaviour with less mean 

deviation from lane in an ISO 26022 lane changing task (81). Another metric for 2D windshield 

HUDs could be the relative ghost luminance (RGL) (82). 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 40-60% (83). Regarding the 3D AR HUD metrics, 

an optical see-through HUD (AR DriveSim) was developed to examine physiological and 

cognitive effects of HUDs with context and focal distance switching (84). 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 users (85). This was attributed to the decreased 

vision capability, poorer coordination, and reduced reaction time of the elderly users due to the 

deterioration of the peripheral nervous system with increasing age. Finally, ergonomic studies 

suggested that the placement and the amount of HUD projection content is crucial (70). Fewer 

than 6 symbols should be displayed at one time and the main content should be placed in the 

centre 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 of multi-plane 

holographic projections (10). The benefits of the angular spectrum method lie within the 

computation of diffraction patterns with a high numerical aperture and working in both paraxial 

fields and nonparaxial fields (86). The Fresnel diffraction method is limited to the paraxial 

fields (87). The angular spectrum method however suffers from speckle noise and image 

diffraction distance disturbances (10). 

A three-step hybrid algorithm was developed for multi-beam steering. This algorithm 

generated reconstructed output fields with flexible power ratios. In addition, the algorithm 

balanced multiple indicators such as diffraction efficiency, crosstalk power, and the 

reconstructed root mean squared error (88). This result was achieved with a three-step 

combination of the iterative Fourier transform (FT) algorithm. A hybrid algorithm was used for 

error reduction due 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 tasks.(89) Hence, the iterative Fourier transform 

algorithms were enhanced with a global optimisation process with fitness functions to enhance 

search direction to tackle the multiple objectives problem (90). However, the speed of the 

overall algorithm reduced with the introduction of the global optimisation algorithm (88). Both 

hybrid algorithms in combination generated a hologram, which had a continuous phase due to 

the iterative FT algorithm and balanced multi-indicators quantifying the hologram to 256 phase 
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levels. The hybrid algorithm was a two-step 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 signal-concentrated area (88). 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, the signal area, and the additional noise area. Each of the areas was 

constrained by different amplitudes (Figure 2.3a-b) (10). An iterative FT algorithm was 

produced to create holograms that diffract the light into arbitrary 2D intensity profiles (91). The 

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 mixed-region amplitude freedom. It consisted of a single mixing 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 permitted solely in the noise region to emphasise the accuracy 

(Figure 2.3c) (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 (Figure 2.3d) (92). Figure 

2.3d illustrates the creation of 6 holograms able to diffract light into the 6 chosen 2D intensity 

profiles. To create the mentioned holograms, a mixed-region amplitude freedom (MRAF) 

algorithm was utilised (93). 

 

Figure 2.3. Algorithmic holograms. (a) Multi-constrains angular spectrum algorithm showing 

the signal (Ŭ), the background (ɓ), and the noise (ɔ). (b) Intensity profiles with odd-shaped 

beams were achieved with two SLMs. Reproduced with permission (94). Copyright 2014, 
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Nature Portfolio. (c) The holographic double-plane HUD demonstration at the far plane: 9.0 m 

on the left, near plane: 1.5 m on the right, and the target images. Reproduced with permission 

(88). Copyright 2020, IEEE. (d) Target intensity profiles to analyse the performance of the 

MRAF algorithm. The field-of-view (i-iv) is 200×200 px and for (v) and (vi) 400×400 px. The 

grayscale represents intensity, where black corresponds to the regions of zero intensity. 

Reproduced with permission (92). Copyright 2008, Optica Publishing Group. (e) 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 permission (95). 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 viewpoints (96, 97). 

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 view-dependent. The depth performance decreased 

during the optical reconstruction process and needed multi-viewpoint rendering (98, 99). 

An algorithm was created to calculate photorealistic 3D CGHs with Fourier domain 

segmentation without the paraxial approximation, which was present in the stereogram-based 

algorithms (100). Segmented angular spectrum layer-based 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 conventional 

angular spectrum. This algorithm was compatible with computer graphics rendering techniques, 

which provided a smooth motion parallax with an occlusion effect in the replay field results 

(Figure 2.3e). Figure 2.3e shows the intensity profiles of the 2D objects from Figure 2.3d 

proving that the MRAF algorithm improved the results by two orders of magnitude on 

roughness compared to the GS algorithm and by roughly one order of magnitude the accuracy 

of the results (92). The numerical simulations Figure 2.3f (i-iii)  and the optical experiments 

Figure 2.3f (iv-vi) demonstrated photorealistic 3D images with depth information (95). 

The speckle noise appears due to the random and erratic phase distribution as significant 

intensity fluctuations occur in the reconstructed image (101). 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 process (102). 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 hologram (10, 88, 103, 104). To reduce the speckle noise, the random-free 

phase (linear, quadratic, constant, and conical) is referred to as an initial phase within the 

iteration algorithm. However, the speckle noise cannot be removed completely. 

Achieving high-accuracy replay field results requires the ability to arbitrarily manipulate the 

spatial full field information of a light beam (88). This was accomplished by manipulating the 

amplitude and phase of the incoming light beam with two phase-only SLMs and without any 

phase iterative algorithm. This method generated multiple collinear orbital angular momentum 

beams, Laguerre-Gaussian beams, Bessel beams, and arbitrary beams with odd-shaped 

intensities (94, 105). Figure 2.4a-b shows the working mechanism of arbitrary manipulation 

of the amplitude and phase of a light beam with two cascaded SLMs. The polarisation direction 

of the input light was set to 45° concerning the x direction, which was the working direction of 

the polarisation-dependent SLM 1. After the polariser 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) (Figure 2.4a-b). The collimated light passes through the polariser (Pol 1) and 

a half-wave plate (HWP 1). The crucial components in the optical setup are two phase-only 

SLMs. As the phase and amplitude might change upon light beam propagation between the two 

SLMs, lenses are added to develop two imaging systems with unit magnification. The lenses 

facilitate the cancellation of spurious phase delays caused by the light propagation between the 

two SLMs in the optical assembly. Figure 2.4a shows a one-lens 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 is the plane of SLM2 with unit magnification. This optical 

arrangement can retrieve both the amplitude and phase of the SLM1 plane at the position of the 

SLM2 plane. Figure 4b illustrates a 4f optical system with two lenses placed between the two 

SLMs separated by 60 cm and a focal length of 15 cm. This optical arrangement also images 

the plane of SLM1 to the plane of SLM2 with unit magnification. In the optical assembly in 

Figure 2.4a (ii ), no additional radial phase distribution was used as opposed to the optical 

system in Figure 2.4a (i). 

Figure 2.4b (i-ii)  illustrates the mechanism of the arbitrary full-field 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 weightings 

of the fitness function in the Genetic algorithm was utilised in combination. Figure 2.4b (iii) 

shows the basis for the hybrid algorithm. When a phase-only hologram was uploaded onto any 

position of the LCoS chip, multiple or a single waveband was reflected 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 the y-axis (88). Figure 2.4c (i-ii)  shows a multi-casting  
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Figure 2.4. Schematics of different optical system arrangements. (a) Experimental setup with 

two SLMs. (i) One-lens imaging system. (ii) 4f lens imaging system: Half-wave plate (HWP), 

Collimator (Col), Polariser (Pol). Reproduced with permission (94). Copyright 2014, Nature 

Portfolio. (b) Principle of the arbitrary full-field manipulation of a light beam with two phase-

only SLMs, which control both the amplitude and the phase. (i) Phase-only manipulation. (ii) 

Independent manipulation of the phase and the amplitude. Reproduced with permission (94). 

Copyright 2014, Nature Portfolio. (c) Hybrid algorithm illustrated with a Gaussian beam 

traveling from a fibre 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 in the y-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 power weighting allows for the optimisation of multi-casting holograms, ensuring that 

intensity distributions match with the port location (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 originating from a single point cloud and a reference plane wave. When running 

Nishitsujiôs algorithm on an Intel Core i7-4790K CPU (4.0 GHz), the computational time for 

one CGH was 12 ms (106). This speed can cope with real-time 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 by reducing the time spent 

by the driver to look at the built-in display or the windshield for navigation purposes. AR can 

serve as a natural medium for the driver to increase road obstacle alertness and reduce driving 

stress levels with virtual objects projected into the driverôs field of view. Additionally, this 

section discusses the outlook in ML algorithms for gesture recognition and automatic obstacle 

detection. 

AR enriches the 3D world by superimposing computer-generated virtual objects in real 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, instead, they 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 technologies, data has the potential to generate 

personalised projection layouts based on the driverôs needs and preferences; hence, the urge to 

gaze at 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 high-fidelity driving 

simulator to compare the fully embedded gesture recognition system to a traditional Head-

Down Display interface (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 danger (108). The 

gesture control was based on cell division for increased accuracy (Figure 2.5a). 

 

 

Figure 2.5. Gesture control recognition schematics. (a) Right-handed finger gestures for system 

automation for HUDs with AR content. Reproduced with permission (108). Copyright 2020, 

Oxford University Press. (b) A coloured overlay for directions. Reproduced with permission 

(109). Copyright 2019, IEEE. (c) Lane highlighting for clear visualisation of the road. Surface 

cell division for gesture control. Reproduced with permission (109). Copyright 2019, IEEE. (d) 

Cell division is based on the radial shift of the pointing finger. Reproduced with permission 

(110). Copyright 2013, Association for Computing Machinery. (e) Cell division due to 

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

Reproduced with permission (110). Copyright 2013, Association for Computing Machinery. 

 

AI fast deep learning algorithms can detect hidden road objects and holographically project 

3D images into the driverôs gaze. ML algorithms can predict complex road scenarios and 

elaborate a safe travel plan for the vehicle with a single convolutional neural network based on 

the open-source Caffe deep learning library (111). AR can allow for the incorporation of driver 

and safety-related information into the automotive domain such as lane highlighting (Figure 

2.5b-c) and gesture control (Figure 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 collision (107).  
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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, bicyclists, and other vehicle drivers. Virtual shadow warning systems may increase 

situation awareness and reduce traffic accidents. Stereo-vision-based algorithms have been 

demonstrated in experimental outdoor studies under several weather conditions such as rainy, 

foggy, and snowy during both day and night (112). Additionally, virtual warning systems are 

based on computer vision, which also provides vehicle detection, distance estimation, and a 

real-time data stream from mounted cameras by using monocular vision. Real-time data transfer 

can be implemented for automotive HUDs. The time-effectiveness of the data stream is based 

on the processing of 25 to 28 fps when using one monocular camera on a Core i5 2.7 GHz PC 

with 8 GB of RAM. HUDs can be utilised for AR pedestrian warning systems by using in-

vehicle volumetric HUDs that provide spatial virtual shadows. A user interface was proposed 

for cross-traffic alert systems by using an AR HUD compatible with both the driverôs cognitive 

process and the physical reality of the driving environment (Figure 2.6a-b) (21). This design 

involved casting virtual shadows of approaching obstacles through an AR HUD (Figure 2.6c) 

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

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

(144 km h-1, 2 s security distance time) with a field-of-view of 20° (115). Current near-eye 

HUDs achieve a field-of-view of 45Á but limit the driverôs eye box to 7Ĭ7 mm2 with a resolution 

of 1280×1024 px. Recently, an eye box size of 25×36 mm2 was achieved in the far-field HUD 

setting with a resolution of 3840×2160 px. These inclusive studies serve as a basis for the 

development of virtual shadow warning systems in the transportation sector. Existing 

pedestrian collision warning systems incorporate either visual, auditory, or both alarms to 

inform the driver about upcoming obstacles. 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 HUD can result in increased safety and security on roads (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 obstacles, or (iii) at night. Reproduced 

with permission (21). Copyright 2007, IEEE. (b) Current industrial HUD systems: (i) 

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

(117). Copyright 2018, Springer. (c) AR HUD with exemplar projections: (i) Traditional 

warning system for the driverôs attention only and (ii-iii) AR virtual shadow warning system 

for every participant on public roads. Reproduced with permission (113). Copyright 2016, 

Association for Computing Machinery. 

 

2.4. Panoramic Holographic Projections 

This section discusses the experimental strategies to increase the driverôs field of view for the 

3D holographic projections. Increasing the field 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 randomises the phase of propagating waves. 
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The holographic setup using only coherent light sources such as lasers or LEDs has a limited 

field of view based on the SLM display size and pixel period in the holographic setup. A 

conventional LCoS SLM is 10×20 mm2, and has a pixel period of 8 µm 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 arrangements (86, 99, 106, 118-120). 

Figure 2.7a-c shows the relation between a single SLM or multiple SLMs in different 

configurations. 

 

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 SLMs in a circular configuration. 

Reproduced with permission (118). Copyright 2011, Optica Publishing Group. (d) Optical setup 

using multiple SLMs in a circular configuration with a beam splitter to align the active areas of 

the SLMs without discontinuation. Reproduced with permission (118). Copyright 2011, Optica 

Publishing Group. (e) Dynamic holographic stereogram achieved by a curved array of several 

SLMs. Reproduced with permission (86). Copyright 2008, Optica Publishing Group. 

 

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 of the image in 

addition to making some parts of the object invisible. This dilemma is caused by the narrow 

diffraction angle and the size of a single SLM. Figure 2.7b shows a holography configuration 

that has multiple SLMs. A planar arrangement of the three SLMs does not increase the field of 

view for the viewer as only the SLM in the middle contributes to the entire reconstruction of 

the object. To increase the field of view, a curved arrangement of SLMs is elaborated (Figure 
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2.7c). In a circular configuration, 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 

utili sed to direct the light into all SLMs. A 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 utilised 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 setup. In volumetric displays, each volume element in a 3D scenery emits visible 

light. This ability to project volumetric autostereoscopic images has applications in 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 single SLM (Figure 2.7e) (86). 

From the theory of holographic stereograms, it is vital to restrict the angular spectrum of the 

object wave (122). Holograms were generated to form triangle-based mesh-modelled 3D 

surface objects (123). The angular spectrum equals the object wave, which passes through a 

viewing window within holographic stereograms (124). The mathematical representation of the 

light field radiated from a unit triangular facet is shown with surface diffusiveness, the so-called 

occlusion (125). Figure 2.8a shows two hands composed of 2436 triangles. To project a triangle 

mesh-modelled 3D object, an incident He-Ne laser was used to modulate a phase-only SLM 

(Epson L3P06) with a pixel size of 12 µm. 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 µm) was used to capture the image 

light fields at different defocus points. Figure 2.8b-e illustrates 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 amplitude (Figure 2.8f (i)) 

and phase (Figure 2.8f (ii)) distributions of the angular spectrum are presented. The size of the 

generated hologram was 501×501 px (123). Figure 2.8f (iii-iv) presents the simulation results 

with a focus on the right and a focus on the left hands. Figures 2.8f (v-vi) present the 

experimental results (123). Figure 2.8f illustrates numerical (ii-iv) and experimental (v-vi) 

reconstructions validating a 3D model to confirms the monocular cues (defocus effect) (126). 
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Figure 2.8. Triangle-based mesh-modelled 3D surface objects. (a) Projection image of mesh-

modelled two hands directed towards the viewer. (b) Triangle mesh-modelled 3D object of two 

hands. (c) Triangle mesh surface-polyhedron objects in the global coordinate system. (d) Local 

coordinate system of the kth unit triangle. (e) Relationship between the global and the local 

coordinate systems. (f) CGH of the 3D mesh model: (i) amplitude and (ii) phase distributions 

of the angular spectrum respectively, (iii-iv) Simulated results with a focus on the right and 

focus on the left hands respectively, (v-vi) 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 stereogram. Figure 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 an angle equivalent to 0.705°, generating 36 possible views when 12 SLMs 

were adopted. Figure 2.9a illustrates the object's arrangements and the 36 viewing angles with 

a combined field of view of 39.7°. Figure 2.9b shows the numerical simulation results from 

the viewing directions (left, center, right). Figure 2.9c presents the experimental results from 

different viewing windows each having a different field of view with visible zero order in the 

middle of the image (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 components (Figure 2.10a) (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 glasses (120). This technique provided full-colour animations 

with interactive content to be projected for mixed-reality 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 windows 1-36 with a total field of view of 39.7°. (b) Simulation 

results of the different viewing positions of the objects. (c) Experimental results were obtained 

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

zero order. Reproduced with permission (86). Copyright 2008, Optica Publishing Group. 

 

was reproduced by a conical screen and multiple projectors providing a horizontal parallax in 

a circular (Figure 2.10b). The viewerôs eye observes the slit-like parts of each image projected 

at any position of the annular viewing area of the table. Hence, the eye collects fractional slit-

like images from different projectors and assembles an appropriate image from the perspective 

of the eye at each viewpoint (128). With the circularly arranged projectors and the conical 

anisotropic rear-projection screen, 288 multi-perspective images were used to reconstruct the 

360° 3D images providing parallax without glasses. 3D models were taken as a base to project 

3D objects (h=5 cm, w=10 cm). 

A 360° tabletop electronic holographic display was developed (129). This system had a 45° 

oblique viewing angle, which was not visually distorted. This system was created through four 

synchronised high-speed digital micro-mirror displays. These were optically calibrated to 

comprise a two-by-two multiple-vision panel, facilitating the holographic image enlargement 

together with time-division 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 images. Figure 2.11a-b 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 360° 3D images. (a) Light-field reproduction of 3D images 

using the conical screen technique with multiple projectors. (b) 3D objects are projected from 

3D models on the tabletop using the conical screen technique with multiple projectors. Scale 

bar: 5 cm. Reproduced with permission (120). Copyright 2016, Optica Publishing Group. 

 

 

Figure 2.11. Comparison of the optical paths with ray tracing. (a) The 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 permission (106, 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 5.333 sub-pixels, a screen resolution of 

1920×1080 px, and a maximum clear displayed depth of 24.8 cm. This technology generated 

3D images by multiple view flat-panel displays, which were superimposed on a single screen 

using a multi-projection system. The eye boxes of the flat-panel 3D display were produced in 

the pupils of the projection lenses and imaged to the viewing space with a screen lens. Sixteen 

flat-panel 3D displays with 16 views were used to generate a multi-view display counting 256 

views. The resolution was 256×192 px and the screen size was 26.2 cm, showing full -colour 

3D objects (5×10 cm2) rendered from 3D models (130). The horizontal interval of the eye boxes 

was 1.3 mm. This could have a positive effect on accommodating 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 benefits of 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 react accordingly. Holography allows 

for the creation of multidimensional images at different depths 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 in full colour.(132) This can be achieved without visual fatigue 

or glasses. A 3D femtosecond laser technology allowed for fabricating a high-aspect ratio of up 

to 15 nanopillars (w=390 nm, l=780 nm) meta-atom with different heights (3.40-4.45 ɛm) to 

reduce shadowing effects (133). The results achieved a hologram (2.5×2.5 mm2) consisting of 

2,000×2,000 px. This study provided a useful method for the production of the large-scale 

complex-amplitude metasurfaces for application in multidimensional holographic displays. In 

terms of holographic video projection, 3D motion pictures were projected to 2.5 mm3 with one 

SLM and two parabolic mirrors (106). A hologram generation time of 12 ms was achieved by 

employing 4 CPU cores (106). High-resolution images (25 frames s-1) were taken from objects 

(football, basketball) to create videos. An orbital angular momentum diffuser array with a 

random phase function sampled each image frame (Figure 2.12a) (133). A high-resolution 

(10,000×10,000 px) complex-amplitude 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 100 image frames at 260 px per 25.4 mm (133). 
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Figure 2.12. Replay field of results showing the physical mechanism of complex-amplitude-

based orbital angular momentum multiplexing holographic applications in video displays. (a) 

Algorithm of a complex-amplitude orbital angular momentum multiplexed hologram utilizing 

image frames of ñfootballò and ñbasketballò videos at two image planes. R1 and Rn represent 

different random phase functions. (b) High-resolution (10,000×10,000 px) complex-amplitude 

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

displays. Reproduced with permission (133). 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 assembled (134-136). Industrial devices for spatial light modulation 

such as microelectromechanical systems, bulk-wave acousto-optic, and liquid crystal 

modulators present challenges for integration in holographic video projections (137). A major 

obstacle is the high cost of the mass manufacturing of the SLMs. Low-cost SLMs were 

fabricated with aggregated temporal bandwidth of more than 50 bln px s-1.(138) The SLM 

assembly exploited the guided-wave phenomenon. This phenomenon specialises in anisotropic 
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mode conversion to eliminate the zero-order undiffracted light spot and tuneable wavelength 

filtering to generate simultaneous and superimposed modulation of colour signals (Figure 

2.13.a-c) (138). Figure 2.13a shows a holographic stereogram created with a single laser light 

(red) anisotropic waveguide modulator with an overall display of 35×20 mm2. Figure 2.13b 

shows the single channel and Figure 2.13c illustrates a superimposed (RGB) stereogram. The 

sub-system components of the SLM consisted of an anisotropic leaky-mode coupler, which had 

a proton-exchanged channel waveguide on a LiNbO3 substrate with a transducer within one 

single end (139, 140). 

This waveguide is only able to hide the light in one polarisation due to its anisotropic 

behaviour. The transducer generated surface acoustic waves when excited by a radio frequency 

signal, which propagated collinearly with the light trapped in the anisotropic waveguide (141). 

Large outputs creating persistence of vision were generated with anisotropic mode couplers. 

This allowed the development of holographic video projections in an analog device. The 

viewing angle, the frame rate, the image extent, and vertical resolution can be interchanged 

within the bandwidth (138). 

Currently, a frame rate of 9523 frames s-1 and 228 different holographic frames are achieved 

through high-speed dynamic laser beam modulation and space channel metasurfaces (142, 

143). For real-time video projections in HUDs, the continuous depth sensation and accuracy in 

the replay field have a profound impact. An optical setup was utilised in combination with a 

deep-learning-based CGH pipeline consisting of 4,000 pairs of RGB-depth images (144). The 

optical setup could synthesise a photorealistic colour 3D hologram from a single RGB-depth 

image in real-time. Figure 2.13d presents a 2D target image for testing the spatial resolution of 

the optical setup of 1,920×1,080 px at 60 Hz. Figure 2.13e shows the convolutional neural 

network (CNN) predicted hologram with the anti-aliasing double phase method. 

To incorporate holographic video projection in automotive HUDs, the requirements for 

safety, security, and comfort should be assessed. There is a trade-off between the 3D display 

size and the field of view of the driver resulting from the spatio-temporal resolution of industrial 

displays. To bridge this trade-off, a technique of combining digitally-designed holographic 

optical elements with digital holographic projection has been developed (145). An enlarged 

holographic image (10Ĭ10 cm2) with 77 bln 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 projection 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 (35×20 mm2). (i) Intended 

output projection, (ii) zero order reflection, (iii) unwanted conjugate image projection, (iv) 

higher-order image projection and quantisation noise, and (v) diffracted higher order resulting 

from modular pixel structure. Reproduced with permission (138). Copyright 2013, Nature 

Portfolio. (b) Holographic stereogram reproduced with red laser light. Reproduced with 

permission (138). Copyright 2013, Nature Portfolio. (c) Holographic stereogram with different 

colours created by superimposed modulation of red, green, and blue lights. Reproduced with 

permission (138). Copyright 2013, Nature Portfolio. (d) A 2D target image for testing the spatial 

resolution of the optical setup. Reproduced with permission (144). Copyright 2021, Nature 

Portfolio. (e) A photograph of the CNN predicted hologram with the anti-aliasing 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 achieved (146). Colour phase-only holograms with an LCoS SLM were 

generated in HUDs. To address the limited field of view of the driver, a holographic wide-angle 

display (306×161 mm2) at a 700 mm distance was generated (147). This setup included a single 

Fourier lens imaging system, a 4K SLM, a frequency filter utilising complex coding, and non-

paraxial diffraction. 

Several insights from the literature review were crucial in guiding the objectives of this work 

such as the analysis of existing industrial HUDs, the light sources available for the integration 

in HUDs, the computational approaches, and the type of HUDs. The analysis of industrial 

HUDs and their current state and future proposals affected the direction of the first objective of 

this work, which consisted of the layout of the 2D windshield projections by displaying road 

obstacles in the driverôs area of focus on the windshield. Hence, a combiner HUD was 

developed to demonstrate flexibility in beam diversion towards the driverôs eyes. Virtual 

Fresnel lenses were introduced for the compactness of the HUD, but also for real-time 

adjustment of the holographic obstacle projections without the need to replace optical lenses 

for varying focal lengths of the displayed objects. Furthermore, several 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 without zero order surface reflection. All results were evaluated according to 

the driver's eye safety, visual perception of the information displayed, the accuracy of the replay 

field results, eye box size, and the field of view. The literature provided directions 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 post-processed LiDAR point cloud objects. This 

technique allowed for another dimension of comparison of the developed optical and 

computational system to existing industrial and proposed HUDs. Additionally, by analysing 

proposed HUDs such as virtual shadow casting HUDs or the multi-SLM HUDs, a point-cloud 

computational method was developed to create several holographic replay field results from 

different objects in the driverôs field of view. The advantages of multilayer holographic 

projections are a natural superposition of virtual obstacles into the real-world driving scenario 

on the road and alert the driver of several hidden obstacles. The literature review also 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 objectives to increase the 

accuracy of the replay field results. A despeckler and fibre lasers were tested in different optical 

system architectures developed with the aim of achieving increased precision and accuracy in 

the replay field results. Lastly, the literature review revealed the current limitations of the 

current industrial and proposed HUDs encompassing the diversity of human conditions and 
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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 adjustments for the inclusive 

design of HUDs was paramount to encompass individuals with visual deficiencies, 

neurodivergent individuals, and people with additional physical requirements. 
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3. Materials and Methods 

3.1. Holographic HUDs 

This section focuses on the equipment utilised in HUDs 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 visualisation times (148). It 

is highly desirable to develop holographic HUD technologies for diverse user groups including 

elderly and disabled populations (149). Employing human-machine interaction studies, 

optimised data architecture and differentiation can be analysed and implemented in a HUD to 

project the sensed objects on the road. A key development area in holographic projections is 

the obtained image (replay field) (150). 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, goal-oriented approaches can be used to obtain single objects in the replay 

field; and hence, in the ñeye boxò. This eye box measures a 36 cm2 with an overall brightness 

of 16,000 cd m-2 (152). It is a precaution towards the ever-growing tendency of superimposing 

visual information over the real-world 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 monitored via 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 pupil is challenging (74). With the 

introduction of the panoramic display, which can be projected directly in the eye box (90×90 

mm2) of the driverôs personal preference, the requirement of the exit pupil of a diameter 150 

mm can be achieved (15). 

Holographic projection can be integrated into automotive HUDs, which require a high image 

contrast for AR to enable a tuneable 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 AR (153). Computer-generated holography (CGH) allows for 

displaying floating 3D objects for HUDs and head-mounted screens. Ultra-high-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 object (156). Holographic HUDs can project 3D objects directly into the 
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retina to achieve an AR experience. Figure 3.1 presents the holographic optical setup developed 

in this PhD work to project replay field results directly into the retina. 

 

Figure 3.1. Schematic of the holographic projection setups showing a HeNe laser, focusing 

lenses, a polariser, a half-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 noise (157). 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 

bandwidth should be narrow band (< 1 nm) to reduce the blurriness of the replay field image, 

as blur increases with increased spectral bandwidth of the laser (91). Table 2 shows the key 

requirements for lasers in automotive HUDs. The Diode-Pumped Solid-State (DPSS) 

frequency-doubled Nd:YVO4 laser (532 nm, 340 mW) showed cost-effectiveness and 

elimination of electromagnetic noise, which resulted in less speckle and noise in the replay field 

images (Table 3) (158). The He-Ne laser (ɚ=633 nm, 5 mW) with a collimated beam and long 

coherence length can also be utilised (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 (mLEDs) (161). 

 

Table 2. Product target specification of lasers in holographic HUDs 

Criteria  Requirement Result 

Spatial Coherence Device size Contrast, speckle 

Linear 

Polarisation 

> 100:1 extinction ratio Contrast, efficiency 

Focused beam Fill factor >93% Resolution 

Wavelength Blue:440-480 nm, Green:515-550 nm, 

Red:620-642 nm 

Luminance 

Optical output 

power 

250-500 mW Brightness  

Ellipticity  Matched to the height-to-diameter aspect 

ratio of the SLM 

Efficiency > 25% 



33 
 

Lifetime Automatic HUD > 10,000 h Reduced number of lasers 

> 200 mW 

Thermal 

Management 

Passive or active cooling to stabilise at 60 

°C 

Stability of the output 

power 

Cost $2-30 Cost competitive with 

high-power LEDs 

Device Size 2 cm3 Reduced HUD size 

 

Table 3. Laserôs specifications in holography 

Type Wavelength 

(nm) 

Power 

(mW) 

Coherence 

length (mm) 

Manufacturer  References 

Diode 

lasers 

445 21-200  2.1 ± 0.02  Thorlabs (162) 

Diode 

arrays 

808 150-300 1.4 ± 0.02 Coherent Inc. (163) 

DPSS 1064 100-750 >50,000 Jenoptik AG (164) 

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

 

The spatial coherence value and the image sharpness values are directly proportional (157). 

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 emitting diodes (sLEDs), mLEDs, 

and LEDs with a broad spectrum and spatial filters (Table 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 light around the driverôs eye box area (157). The implementation of 50 LEDs (23 

W) resulted in a brightness of 13,398 nits (cd m-2) in the driverôs eye box with a total 

homogeneity of 97% white and 83% black measured over 25 points (166). 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 (Zemax) to achieve an angular spot size of <1 arcmin 

to match the human eye resolution to >60 pixels deg-1. This 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 

(nm) 

Power 

(mW) 

Bandwidth 

(FWHM) 

(nm) 

Manufactu

rer  

Referen

ces 

Surface-Mounted 

Diode (SMD) 

450 100-250 13 Thorlabs (167) 

Through-hole LEDs 365-1650 80-1000 81 Luckylight (168) 

Bi-colour LEDs 470 -565 60-170 55 Neumüller (169) 
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RGB (Red, Green, 

Blue) LEDs 

474, 536, 

630 

62.5, 51, 

51 

16, 22, 31 Lumex (170) 

UV LEDs 365-405 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 intensity (173-175). The SLM show offer (i) at least a 2ˊ 

modulation, (ii) a fast response time, (iii) high resolution, (iv) large fill factors, and (v) 

multilevel phase modulation for maximum efficiency (148). The SLM should have adequate 

resolution of at least 512×512 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 anti-parallel aligned electrically 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 1280×770 px. There are pre-

tilted angles of ~5° which are created by a coating on both substrates of the alignment layers. 

The two substrates are aligned in anti-parallel directions resulting in an LC cell with 1.7 µm 

space in-between. The liquid crystal material (JTS-1) should fill the complete cell to a 

birefringence level of 0.212 and dielectric anisotropy of 6.7 (148). A LCoS binary SLM (Figure 

3.2) was developed for industrial displays (177, 178). This device, however, only showed a ˊ 

modulation. A 4K SLM (Jasper Display) has a phase of 2ˊ, which could facilitate optical field 

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

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

of 3840×2160 px. 

 

Figure 3.2. Working principle of the 4K 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 permission (179). Copyright 2023, Wiley-VCH. 
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The SLM was operated at 633 nm with a He-Ne laser (5 mW). Linear polarisers allowed for 

controlling the axial polarisation of the laser source. The polarisers were crucial to find the 

liquid crystal switching angle. Generally, light polarised at 90° would be parallel to the fast axis 

of the liquid crystal and the SLM. A minimised 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 be utilised to control the 

phase of light (180). There are different types of metasurfaces: (i) coupled thermal antenna 

arrays for the manipulation of spontaneous or stimulated emission (181) and (ii) ultrathin 

devices consisting of a monolayer of subwavelength (UV-Vis to NIR) plasmonic resonators for 

controlling the wavefront of electromagnetic waves (182). 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 reached diffraction efficiencies of 80% at a wavelength 

of 825 nm and a broad bandwidth between 630 and 1050 nm (180). Other investigators 

demonstrated multilayer subwavelength metal elements capable of forming a CG phase-only 

hologram in the IR region (10.6 ɛm) (183). Introducing metamaterials can lead to greater 

control over the propagation of light, which might result in more compact, efficient, and 

versatile optical components. The metamaterials implemented consisted of gold discs (75 nm), 

rectangular patches and I-beams of various dimensions centered in a cuboid SiO2 substrate 

(1 ɛm Ĭ 1 ɛm Ĭ 500 nm). Although gold is a suitable metal at the wavelength of operation (560-

590 nm), SiO2 substrate with aspect ratio (AR) (0.25) showed significantly more absorption 

than gold substrate (AR = 0.2). The replay field had an image of 150×150 px each consisting 

of 5×5 metamaterial elements. The metamaterial structures could be modified to manage 

polarisation; hence, controlled anisotropy or even chirality may be incorporated to the material 

resulting in more degrees of control with minimal manufacturing complexity (183). 

 

Table 5. Commercial amplitude and phase SLM displays 

Manufacturer  Wavelength 

(nm) 

Panel 

Resolution 

(px) 

Panel 

Active Area 

(mm2) 

Pixel 

Pitch 

(ɛm) 

Output 

Frame 

Rate (Hz) 

Ref 

Jasper Display 532/633 4096×2400 15.3×8.9 3.74 120 (184) 

Hamamatsu 532-633 1272×1024 15.9×12.8 12.5 60 (185) 

Jenoptik 430-1600  832×624 64×10 3.0 60 (186) 

Santec 532, 800, 

1064 

1920×1200 15.3×9.6 8.0 60 or 120 (187) 

Sintec 

Optronics 

405-1550 512×512 7.6×7.6 15 44 (188) 

Fourth Dimen. 430-700 2048×2048 21.1×22.8 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 observerôs replay field from the near-eye and extending to the far field (191). Positive 

lenses could be utilised as Fourier-transformers for phase transformation (192). 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 cross-sectional layers, which were placed 

perpendicular to a chosen viewing direction. Additionally, depth 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 processing unit (GPU) card to 

generate realistic 3D image reconstructions (193). In Figure 3.3a, the concave lens is at 

distance d away from the input, which is a complex transmission function U(x,y). The lens is 

illuminated by a collimated monochromatic laser light (ɚ=633 nm) and amplitude 1 (194). 

Figure 3.3b-c illustrates different lens arrangements in the holography setup. No lens is present 

in Figure 3.4.1b, and the light path is undiffracted. In Figure 3.3c, the light path is shown with 

a convex lens. Figures 3.3d-e show a comparison between a conventional optical holographic 

display system and a Fourier transform optical system with a virtual lens (89). 

The Huygens-Fresnel diffraction method can be applied based on Maxwellôs and the 

Rayleigh-Sommerfeld equations on the propagation of the electromagnetic field (195, 196). 

The propagation of an electromagnetic field ὓ from a random point ὶᴆ to an arbitrary point 

ὶᴆ can be described as the surface integral (197): 

ὓὶᴆᶿḀὟὶᴆ
ȿᴆ ᴆȿ

ȿᴆᴆȿ
Ὠί       (Eq. 3.1) 

where Ὧ ς“Ⱦ‗ is the wavevector. Huygenôs wavelet theory, which elaborates on each point 

of light becoming a secondary emitter of spherical wavelets (198). 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 diffraction (199). Two approximations result from the non-trivial integral of 

Eq. 1: the Fraunhofer approximation for the far-field, and the Fresnel approximation for a near 

or intermediate field (200). The first approximation, the Fraunhofer field, occurs with (200): 

ȿὶᴆ ὶᴆȿ ὼ ὼᴂ ώ ώᴂ ᾀ      (Eq. 3.2) 

which is evaluated to a point approaching infinity. With a standard Taylor expansion, it can be 

demonstrated for a large distance ᾀ: (201) 
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Figure 3.3. Image reconstruction in direct-view 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 addition to the human 

eye lens with an input of complex amplitude transmission. (d) A conventional holography 

system. (e) A Fourier transform holography system. Reproduced with permission (202). 

Copyright 2021, SPIE. Reproduced with permission (13). Copyright 2022, Wiley-VCH. 
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ὓὼȟώᶿḀὟὼȟώ Ὡ ὨὼᴂὨώᴂ     (Eq. 3.3) 

 

Eq. 3.3 represents the Fourier transform of the field function at the diffraction plane, where 

ὯȾᾀ describes the relative size of the resulting hologram. Any utilised SLM 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 phase at the 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 the Gerchberg-Saxton (GS) method (156). To obtain a solution in the 

intermediate field, the Fresnel approximation is required (204). This presents a necessity for a 

further term in the Taylor expansion. An additional approximation shows a multiplicative 

quadratic term:(201) 

ὓ ὼȟώᶿḀ ὓ ὼȟώ Ὡ
  Ὡ ὨὼᴂὨώᴂ   (Eq. 3.4) 

The Fresnel diffraction is a convolution process which can be expressed as: 

ὓ όȟὺ ὓόȟὺ Ὤ        (Eq. 3.5) 

where ὓόȟὺ is the initial field and Ὤ is the impulse response of the optical system, which is 

given by the quadratic term: 

Ὤ Ὡ   
         (Eq. 3.6) 

where Ὤ is referred as the Fresnel diffraction lens. To find the focal point with the used 

diffraction pattern, the variable ᾀ can be set as the focal distance (200). Fresnel holography 

utili ses the encoding of an object. 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 implementation (205). 

 

3.5. Holographic Image Generation Algorithms 

Fresnel virtual lens or a Gabor superlens algorithmic methods can be utilised to superpose 3D 

holographic replay fields by a summation process of their direct viewed replay field focused at 

infinity  (206). These methods utilise an advanced GS algorithm for phase retrieval to optimise 

the replay field results. The replay fields were focused at infinity to superimpose the summated 

results in the method to create floating replay field reconstructions (207). 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 specific viewing 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 polarisers in the setup were modulated. A layering technique achieved 10-20 µm layers 

for 1024×1024 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 real-time with 24 frames s-1 (89). This technology has the potential to be 

utili sed in AR applications (191). This algorithm-only approach was utilised to display replay 

field results with multiple depths by using a stochastic gradient descent (SGD) algorithm with 

complex loss function (209). Previous algorithms calculated the loss function generally by 

comparing the obtained amplitude of the reconstructed image with the target images at different 

depth planes (210). 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 amplitude-based multi-depth loss. Hence, the optimisation time of 

the algorithm is close to the single-depth optimisation time (209). Fourier and Fresnel methods 

have been used to generate CGHs (211). The Fresnel method generates arbitrary large images 

with object depths (212, 213). The Fourier method utilises the Kinoform technique to project 

the replay field (projection area) at the focal plane of a lens (214). A CGH can be formed 

through the phase retrieval (125, 215), the wavefront recording plane (216-218), the multi-view 

(212), and the polygon-based (219, 220) algorithms such as triangular or hexagonal. With the 

polygon-based method, full-parallax CGHs with four billion pixels can be obtained (221). 

Phase-only CGHs provide high diffraction efficiency for the reconstructed replay field. 

Holograms capable of producing 3D coloured images with a modified GS algorithm (222). By 

utilising a Fresnel incoherent correlation holography, experimental and digitally coloured 

holographic images were obtained (223). This cost-effective 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 3840×2160 px have a greater efficiency due to the absence of conjugate orders 

and residual zero orders (224). The robustness of holographic projectors lies in the setup as 

only one lens is used without a polariser (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 cars. A study proposed layered holographic 

projection methods to display UHD 3D images in direct-view 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 onto the LCoS display panel 

of a 4K SLM. Additional codes such as the Wirtinger derivatives and hardware in the loop were 

developed for generating multilayer 3D near-eye projections by adding multiple retrieved 

holograms with an independent Fresnel zone plate into a single hologram (226). 
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Using Wirtinger derivatives allows for posing the phase retrieval problem as a quadratic 

problem, which can be minimised with first-order optimisation methods (227). This method 

facilitates rendering 3D scenes. The HOLOEYE LETO-I liquid crystal on silicon (LCoS) with 

reflective coating phase-only spatial light modulator with a resolution of 1920×1080 px was 

utili sed for the optimisation method. The pixel pitch of the SLM was 6.4 µm, resulting in an 

active area of 12.28×6.91 mm2. A single optical fibre 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 controlled by 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 LUTs (229), and by introducing 

customised computer clusters such as the HORN-6 (230). The developed method outperformed 

double phase encoding holograms by more than 10 dB across all datasets (231). Others 

managed to obtain reconstructions with a He-Ne laser (633 nm, 5 mW) and a 4K SLM with 

reflective phase modulation. 3D holograms were directly observed floating as ghost images at 

different focal distances and sizes (232). Concave and convex lenses were varied at the output 

of the LCoS display panel in the direct-view 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 pixel-to-pixel interactions (233, 234). The phase can additionally control the 

gratingsô interaction in the CGH (235, 236). This parameter is paramount in the FFT method 

when creating the CGH because it can be varied to optimise the 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 gratings (237). Therefore, the phase between 

0 and 2́  is applied to set the amount of grating within the limits of the bandwidth of the 

supersystem. A method was developed to optimise the CGH, which was based on the FFT and 

the GS methods (200). This method was based on the phase retrieval method to optimise the 

replay field projection. The GS method was based on a chosen phase map, which was applied 

to the square root of the intensity 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 formula (240). Each pixel had one grating in 

the original image Ὢόȟὺ. 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 field projection, the grating could be 

modified with a GS code (160, 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 determined N points each consisting of N 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 order ɨ ὔ . In the general case, M×N input and output points were 

used. There is a constant factor (ὔ) targeted to increase the algorithmôs speed and performance 

(192, 242). The use of FFT accelerates the traditional computational process (198). To reduce 

the size of the optical setup, algorithms could be implemented as functions for: (i) image 

conversion into a hologram instead of a holographic plate, and (ii) integration of a virtual 

Fresnel lenses to remove at least one lens in the optical setup. Furthermore, algorithms could 

be used to test optimisation and focusing functions: (i) GS function, (ii) Fresnel function, and 

(iii) scripts for generating multilayer holograms (89, 243). 

 

3.5.1. Functions 

The functions evaluate the mathematical expressions. These mathematical expressions are 

validated within the functionôs algorithms. 

Conversion of 3D objects into holograms: Functions have been developed to implement the GS 

algorithm, which iteratively finds an optimum value for a multi-phase hologram (156). 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 initialisation of the mode is achieved by a for loop (215). In 

the for loop script, 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 with the target image (238, 244). 

Algorithmic virtual Fresnel lens and Gabor superlens: A virtual lens creates a virtual 

propagator system that enables an experimental and theoretical study of beam propagation and 

light diffraction without physically moving any optical component (245). 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 a phase-only SLM (PLUTO, 

HOLOEYE Photonics). The SLM had a reflective LCoS microdisplay (1920×1080 px). The 

pixel pitch of the SLM was 8 ɛm, with 256 gray-scale levels (100). The design of the algorithm 

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 the x and y axes, the physical period of the pixel pitch, 

the focal point of the target, and the wavelength of the optical beam (205). A mesh of 

coordinates in the axes is generated and evaluated, thereafter, the Fresnel and Gabor functions 

are retrieved (101). Additionally, an acceleration of the virtual Fresnel and Gabor superlens 

implementations can be achieved by a GPU (246). Holographic computations integrating at a 

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

 

3.5.2. Scripts 

A script is a set of commands developed to test the functions of the written algorithm (e.g., in 

MATLAB, Python). The following scripts describe each step of the algorithmic testing process. 

Test of the Gerchberg-Saxton function: The output of this script consists of an optimised 

hologram that reconstructs a target image at the far field. This script has the following steps: (i) 

a general user interface is utilised to retrieve an image, (ii) the image is converted to grayscale 

and normalised, (iii) the GS algorithm is executed with a random phase, the target and 10 cycles, 

(iv) the retrieved hologram phase is normalised and saved on the hard drive, (v) the hologram 

phase is utilised to retrieve the reconstruction through an FT, (vi) the retrieved hologram 

reconstruction is stored on the hard drive, and (vii) the signal-to-noise ratio is calculated. 

Test of the Fresnel and Gabor superlens functions: The 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 SLM resolution, 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 considered, two-colour spatial multiplexing in the 

field of view can be achieved.), and the desired focal distance, (ii) the retrieved phase is 

redefined in the range of -ˊ to ˊ, and (iii) the resulting digital image is saved on the hard drive 

to be implemented in the holography setup (205, 247). 

Multilayer holograms: To 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 defined (248). The 

lens makerôs formula allows for recreating the experimental view of a physically applied 

Fresnel lens (249). The multiple layers script consists of the following steps: (i) the parameters 

are defined, including the resolution of the CGH (1080Ĭ1080 px), the pixel pitch (8 ɛm), and 

the wavelength of the excitation source (671 nm) (250). 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 be 1.2° (247); (ii) With known focal lens 
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length, the lens makerôs formula is applied to retrieve the focal distances of the zone plates. (iii) 

A for loop is utilised to combine through addition of the fields of each hologram: (1) the images 

are retrieved, normalised and raised according to the dimensions of the SLM (1080×1080 px), 

(2) the GS algorithm is applied with a random initial phase and the image target for several 

cycles (e.g. 10 iterations), (3) a Fresnel zone plate is created and added to the hologram, and 

(4) the retrieved hologram is added to the previous hologram to create a layer-by-layer effect, 

and (iv) the image hologram is stored in the hard drive (99, 191). 

Hologram generation: The GS algorithm was the first method to optimise phase 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 intensity of the SLM is 

programmed to 1 in a loop to determine the unknown parameter of the phase of both the original 

image and its replay field (247). 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 result (89). 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 generated (251). The 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 of an error between the reconstructed image 

in the replay field result and the original target image, the phase-only function is obtained (186). 

Additionally, multiphase retrieval algorithms, which contain several phase-only functions, are 

used to reconstruct the replay field as the target, where specific Fresnel holograms include the 

information of the original object (239, 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 emphasise the object overlap in the fore- and 

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 closer objects 

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 process (98, 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 angles (254, 256). This process recreated 

close to real-life holographic projections due to the meshing process of 2D scenes in one 
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coherent depth-perceived 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 layers.(100) In 

other studies, by superimposing layers with an optimised algorithm, the hologram generation 

time was reduced by four times for application in dynamic 3D holographic displays and HUDs 

(99, 257). 

The GS algorithm generating phase-only CGHs has fast calculation ability due to an iterative 

Fourier transform process (244). 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 near-field diffraction with the angular spectrum, the virtual 

Fresnel or Gabor superlenses, and the Fresnel diffraction (258). 

 

3.6. Equipment for Generating 3D Holograms 

A HeNe laser (random polarisation, ɚ=632.8 nm, 5 mW), an aspheric lens (f=3.30 mm, 

NA=0.47), a plano-convex lens (f=75 mm, Ø1", N-BK7, ARC: 350-700 nm), achromatic 

doublet lens (f=100 mm, Ø1"), a linear polariser (Ø1", N-BK7, 38% transmission), a polymer 

zero-order half-wave plate (Ø1", 633 nm), non-polarizing beamsplitter (50:50 split, 30 mm), an 

optical power meter interface with USB operation (PM100USB), and a UHD SLM (3840×2160 

px, EXULUS-4K1) were purchased from Thorlabs. The UHD SLM was manufactured by 

Jasper Display Corporation and had an operating wavelength of 400-850 nm, phase/retardance 

range of 2ˊ at 633 nm, frame rate of 30 Hz, and fluctuation/flickering (RMS) <5%. A digital 

camera (Ŭ7 II E-mount, full -frame sensor (35.8 mm×23.9 mm), 24.3 MP), and a camera lens 

(FE 28-70 mm, F3.5-5.6 OSS) were purchased from Sony. A Range Rover Velar model (h=110 

mm, w=37 mm, h=53 mm) was used to simulate a real-life background object. 

 

3.6.1. AR CGH Image Generation 

CGH data was created using SolidWorks 2020 (SP2.0, Dassault Systèmes) CAD 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 (i9-9880H, 2.30 GHz, 64 GB RAM) with an 

NVIDIA GeForce GTX 1650 Max-Q 4GB GDDR5 graphics card required 1.5 s. 
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3.6.2. LiDAR Terrestrial Scanner Data Collection Process 

A RIEGL VZ 400 (RIEGL Laser Measurement Systems GmbH) was utilised for LiDAR data 

collection. The scanner used has a wavelength of 1,550 nm, a beam divergence of 0.35 mrad, 

and a measuring range of around 600 m. LiDAR systems emit a wave that avoids interference 

with other sensing devices (e.g., cameras, human eye). Hence, the emission wavelength of 

LiDAR is predominantly located in the near-infrared range. The LiDAR data was obtained from 

scanning Malet Street and Hampstead Heath in London. Data was post-processed in RiSCAN 

Pro (RIEGL Laser Measurement Systems GmbH) to produce a co-register point cloud in an 

arbitrary coordinate system. The objects on the sidewalks of the scanned street were processed 

by using separation algorithms containing four different filters. The criteria of an ideal SLM are 

a phase modulation device instead of an intensity modulation; the efficiency of the replay field 

projection increases when the SLM modulates the phase instead of the intensity. The next 

criterion is the bandwidth of the modulation of the SLM: at least a 2ˊ modulation should occur 

in the SLM for maximum efficiency. The SLM should have adequate resolution to reproduce 

an accurate replay field. The UHD SLM had a phase of 2ˊ. The SLM was operated at 633 nm 

wavelength with an unpolarised HeNe laser (5.0 mW). 

 

3.6.3. Modulation of Linear Polari sers 

In the UHD SLM setup, linear polarisers (Ø1", N-BK7, 38% transmission) were placed to 

control the polarisation of the light source as the laser light before the polarisers were not 

polarised to any axes. The polarisers were crucial during all experiments as a grayscale map 

was developed by having found the so-called liquid crystal switching angle. Two polarisers 

were used before the beam splitter and the replay field image was observed when the polarisers 

were rotated, one at a time. Generally, light polarised with 90° would be parallel to the axis of 

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 zero-order region at the origin of the replay field was due to undiffracted light. The 

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, EXULUS-4K1 from Thorlabs), three single-mode fibre pigtailed 

laser diodes with FC/PC connections (488 nm at 20 mW), (520 nm at 15 mW) and (642 nm at 

20 mW), three plano-convex lenses (f=150 mm, Ø1", N-BK7, ARC: 350-700 nm), and a non-

polarizing beamsplitter (50:50 split, 30 mm) were utilised 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 400-850 nm after calibrations studies with full factor of >90%, a panel active area of 15.6 

mm Ĭ 9.2 mm, pixel pitch of 3.74 Õm, phase/retardance range of 2ˊ at 488 nm and 642 nm, and 

a frame rate of 30 Hz. The replay field images were taken with a digital camera and equipment 

from Sony (Ŭ7S III E-mount, full -frame sensor (35.6 mm × 23.8 mm), 24 MP), and a camera 

lens (FE 16-35 mm, F2.8 GM). 

 

3.7. LiDAR Object Mapping and CGH Generation  

The LiDAR data was collected by using a RIEGL VZ 400. Data was post-processed in RiSCAN 

Pro to produce a database of point clouds in an arbitrary coordinate system. The objects were 

processed by using separation algorithms containing four different filters in MATLAB. 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 MATLAB code on a Lenovo 

ThinkPad laptop (i9-12900HX, 5 GHz, 128 GB RAM) with an NVIDIA RTX A5500 graphics 

card required an average of 0.47 s. An Ultra-High-Definition (UHD) SLM with a panel 

resolution of 3840×2160 px, the EXULUS-4K1 from Thorlabs was utilised. Additionally, a 

single-mode fibre pigtailed laser diode with FC/PC connection (642 nm at 20 mW), a plano-

convex lens (f=150 mm, Ø1", N-BK7, ARC: 350-700 nm), and a non-polarizing beamsplitter 

(50:50 split, 30 mm) were utilised in the study. The UHD SLM operated at 400-850 nm, with 

a full factor of >90%, a panel active area of 15.6 mm × 9.2 mm, a pixel pitch of 3.74 µm, 

phase/retardance range of 2ˊ at 642 nm, and a frame rate of 30 Hz. The 3D layered replay field 

results were taken with a digital camera from Sony Corp. (Ŭ7S III E-mount, full -frame sensor 

(35.6 mm×23.8 mm), 24. MP) and a camera lens (FE 16-35 mm, F2.8 GM). 

 

3.8. Methods for the Point Cloud Data Analyses 

To obtain the floating 3D mixed reality holographic replay field results, two algorithms were 

created: 1. The Computer-Generated-Hologram (CGH) algorithm which generated the 

hologram, and 2. The layered algorithm places the resulting 3D virtual object at the desired 

distance matching the size to real-life objects at the distance. The original 3D objects were 

generated with SolidWorks and imported into MATLAB (R2021a, MathWorks). The 

processing time to generate the CGH via the MATLAB code on a Lenovo ThinkPad laptop (i9-

9880H, 2.30 GHz, 64 GB RAM) with a NVIDIA GeForce GTX 1650 Max-Q 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 Measurement Systems GmbH, Austria) was utilised for 

LiDAR data collection. The LiDAR data was obtained by scanning Malet Street in London. 

Data were post-processed in RiSCAN Pro (RIEGL Laser Measurement Systems GmbH) to 

produce a co-register point cloud in an arbitrary coordinate system. The objects on the 

sidewalks of the scanned street were processed by using separation algorithms containing four 

different filters. 

 

3.8.2. Optical Setup 

A He-Ne laser (Thorlabs) with random polarisation was utilised. The laser was operated at a 

wavelength of ɚ=632.8 nm and a power of 5 mW. Optical components include an aspheric lens 

(f=3.30 mm, NA=0.47), a plano-convex lens (f=75 mm, Ø1", N-BK7, ARC: 350-700 nm), a 

linear polariser (Ø1", N-BK7, 38% transmission), a polymer zero-order half-wave plate (Ø1", 

633 nm), and a non-polarizing beamsplitter (50:50 split, 30 mm). A 4K SLM (3840×2160 px) 

manufactured by Jasper Display Corporation was used to display the holograms. The phase-

only SLM operated at a wavelength range of 600-700 nm and was determined to possess a 

phase/retardance range of 2ˊ at 633 nm, a frame rate of 30 Hz, and fluctuation of (RMS) <5%. 

A Sony digital camera (Ŭ7S III E-mount, a full -frame sensor (35.6 mm×23.8 mm, 24 MP), and 

a camera lens (FE 16-35 mm, F2.8 GM) were utilised to capture the replay field results.  

 

3.8.3. Algorithms and Hologram Generation  

The obtained AR 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 real-life LiDAR objects. Each extracted point cloud 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 object. The 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 Intel® CoreTM i7-8665U @ 1.90GHz, 2.11 GHz 

with 48 GB RAM, the Intel® CoreTM i9-10885H @ 2.40GHz, 2.40 GHz with 64 GB RAM, the 

Intel® CoreTM i7-1185G7 @ 3.00GHz with 48 GB RAM, RTX 3070 AMD RyzenÊ 7 5800H 

Processor @ 3.20 GHz, up to 4.40 GHz Max Boost, 8 Cores Nvidia RTX A5000 24 GB GDDR6 

Graphics Card, Intel® CoreÊ i7-1280P 1.8 GHz at 48.0 GB RAM and the Intel® CoreÊ 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. After the time 

comparison of the 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 

implemented to generate depth cues such as accommodation and occlusion in the replay field 

results. Additionally, a method was developed to match the real-life objects in size and distance 

in the replay field by introducing a virtual Gabor lens based on the multichannel 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 a different 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 distance d away from the input, which is a complex transmission function U(x,y) 

illuminated by a collimated monochromatic He-Ne laser light (ɚ=633 nm) and amplitude 1. The 

360° rotations (20º, 80º, 120º, 160º,180º, 200º, 250º, and 310º) were generated due to the 

imported LiDAR point cloud data into the x, y, and z coordinates in MATLAB. A 3D rotation 

was performed 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 hazard to the driver. 

 

3.9. Methods for  the RGB Fibre Laser Experiments 

3.9.1. LiDAR Data Acquisition  

An Apple iPhone 13 Super Retina XDR OLED, 12 MP camera, f/1.6, 26mm (wide), 1.7µm, 

dual pixel PDAF, sensor-shift OIS, and 256 GB 4GB RAM with integrated LiDAR sensors 

were utili sed for LiDAR data collection. This mobile technology is ubiquitous and could be 

deployed in cars as a cost-effective LiDAR technology without requiring integrated systems. 

The iPhone LiDAR sensors created accurate high-resolution models of scanned street objects 

with a greater length than 10 cm and an absolute accuracy of Ñ 1 cm. 3D models of road 
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obstacles for automotive applications with dimensions of up to 10 Ĭ 15 Ĭ 10 m with an absolute 

accuracy of Ñ 1 cm were collected. LiDAR is a widely utilised method to measure distances by 

timing the return pulse, emitted from a laser transmitter to the laser receiver (259). The road 

obstacles were collected from the streets of Londonôs high-traffic areas such as Fulham Palace 

Road and High Street Kensington. The data was post-processed to extract the desired road 

obstacles by using separation algorithms containing four different filters. 

 

3.9.2. Optical Setup 

Three RGB fibre laser sources (488 nm at 20 mW), (520 nm at 15 mW) and (642 nm at 20 mW) 

(Thorlabs) were utilised 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 laser sources at a wavelength of ɚ=488 nm and a power of 20 mW, ɚ=520 nm, 

and a power of 15 mW and ɚ=642 nm and a power of 20 mW respectively. Optical components 

include a plano-convex lens (f=150 mm, Ø1", N-BK7, ARC: 350-700 nm), a non-polarizing 

beamsplitter (50:50 split, 30 mm), and a Thorlabs 30 channel wavelength combiner with ports 

operating at Port 1 = 488 nm, Port 2 = 532 nm and Port 3 = 640 nm. Additionally, a 4K SLM 

(3840×2160 px) manufactured by the Jasper Display Corporation was utilised to display the 

three generated holograms sequentially. The phase-only SLM operated at a wavelength range 

of 400-700 nm and was determined to possess a phase/retardance range of 2ˊ at the three 

operated wavelengths, a frame rate of 30 Hz, and fluctuation of (RMS) <5%. A Sony digital 

camera (Ŭ7S III E-mount, a full -frame sensor (35.6 mm×23.8 mm, 24 MP), and a camera lens 

(FE 16-35 mm, F2.8 GM) were utilised 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 and measured distances ranging from 35 cm to 1 m. Each road 

sign scanning process was repeated five times to account for precision when compared to the 

post-processing process. The scanned data was collected with the help of the iPhone App called 

ñ3D Scanner Appò version 1.8.2 accessed in June 2023. The raw data with all the points was 

exported from the collected model into a text file with 6 columns which would be later 

processed with a generated MATLAB algorithm. Although the iPhone offered already Apple 

Inc. software to process the raw collected LiDAR sensor data with Apps such as ñSiteScapeò 

and ñEveryPointò the goal of this work was to develop an accelerated point-cloud-based 

algorithm to extract specific road obstacles and create RGB holograms to be projected as replay 

field results. Another reason for the custom-elaborated algorithm was that the number of points 
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collected and to be processed is not limited as opposed to the provided Apple Inc. Apps are 

limited to 12 million points in a point cloud. Another reason for the point-based chosen 

approach is the flexibility and brightness control of every point processed ï Every point 

contains depth information and is reflected in the replay field result creating a more accurate 

representation of the real 2D object. 

 

Algorithms and Hologram Generation 

The point-based method utilises spherical 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 400,000 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 pixels in the 

hologram. To achieve UHD in the replay field results, the computation time increases up to 2.5 

minutes with GPU parallel processing to process 400,000 points. The iPhone point cloud-based 

method utilises several arbitrary polygons to generate an object surface (Figure 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 optics including an acceleration on the GPU 

parallel processing module.  
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4. LiDAR -Derived Digital Holograms for Automotive 

Head-Up Displays 

This chapter introduces an automotive head-up display to project 2D and 3D UHD images using 

LiDAR data in the driverôs field of view. The LiDAR data was collected with a 3D terrestrial 

laser scanner and was converted to CGHs. The reconstructions were obtained with a HeNe laser 

and a UHD Spatial Light Modulator with a panel resolution of 3840×2160 px for replay field 

projections. By decreasing the focal distance of the CGHs, the zero-order 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 concave lens. The LiDAR 

data acquisition in this chapter was carried out in collaboration with Dr Phil Wilkes. This work 

was published in Optics Express in 2021 (191). 

 

4.1. Introduction  

HUDs should project information within the eye box (15×15 cm2) of the driver. The eye box is 

required to achieve minimal interference with driver assistance systems in the driving behaviour 

(152). A collimated optical system needs a predefined exit pupil (198). As conventional HUDs 

are fixed, retaining a small exit pupil is challenging (262). A panoramic display can enable 

projecting directly in the eye box of the driver. 

LiDAR systems complement camera or radar-based perception to increase accuracy and 

safety in autonomous cars (263). LiDAR instruments are active sensors that illuminate the 

surroundings by emitting either pulsed or phase-modulated light; the range is then measured 

precisely by processing the backscattered laser waveform. LiDAR sensors are utilised for object 

detection, classification, tracking intention prediction, and depth layer analyses (264). 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 accurate moving object 

detection and grid detection for localisation and mapping (265). The incorporation of LiDAR 

data in holographic HUDs is highly desirable to project images in creating an AR experience. 

CGHs of 2/3D LiDAR projections were developed based on a modified Gerchberg-Saxton 

algorithm for phase retrieval. The LiDAR data was collected from a public road in London 

using a 3D terrestrial laser scanner. The acquired waveform data was processed to digitise the 

echo signals in the form of CGHs. Holography setups were developed to generate UHD images 

of the LiDAR data with a panel resolution of 3840×2160 px: (i) 2D projections with zero order, 

(ii) 2D projections with diffused zero order, and (iii) 3D projections 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 LiDAR 

images setup can have safety and security applications in the transportation sector. 

The novelty of this work is the enlarged eye box of the driver, the alignment of the 

holographic objects in size and distance with real-life objects in the 3D floating AR view, and 

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 the real-life objects which 

act as an addition to the driverôs field of view to alert about road obstacles. The addition of the 

LiDAR point cloud data has the advantage of real-life scanned data from public roads with the 

potential to integrate the data into the urban environment to project 3D road obstacles into the 

driverôs field of view in real time. 

 

4.2. Experimental Results  

A 3D terrestrial laser scanner was utilised to collect LiDAR data (Figure 4.1a). The scanner 

had a reference beam wavelength of 1,550 nm, a beam divergence of 0.35 mrad, and a 

measurement range of 600 m. The scanner captures data at 122 kHz and has a range accuracy 

of 5 mm accuracy with a repeatability of 3 mm (Figure 4.1b). Figure 4.1c shows the 

experimental setup for LiDAR data collection of an object (e.g. tree). The LiDAR produces 

echo signals (waveform data) from the emitted pulses of the objects (Figure 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 street, at each position 

an upright and tilt scan was acquired (Figure 4.1e). Data was post-processed to produce a co-

register point cloud in an arbitrary coordinate system.  

 

Figure 4.1. LiDAR data collection. (a) Features of the 3D terrestrial laser scanner featuring a 

pulsed laser scanner (ɚ=1,550 nm), photodiode, timer circuit, and automated control of the field 
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of view (100° vertical, 360° horizontal). (b) The LiDAR scanner utilises a reference beam to 

scan the objects in the environment with a scan data acquisition of 5 mm accuracy and 3 mm 

repeatability, and a measurement range of 600 m, enabling a measurement rate of 122,000 points 

s-1. (c) The experimental setup for LiDAR data collection of an object (e.g. tree). (d) The echo 

signals (waveform data) based on the emitted pulsed of the laser and returned waveform were 

analysed. (e) Birdôs-eye view of Malet Street in London, showing the direction of LiDAR 

scanning. Scale bar=30 m. The inset shows the scanned street position. Scale bar=10 m. (f) A 

LiDAR reflectance image of a scanned street position (inset in (d)), demonstrating the ability 

to distinguish objects such as vehicles and trees. Reproduced with permission (191). Copyright 

2021, Optica. 

 

A previously developed open-source Python library called TLSeparation was used during 

this study to perform a classification of TLS data separation (266). 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 detection and 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 networks were newly introduced by Vicari et al. (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 path detection showed an 

accuracy of >80%. Figure 4.1f illustrates the reflection points of a street location (Figure 4.1e 

inset), showing the ability to differentiate between objects (e.g., buildings, vehicles and trees). 

To connect the post-processed 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 project the information within 

a single layer at the desired distance of the driver. Hence, this technology presents a 

personalised approach to project 3D floating holograms at a desired distance in the driverôs 

field of view, encompassing the size of the driverôs eye box. Studies have proven the importance 

of displaying data in specific areas of the field of view for the driverôs safety without presenting 

hazards of distraction to the driver (76). The varying ability of the holographic post-processed 

LiDAR data to be displayed at different distances within one single layer presents an addition 
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of depth recreating the AR experience. An example of the arranged information displayed in 

the driverôs field of view, objects such as trees and cars were tested within this study in addition 

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 consisted of a HeNe laser (ɚ=632.8 nm, 5 

mW), an aspheric lens (f=3.30 mm, NA=0.47), achromatic doublet lens (f=100 mm, Ø1"), 

linear polariser (Ø1", N-BK7, 38% transmission), a polymer zero-order half-wave plate (Ø1"), 

non- polarizing beamsplitter (50:50 split, 30 mm), and a UHD SLM. The SLM employs a 

Liquid Crystal on Silicon (LCoS) microdisplay to create high-resolution (3840×2160 px) 

reflective phase modulation with individually controlled pixels. The LCoS microdisplay panel 

consists of a liquid crystal layer sandwiched between a reflective electrode (bottom layer) and 

a transparent and conductive indium tin oxide (ITO) electrode (top layer). The reflective layer 

produces individually controlled pixels. When a voltage is applied, an electric field is formed 

between the two reflective electrodes and the ITO electrode. The strength and direction of the 

electric field allow 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 the phase and 

shift the wavefront based on the individually controlled pixels. 

Figure 4.2b shows the experimental projection setup to display 2D holographic images. An 

unpolarised HeNe laser (ɚ=632.8 nm, 5 mW) beam was expanded using an aspheric lens 

(f=3.30 mm) and collimated with another lens (f=100 mm) to obtain a beam of Ø30 mm. A 

linearly polarised (Ø1", N-BK7, 38% transmission) polymer half-wave plate (Ø1") was utilised. 

An image (to be projected) was converted to a CGH pattern and communicated to the SLM 

through a High-Definition Multimedia Interface (HDMI). The computational focal 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 plano-convex lens (f=75 mm) was used. To calibrate the holography setup, a 

slanted line (45°), a grid, and fine slanted lines (0°, 45° and 90°) were displayed (Figure 4.2.c). 

Figure 4.2d shows that the holography setup displayed the far-field diffraction patterns 

correctly. Figure 4.2e shows the optical power measurements of the diffracted patterns, where 

the zero-order and the diffraction 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 so-called ñreplay fieldò of the hologram. Due to the reflective nature 

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 

holographic projection setups showing a HeNe laser, a focusing lens, a polariser, a half-wave 

plate, a beam splitter, and a UHD SLM (3840×2160 px). (b) The experimental setup allows for 

projecting 2D holographic images. The inset shows the LCoS microdisplay panel. (c) Patterns 

(slanted line, grid, fine lines at 0°, 45°, 90°) that are projected to a screen. (d) Projected patterns 

in the far field. (e) Optical power measurement of the projected patterns. Reproduced with 

permission (191). Copyright 2021, Optica. 

 

This study focussed on the phase-only 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 sampled with a uniform 

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 fashion to a display (233, 234). This crucial parameter is paramount when creating the 
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CGH as it can be adjusted to optimise the replay field projections. When the CGH was modelled 

with a fast Fourier transform (FFT), a limiting factor was the bandwidth of this system to 

contain the number of gratings (237). Hence, the phase between 0 and 2ˊ was applied to set the 

amount of grating within the limits of the bandwidth of the supersystem. Herein, The CGH was 

generated and optimised through the FFT in the Gerchberg-Saxton method. This optimisation 

method utilises the square root of the intensity map of pixels from the original image as the 

modulus of the target field to find an optimised field in an iterative approach (238, 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 set to 1 as an 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 

Gerchberg-Saxton algorithm allocated a random phase in each pixel of the original image and 

ran the 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 image, and 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 process, the output 

image could be varied by amplitude and phase.  

To validate the ability to project 2D images, solid modeling computer-aided design (CAD) 

was converted to holograms and displayed in the far field (Figure 4.3a). To test the resolution 

of the developed optical setup, 3D CAD models were utilized to validate the accuracy of the 

replay field results. This method allowed for the most accurate 3D replay field results outlining 

the 3D model silhouettes and depth through shadows and visual cues. Several 3D CAD models 

were created to demonstrate different depth representations of the optical setup (Figure 4.3a). 

This allowed for illustrating binocular disparity and accommodation to visualise 3D objects. 

After this method achieved accuracy and the depth cues in the replay field results, the LiDAR 

objects were also 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 

chosen to present an object with an increased complexity due to a high number of points 

(400,000 points) and details (i.e. leaves). When this 3D object was precisely projected, the 

application for displaying human within the generated HUD was also verified (Figure 4.3f).   

To determine the optimal phase angle, the polarisers were rotated to minimise the zero order 

in the replay field. The smallest zero order was determined at 45° of both polarisers, having a 

phase angle of ˊ/4. Figure 4.3b illustrates a hologram of the 1951 USAF resolution test chart. 
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Figure 4.3c shows a LiDAR image of a tree based on the collected reflectance waveforms. This 

LiDAR image was converted to a CGH and the collimated laser beam (ɚ=633 nm) illuminated 

the LCoS microdisplay panel to project 2D LiDAR data on a plane opaque viewing screen 

through a convex lens (f=750 mm) (Figure 4.3d). This UHD 2D image displayed the fine 

features of the tree (branches, leaves) in high resolution (3840×2160 px). Figure 4.3e illustrates 

the LiDAR reflectance images of two individuals, showing clear facial features. The LiDAR 

data of these individuals were holographically projected (Figure 4.3f). 

 

 

Figure 4.3. A 2D holographic projection of LiDAR images with zero order. (a) Solid modeling 

CAD holograms displayed in the far field. Scale bar=5 mm. (b) 1951 USAF resolution test chart. 

Scale bar=5 mm. (c) LiDAR data of a tree. Scale bar=3 m. (d) A holographic image of a tree. 

Scale bar=5 mm. (e) LiDAR data of two individuals. Scale bar=20 cm. (f) Holographic 2D 

images of two individuals. Scale bar = 5 mm. Reproduced with permission (191). Copyright 

2021, Optica. 
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Although the zero-order spot can be highly reduced with the aid of polarisers and a half-

wave plate, it will be an inherent feature of any reflective SLMs. This high-intensity spot 

interferes with the displayed holographic projection on the same image plane. Hence, it is highly 

desirable to diffuse the zero-order spot in display applications. The focusing 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 closer distance rather than at the far-field. 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 the Eq. 4.2. In this 

approximation, the Fourier transform represented at the Eq. 4.3 included a convolution Fresnel 

term:  

ὟὼȟώᶿḀὟὼȟώ  Ὡ
  Ὡ ὨὼᴂὨώ    (Eq. 4.4) 

The Fresnel term is multiplied by the field function at the diffraction plane. Therefore, it 

represented a focusing lens and is referred to as 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 the zero-order because it had a different 

focal point than the replay field. The optimal scenario occurs with the minimum focal point 

achievable by the SLM. This reconstructed minimum eye box size represents an image of a 

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

relations. The maximum diffraction angle according to the grating formula is: 

— ÁÒÃÓÉÎ           (Eq. 4.5) 

where ὴ represents the pixel pitch. A factor of four was used instead of two because two pixels 

were required to form a complete oscillation. Based on the trigonometric approach, the 

minimum focusable distance Ὢ is related to the SLM size Ὠ: 

Ὢ
  

  

ρ      (Eq. 4.6) 

With an SLM of pixel size of 3.74 µm and a resolution of 2160 px, an optimum focal distance 

of 47.68 mm was obtained. This number was utilised in 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 the CGH in a larger area on a whiteboard. Following this rationale, an optical 

setup was developed to diffuse the zero order with the polarisers (Figure 4.4a). Although the 

zero-order was dissipated creating a uniform 2D replay field result on a whiteboard at variable 

distances, the accuracy and precision in the replay field results reduced (Figure 4.4b-d). This 
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reduced accuracy was illustrated by blurriness, and increased speckles, especially around the 

silhouettes of the generated replay field results. Hence, this approach of 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 setup. Following this scheme, an optical setup was 

developed to diffuse the zero order (Figure 4.4a). A focusing lens (f=75 mm) was used after 

the beam splitter to project the hologram and the Fresnel diffraction method was utilised. The 

75 mm focal length lens was determined as optimal for the zero-order 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 having a highly concentrated spot in the 

centre of the image. Figure 4.4b shows the zero-order diffused 2D holographic projections of 

the CAD models in the far field. Figure 4.4c demonstrates 1951 USAF resolution test chart 

with zero-order 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. 

 

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

setup to diffuse the zero order of the holographic image. (b) SolidWorks CAD models displayed 

in the far field as 2D holograms for accuracy and objects precision tests. Scale bar=5 mm. (c) 

1951 USAF resolution test chart. Scale bar=5 mm. (d) 2D holographic LiDAR images of a tree, 

a man, and a woman. Scale bar=5 mm. Reproduced with permission (191). Copyright 2021, 

Optica. 
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An optical setup was developed to project 3D in-eye holograms (Figure 4.5a). The beam 

was collimated then linearly polarised before entering the SLM. By excluding the convex lens 

shown in Figure 4.5a, the beam splitter directed the replay field directly into the observerôs 

eyes, so that the eye lens could focus at the infinite when a Fraunhofer hologram was displayed 

in the SLM. Figure 4.5b shows the setup for 3D in-eye holographic projections focused at 

infinity in direct view mode without any lens at the hologram output. Inset in Figure 4.5b 

illustrates the 3D in-eye holographic projection of a checkerboard. Furthermore, a concave lens 

(Ὢ= -100 mm) was utilised 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 at infinity . Contrastingly, Figure 4.4a follows the approach, where the 

image was displayed in front of the convex lens. The position of the visualised object followed 

the lens makerôs formula: (268) 

ρ
Ὢ
ρ
ᾀ

ρ
ᾀ         (Eq. 4.7) 

where Ὢ is the focal distance of the lens, and ᾀ and ᾀ 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 

was 50 mm. Based on the lens makerôs formula, a hologram focused at 100 mm in front of the 

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 effectively calculated with 

the lens makerôs formula. 

 

Figure 4.5. 3D in-eye holographic projection of LiDAR images. (a) Optical setup to create 3D 

holographic projections focused at infinity, directed toward the viewer. (b) Optical setup 
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showing a HUD to display 3D holographic images. The inset shows a holographic checkerboard 

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 semi-reflective 

window and real-world car model in the background to simulate a car HUD with a scenery, 

showing 4 types of CAD car models aligned with the real-world model of a Land Rover Range 

Rover Velar at (i-ii)  300 mm and (iii-iv) 600 mm. Reproduced with permission (191). Copyright 

2021, Optica. 

 

LiDAR data was projected at different distances in front of the viewer. This effective 

location of the image was achieved by a virtual Fresnel lens with multiplication with the CGH. 

Figure 4.5c illustrates the 3D in-eye 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 as AR in 3D at 

infinity (Figure 4.5c) or different distances aligned with the real-life 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 the real-life object until 600 mm distance from the 

viewer. The elaborated algorithm allows further 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 width, and 53 mm in height; this limited the full alignment distance to 300 

mm as shown in Figure 4.5d i-ii . The in-eye holographic projections provided image depth 

focus matching the position of the real-life objects, which were at 300 mm and 600 mm 

distances from the viewer. This setup provides the driver 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 field outside of the car although the projection will be directed 

straight into the driverôs eyes. The reproduced hologram in Figure 4.5d iii -iv which is at a 

further distance appears sharper and more accurate than the reproduced CGH at a closer 

distance. It can be observed from Figure 4.5d iii -iv that objects at a greater distance (600 mm 

from the viewer) appear sharper, more contrasted, and better aligned with the real-life objects 

as is the case with the CGH car and the real-life Range Rover Velar model.  

 

4.3. Discussion and Conclusion 

Comparisons of the AR replay field projections were performed with Zemax simulations of a 

HUD design based on a freeform reflective system to generate an eye box of 80 mm×40 mm 

(269). Other investigators introduced a method to align CGH with real-life objects at near and 
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far distances with an eye box size of 3 mm×3 mm (270). For holographic near-eye display 

systems, an eye box expansion method has been generated allowing an eye box size of 7 mm×7 

mm (271). For applications in HUDs, an area of 150×150mm2 was available. In the present 

work, the eye box of the driver was 25mm×25mm in 2D holographic projections on the 

windshield, and the size of the beamspitter (25mm×36 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 trade-off with a maximum diffraction angle restricted by the 

pixel pitch of the SLM of 3.74 µm. The calculated field of view with the laser wavelength of 

632.8 nm is: 

Ὂὕὠ ÁÒÃÓÉÎ 
Ȣ
Ȣ ÁÒÃÓÉÎ πȢπτςσ     (Eq. 4.8) 

Ὂὕὠ ÁÒÃÓÉÎπȢπτςЍς ς φȢψυφЈ    (Eq. 4.9) 

 

The wavelength of the He-Ne 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 nm achieved a FOV of 

8.4° (272). For the HUD application, the achieved FOV in this work is acceptable considering 

the driverôs limited position inside the vehicle. Near-eye holographic display technologies 

achieved a FOV of 45°, but a limited eye box size of 7 mm × 7 mm and a low contrasted replay 

field (271). Others proposed asymmetric FOV holographic head-up displays that can achieve a 

FOV of 30° (horizontal) and 24° (vertical) with a resolution of 1280×1024px (273). This is an 

interesting technology for multi-viewer applications. For the automotive HUD, a strong contrast 

in the replay field results and an enlarged eye box are of greater importance. The focus of this 

work was the enlarged eye box with a resolution of 3840×2160px 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 the SLM on the FOV and the eye box has been studied for the limited 

driver position, but for an observer 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 order, and 3D floating modes. Future directions for increased efficiency within these 

presented setup architectures could focus on algorithm optimisation in terms of time 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 real-life objects. This process could be optimised by both computational and 

experimental approaches. In future works, more objects could be added and aligned with real-



63 
 

life objects to recreate the AR experience. This could be achieved with a time-efficient 

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 3D images 

at a decreased computing load. The optimisation of the computational 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 real-life model. To achieve better AR results, the aligned replay field images could be 

integrated with dynamic 3D holography having high frame rates to produce video projections 

in the visible range. Currently, a frame rate of 9523 frames per second and 228 different 

holographic frames are achieved through high-speed dynamic laser beam modulation and space 

channel metasurfaces (142, 143). Another area for future research is the real-time data 

acquisition and generation of holograms that could be employed to navigate and orient the 

driver in real time through traffic (274, 275). This could lead to mobile holographic AR driver 

assistance systems on demand (276).  

 

4.4. Applications for 2/3D Augmented Reality Head-Up Displays in Cars 

The approach of this work is based on LiDAR data, the laser, and the holographic setup are 

placed into a system that interfaces with objects recognised by the LiDAR sensors in the front 

of the vehicle. In the case of the holographic display, there are several measures to be taken and 

identified as risks and possible errors. A HeNe laser (633 nm at 1.2 mW) and a Nd:YVO4 laser 

(532 nm at 340 mW) were used to illuminate a UHD Spatial Light Modulator (SLM) with a 

panel resolution of 3840×2160 px for high definition replay field projections and a Forth 

Dimension ferroelectric reflective SLM respectively. Both setup results were compared 

regarding eye box size, field of view, illumination intensity, speckle and application complexity 

within a car setting. The advantages Nd:YVO4 laser were the linearly polarised emission, low 

temperature control dependency, and the single mode output which suited the application area 

of an in-vehicle setting as fewer optical lenses were needed making the overall setup more 

compact. However, the He-Ne laser offered high beam quality and stable power output which 

were highly desirable for even replay field results and longer usability timelines. The laser 

sources illuminated CGHs and generated the projection by reconstructing the object image in 

the far field, commonly referred to as the replay field. The UHD SLM replay field reached an 

average eye box size (9×9 cm). The holographic setup was modified to reduce the surface 

reflection of the laser light (zero order) by using several short focal distance lenses (25, 50, 75, 
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and 100 mm). Judging by the eye box size and projection intensity, the 75 mm focal length lens 

was optical for the developed optical setup. The 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 panoramic holographic projections in the far field. The holographic setups built in 

this work offer system operability with high luminance 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 ñeye boxò to expand the exit pupil requirement of a 

conventional HUD (150 mm). The 340 mW laser illuminated a ferroelectric reflective SLM 

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

industrial displays. This device, however, only showed a ˊ modulation. The SLM for the 

modified 532 nm wavelength and 340 mW laser with an external power source (Figure 4.6) 

(177, 178). The Thorlabs UHD SLM was found to have a phase of 2ˊ. The EXULUS-4K1 

Liquid Crystal on Silicon used reflective coating, 4k Ultra High Definition (UHD), and a panel 

resolution of 3840 × 2160 pixels. The SLM was operated at 633 nm wavelength with the HeNe 

laser at 1.2 mW power (Figure 4.6b). The processing time to generate the CGH via the 

MATLAB code on a Lenovo Thinkpad Intel® CoreTM i7-8665U with an Nvidia graphics card 

took on average 1.3 s. 

 

Figure 4.6. Experimental setup of (a) DPSS frequency-doubled Nd:YVO4 340 mW laser setup 

illuminating a ferroelectric reflective SLM (Forth Dimension). (b) He-Ne laser illuminates a 

UHD reflective SLM with replay field projections on the curved windshield. 

 

The LiDAR scanned 3D point cloud data was collected and post-processed with elaborated 

MATLAB algorithms such as to separate the 3D objects with a certain number of points from 

the overall scenery. Afterward, the separated 3D point cloud objects were converted to CGH to 
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be projected on a whiteboard first to calibrate the setup and define the challenges of the 

technology such as field of view, eye box, illumination intensity, and time of replay field 

generation. Figure 4.7 shows the optical setup to explain the operability of the idea of projecting 

LiDAR data on a curved windshield. The SLM used was reflective. The light source illuminated 

the CGH generated from the 3D LiDAR data projected on the SLM and the lens with the 

polariser expanded the beam and polarised the light to generate an optimal-sized replay field 

matching the eye box of the driver. Figure 4.7 presents the detailed schematic with visible 

explanations of the light paths to the projection target ï the curved windshield. The lenses 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 information. The method further focused on improving details such as the 

accuracy of objects in the replay field by varying the illumination intensity and increasing the 

projection size of the overall projected replay field images. Adjustments to the setup such as 

the calculation of the phase to rotate the polarisers to the optimal angular position and using the 

varying focal lengths of lenses for each application by using the lens formula to calculate the 

focal length of the lenses were made. Figure 4.8 shows the technique of converting a 3D object 

into a CGH and lastly into a replay field result. 

 

 

Figure 4.7. Schematic of the optical setup with a demonstration of the LiDAR scanning 

mechanism being integrated into the generation of the holographic replay filed results. (First 

Part) 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 integrated into the optical setup to generate a 3D 

replay field result of the LiDAR-scanned object.  
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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 display 2D images and 3D 

projections. An unpolarised HeNe laser (ɚ=632.8 nm, 5 mW) beam was expanded using an 

aspheric lens (f=3.30 mm) and collimated with another lens (f=100 mm) to obtain a beam of 

Ø30 mm. A linear polarised (Ø1") polymer half-wave plate (Ø1") was utilised. 2D images and 

3D models were converted to CGH patterns and communicated to the SLM. The computational 

focal length was set with a digital Gabor lens to 100 mm at a beam wavelength of 633 nm. To 

display the far-field diffraction a concave lens (f= -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 calibration was carried out to test if the original object should 

be tested in its original colours or inverted (Figure 4.9a, e). Both images were converted to 

CGHs and optically projected to obtain the replay field results (Figure 4.9c,g). The reason for 

testing two different scenarios was the simulation of various background intensities. The user 

needs to be able to identify the holographic objects with its depth cues with different 

backgrounds and intensity scenarios. In the case of Figure 4.9.c, the virtual object was 

superimposed on an OLED screen displaying a hospital to identify whether the virtual object 

could be integrated into a scene. The result shows that the depth information and accuracy 

decreased as the background intensity increased. The silhouette of the displayed object was not 

clear based on the spread intensity measurements. When the background intensity was dimmed 

(Figure 4.9g) the virtual object accuracy, precision and depth information increased to achieve 

a high quality of object detail visualisation. Therefore, this optical setup could be utilized for 

precise medical education applications. With the aid of the 3D graphical software ImageJ, the 

replay field results were analysed about their contrast and the intensity of the zero order (Figure 

4.9d, h). 
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Figure 4.9. Complete the process from the original images to their replay field results. (a, e) 

3D models of a human knee joint, original and inverted. (b, f) A hologram of 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) Analysed 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 distinct peak in the analysis whereas the non-

inverted image shows noise and a lower contrast ratio. Additionally, the zero-order spot is less 

prominent in the inverted image result to further support the choice of the inverted image of the 

human knee joint. Reproduced with permission (202). Copyright 2021, SPIE. 

 

All CGHs were created by utilizing SolidWorks 2022 (SP3.0, Dassault Systèmes) 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 laptop (i9-9880H, 2.30 

GHz, 64 GB RAM) with a NVIDIA GeForce GTX 1650 Max-Q 4GB GDDR5 graphics card 

required an average of 1.15 s. Figure 4.10 presents the calibration of the developed optical 

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

 
























































































































































































