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ABSTRACT 

Conventional stereoscopic 3D displays, which present a pair of stereoscopic images on a 

single plane at a fixed distance, lack the capability of correctly rendering focus cues and 

may lead to a well-known issue referred to as vergence-accommodation conflict. Various 

visual artifacts associated with such a conflict in conventional stereoscopic 3D displays 

have been reported, jeopardizing the viewing experience of users and consequently 

limiting the applicability of these displays for many demanding applications that require 

extended periods of usage or accurate visual perception. 

Light field displays are considered as one of the most promising methods for solving 

the vergence-accommodation conflict. They allow the reconstruction of a 3D scene by 

reproducing the directional light rays apparently emitted by the target 3D scene either in 

horizontal direction only or in both horizontal and vertical directions, and therefore are 

potentially capable of rendering correct or nearly-correct focus cues similar to those of 

viewing natural 3D scenes. 

In this dissertation, a generalized framework to model the image formation process of 

light field displays was proposed, based on which the perceived retinal image quality and 

accommodation response of viewing a light field display were further simulated and 

characterized. Following the framework and targeting for rendering high-quality 3D 

contents, fundamental design methods and considerations of light field displays were 

proposed. Based on an integral-imaging (InI) method, a novel architecture of  a light field 

head-mounted-display system was proposed to overcome the performance limitations of a 

conventional InI based 3D display method, and a high-performance optical see-through 
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InI based light field head-mounted-display enabled by state-of-the-art freeform optics 

was developed. The prototype system is capable of rendering nearly-correct focus cues 

for a large volume of 3D space extending into a depth range of more than 3 diopters. By 

incorporating freeform optics, the prototype not only achieves high quality imagery for 

the display path but also maintains decent visual resolution of the see-through view, 

covering a large see-through field of view. The optical design, implementation and 

experimental validation of the display were presented and discussed in detail.  
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1 INTRODUCTION 

There has been substantial progress in the last two decades in extending the classical 2D 

displays into 3D realm, with a great number of commercial products swarming into the 

mass entertainment market. Besides, there are also growing interests upon the 3D 

displays in professional and industrial applications such as medicine, security, defense, 

transportation and more [1-5]. 

The very first and most straightforward approach, which dates back to centuries ago, 

to the challenge of displaying 3D contents was based on the principle of stereoscopy 

which renders the depth perception of 3D scenes from a pair of 2D images with 

perspective disparities to account for the interpapillary separation of human eyes on a 

plane at a fixed distance to the viewer. Despite their capabilities of creating compelling 

3D sensations, such conventional stereoscopic 3D displays create a fundamentally 

different viewing experience from natural viewing condition.  

In natural vision, the stimulus of convergence (i.e., binocular disparity) and the 

stimulus of accommodation are highly correlated. Figure 1.1(a) schematically illustrates 

the naturally coupled actions of eye accommodation and vergence/convergence along 

with retinal blur effect when viewing a natural scene. While the eyes converge to bring 

the visual axes to intersect at a 3D object of interest (e.g., the red point), the crystalline 

lenses for both eyes accommodate at the same depth as the object of interest to obtain a 

sharp retinal image, while the objects at other depths (e.g., the green point) are seen 

blurred. Therefore, the vergence depth of the eyes coincides with its accommodation 
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depth and the retinal image blur of objects in the scene increases with the distances from 

the eye fixation point to other points at different depths.  

 

Fig. 1.1 Viewing conditions of (a) natural scene and (b, c) conventional 

stereoscopic display with varying accommodation. V, vergence depth. A, 

accommodation depth. 

In viewing conventional stereoscopic 3D displays, however, the stimuli for 

convergence and accommodation may be decoupled and conflicting. Figures 1.1(b) and 

(c) schematically illustrate the actions of eye accommodation and vergence/convergence 

when viewing a conventional stereoscopic 3D displays, where a 2D display device, 

sometimes virtual image of it, appears at a fixed distance from the eye displaying a pair 

of stereoscopic images of the target object. While the vergence depth keeps the same as 

the depth of the object driven by the disparity created by the display between left and 

right eyes, the eye accommodation will be driven to the depth of the display plane so that 
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sharp retinal images can be thus formed as illustrated in Fig. 1.1(b). Otherwise if the eye 

accommodation is forced to shift to be the same as the vergence depth as illustrated in 

Fig. 1.1(c), a blurred retinal image of the object of interest will be formed which 

contradicts to the natural viewing condition. In such a process, there occurs an unnatural 

decoupling between two otherwise well-coupled physiological mechanisms referred to as 

convergence and accommodation of eye, which is known as the vergence-

accommodation conflict (VAC). As a result, conventional stereoscopic 3D displays fail to 

stimulate natural eye accommodation response and retinal blur effects. 

Many user studies have suggested numerous adverse effects of VAC using 

conventional stereoscopic 3D displays, including visual artifacts and degraded visual 

performance [6-10]. To sum up, incorrect focus cues may contribute to the two 

commonly recognized issues: distorted depth perception [6,7] and visual discomfort. 

Examples of discomfort include diplopic vision [8], visual fatigue [9], and degradation in 

oculomotor responses [10], especially after viewing such display for an extended period 

of time. 

Recently several novel display methods which have the potentials of overcoming the 

drawbacks of conventional stereoscopic 3D displays and solving the VAC issue have 

been demonstrated [11-31,38-47]. Examples include volumetric displays [11,12], 

holographic displays [13,14], Maxwellian view displays [15,16], vari-focal plane displays 

[17-19], multi-focal-plane displays [20-25], and light field displays [26-31,38-47]. 

Among these methods, volumetric displays, holographic displays, multi-focal-plane 

displays, and light field displays are considered as real 3D displays which are capable of 

recovering the 3D information of the rendered scene and thus is of primary interest of this 
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dissertation. A detailed discussion of these real 3D display methods will be presented in 

Chapter 2.  

Light field display is considered as one of the most promising 3D display techniques. 

Research in this dissertation focuses on the development and optimization of the light 

field display technology, especially integral-imaging (InI) based light field head-mounted 

display (HMD), that can provide captivating viewing experience such as high image 

quality and accurate focus cues as of natural scene. The long-term goal is to enable high 

performance augmented reality (AR) HMDs based on light field technology for many 

demanding applications requiring accurate depth perception and viewer comfort. 

1.1 Dissertation Contribution 

The contributions of this dissertation can be mainly divided into two parts. The first part 

is the theoretical work to model and characterize the light field display systems to provide 

a better understanding of the perceived retinal image and accommodative response of 

viewing light field displays, as well as optimizing the corresponding trade-offs in 

designing and building this type of display system. The second part is the engineering 

development of the light field HMD technology. A high-performance InI based 

augmented reality light field HMD (InI-ARHMD) system using freeform optics and 

custom mechanics was designed, prototyped, and experimentally tested. New lens design 

and optimization methods were also explored to help accomplish this prototype. 
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1.2 Dissertation Contents 

Following this chapter of introduction, Chapter 2 BACKGROUND summarizes the 

background, limitations and challenges of the current 3D display technologies, especially 

the light field based ones.  

Chapter 3 SYSTEMETICAL MODELING OF IMAGE FORMATION PROCESS 

OF LIGHT FIELD DISPLAYS presents a generalized framework to model the image 

formation process of light field displays based on quantitatively evaluating the perceived 

retinal image and its corresponding modulation transfer function. 

Chapter 4 CHARACTERIZATION AND PARAMETRIC OPTIMIZATION OF 

LIGHT FIELD HEAD-MOUNTED DISPLAYS presents a systematic method to 

simulate and characterize the retinal image and the accommodation response of viewing a 

light field HMD and further investigates the trade-offs and guidelines for setting optimal 

specifications. 

Chapter 5 OPTICAL DESIGN AND OPTIMIZATION METHOD OF INTEGRAL-

IMAGING BASED LIGHT FIELD HEAD-MOUNTED DISPLAYS presents a novel 

methodology and framework for designing and optimizing high-performance InI based 

light field HMDs. 

Chapter 6 DESIGN OF A HIGH-PERFORMANCE INTEGRAL-IMAGING BASED 

LIGHT FIELD AUGMENTED REALITY HEAD-MOUNTED DISPLAY describes a 

novel optical solution of overcoming key limitations of existing InI based light field 

display systems, and a corresponding design of prototype of a high-performance InI-

ARHMD. 
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Chapter 7 PROTOTYPE, ASSESSMENT AND TEST describes a prototype of a 

high-performance InI-ARHMD, and mainly focuses on the corresponding assessment and 

test processes and results, followed by the chapter of conclusion. 

Appendix A includes a published peer-reviewed paper titled “Systematic 

characterization and optimization of 3D light field displays”, introducing a generalized 

framework to model the image formation process of the existing light field display 

methods and presenting a systematic method to simulate and characterize the retinal 

image and the accommodation response rendered by a light field display. 

Appendix B includes a published peer-reviewed paper titled “Effects of ray sampling 

on the accommodative response of 3D light field displays”, modeling and analyzing the 

ray position sampling issue in the reconstruction of the light field and characterizing its 

effect on the quality of the rendered retinal image and on the accommodative response in 

viewing a light field display.  

Appendix C includes a submitted paper draft titled “Novel optical design and 

optimization methods for head-mounted 3D light field displays”, presenting the novel 

methodology and framework for designing and optimizing high-performance InI based 

light field HMD. 

Appendix D includes a published peer-reviewed paper titled “An integral-imaging-

based head mounted light field display using a tunable lens and aperture array”, 

presenting a prototype design using tunable lens and aperture array to render 3D scenes 

over a large depth range while maintaining high image quality and minimizing crosstalk. 

Appendix E includes a published peer-reviewed paper titled “A high-performance 

integral-imaging-based light field augmented reality display using freeform optics”, 
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presenting a prototype of high performance InI-ARHMD system using freeform optics 

and customized mechanics that maintains high quality imagery across a large depth range 

for the virtual display path and also achieves high visual resolution and wide field of 

view for the see-through path.   
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2  BACKGROUND  

This chapter introduces and summarizes the background knowledge of recently 

developed real 3D display methods. Especially, techniques of existing light field display 

methods, and recent advances of light field head-mounted displays (HMDs), are further 

reviewed. 

2.1 Techniques of Real 3D Display Methods 

To account for the recent advancements in both optical technologies and computational 

displays, as mentioned, the existing real 3D display methods can be basically categorized 

into volumetric displays [11,12], holographic displays [13,14], multi-focal-plane displays 

[20-25], and light field displays [26-31,38-47].  

 

Fig....2.1 Schematic illustrations of (a) volumetric displays, (b) holographic 

displays, (c) multi-focal-plane displays [48], and (d) light field displays. 
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A volumetric display forms a visual representation, or imagery of an object in true 

3D space. Each ‘voxel’ on a 3D image is located physically at the spatial position where 

it is supposed to be and reflects light from that position toward omni-directions to form a 

real image in the eyes of viewers as illustrated in Fig. 2.1(a). Many attempts have been 

made to construct volumetric display systems, and they can be basically classified into 

two types: swept volume or static [11]. For swept volume type of volumetric displays, 

researchers proposed that a volume-filling image can be produced by reflecting or 

transmitting light from a rotating or oscillating 2D surface within the desired 3D volume. 

For static volume type of volumetric displays, it generates 3D imagery by coaxing a 

volume into emitting light in which the bulk properties remain static. For example, 

glasses doped with rare-earth ions can emit visible points of light when excited by dual 

intersecting infrared laser beams [12]. 

A holographic display utilizes holography that allows the light wavefronts scattered 

from an object to be recorded and later reconstructed with reference coherent illumination 

so that viewer can see a 3D image of the object even when the object is no longer present 

as illustrated in Fig. 2.1(b). Film-based media for the storage and projection of 

holographic images have existed for many years that offer full-parallax and excellent 

resolution which is in the order of thousands of lines/mm but the imagery remains 

static.  More recently, developments in electronic sensors and spatial light modulators 

(SLM) have moved the technology into the digital domain where high-performance 

dynamical holographic displays are made possible [13,14].  

A multi-focal-plane display creates a stack of discrete focal planes dividing an 

extended 3D scene volume into multiple zones along the visual axis as illustrated in Fig. 
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2.1(c). Through these focal planes, they additively reconstruct the light fields of a large 

scene volume by sampling its projections at different depths, and each of the focal planes 

samples the projection of the 3D objects within a depth range centered on it. Multifocal 

planes may be implemented either by spatially multiplexing a stack of 2D displays 

[20,21] or in a time-multiplexed fashion by rapidly switching the focal distance of a 

single 2D display sequentially by a high-speed vari-focal element in synchronization with 

the frame rendering of multifocal images [22-25].  

A light field display is a type of display systems that is able to render the light field 

of 3D scene to the viewer as illustrated in Fig. 2.1(d). It angularly samples the directions 

of the light rays apparently emitted by the 3D scene and viewed from different eye 

positions. Compared to other real 3D display techniques, the light field displays have 

relatively low requirements upon the hardware complexity and thus can be easily 

transplanted to HMD applications, which is of main focus of this dissertation. In the 

following section, a detailed description of the light field and light field display 

techniques will be discussed. 

2.2 Techniques of Light Field Displays 

The light field is a function that describes the amount of light flowing in every direction 

through every point in space and time, of which the complete form could be taken as  

( , , , , , , ),LF LF x y z tθ φ λ=                                          (Eq. 2.1) 

which is measured at every possible location, (x, y, z), in 3D space recording the radiance 

of light rays passing through at every possible angle, (θ, ϕ), which are always computed 

with respect to an optic axis parallel to the Z-axis, for every wavelength, λ, at every time t. 

In practice, the five-dimensional plenoptic function only regarding the space (x, y, z) and 
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angle (θ, ϕ) of the light field is used, as shown in Fig. 2.2(a), and it can be further reduced 

in a particular four-dimensional manifold assuming the radiance along a ray remains 

constant, for example, in empty space. 

The set of rays in light field can be parameterized in a variety of ways, of which the 

most common is the two-plane parameterization shown in Fig. 2.2(b). It has the 

advantage of relating closely to the analytic geometry of perspective. While this 

parameterization cannot represent all rays, for example rays parallel to the two planes if 

the planes are parallel to each other, it is of no problem to be applied to the display 

applications where such rays will not be engineered. It could be interpolated as the rays 

of the light field are denoted and represented by positional sampling (s, t) and directional 

sampling (u, v) by these two planes correspondingly [49].  

 

Fig....2.2 (a) Five-dimensional plenoptic function, and (b) Four-dimensional 

two-plane parameterization of light field function. 

Simply put, a light field display is a type of display systems that is able to render the 

light field of 3D scene to the viewer. In order to more precisely define the light field 

display, this dissertation specifically limits it to as ‘a type of display systems that is able 

to modulate both the positional and directional sampling, simultaneously, of the rays to 
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reconstruct the light field of 3D scene to the viewer’s eye’. Such a definition hereby 

excludes other categories of real 3D displays, for example, holographic displays or multi-

focal-plane displays, even though they can physically or optically reproduce and 

represent the 3D scene. 

In the following subsections, three different techniques of achieving light field 

displays, including the super multi-view (SMV) method, integral imaging (InI) based 

method and computational multi-layer method, are introduced and discussed. Although 

they may appear to significantly differ from each other, they all follow the same 

definition of light field display given in the previous paragraph. 

2.2.1 Super Multi-view Light Field Displays 

Although traditionally multi-view systems are merely an upgraded realization of 

stereoscopic displays, by definition they can still be classified as one of many realizations 

of light field displays. They can provide the user with up to 16 views, which suggests that 

such display systems are able to modulate the rays angularly of the same object [50,51]. 

Most of them are simply based on the use of parallax barriers or in lenticular sheets to 

generate multiple viewpoints at a certain distance from the display screen, of which the 

interval is usually set to the average distance between the two eyes or a half of that 

separation to provide stereoscopic vision. However, whatever its configuration and 

working principle are, any display system that is based on the concept of stereoscopy still 

suffers from the consequences of vergence-accommodation conflict (VAC) issue. 

A SMV display, on the other hand, aims to reproduce a dense array of viewing points 

on a viewing window such that the interval of viewpoints is smaller than the pupil 

diameter of eye, as illustrated in Fig. 2.3 [26-29]. Since two or more viewpoints exist in 
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the pupil of eye, multiple ray bundles from different image sources corresponding to the 

same point in space enter the pupil of the eye simultaneously. These ray bundles will 

converge to a sharply focused point on the retina when the viewer’s eye accommodates at 

the depth of the object point instead of the depth of the image sources as illustrated in 

Fig. 2.3(a), or they will diverge to form a blurry spot on the retina when the eye at a depth 

different from the rendered object point, as illustrated in Fig. 2.3(b). Therefore, such 

SMV displays can potentially render focus cues similar to those of a natural 3D scene and 

thus can potentially alleviate the VAC issue.  

A SMV display is typically implemented as a direct-view display where the display 

hardware is detached from the viewer with a large separate and may be shared by 

multiple viewers. For this reason, the size of the viewing window is many times larger 

than the eye pupil diameter and even the interpapillary distance of the eyes to allow head 

movements and view sharing. In order to achieve a dense distribution of viewpoints over 

a large viewing window such that the viewpoint interval is smaller than the eye pupil 

diameter, a large number of viewpoints needs to be rendered by SMV systems, for 

instance, a total number of views as many as 256 in the system [26,27], which is a 

significant gain compared to the multi-view systems. Under such circumstances, typical 

SMV systems usually incorporate an array of projection systems [26], as shown in Fig. 

2.3(c), or high-speed rotating stage [27], or high-speed scanners [28], where 

tremendously high pixel count/resolution can be realized to support such a large number 

of viewpoints with decent spatial resolution of the 3D scene, and therefore are normally 

limited to long viewing distance applications. Traditionally, SMV displays were capable 

of providing horizontal parallax of the 3D scene only like autostereoscopic displays 
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[27,28]. Until recently, by using 2D array of projection array SMV displays can render 

both horizonal and vertical parallax of the 3D scene [26,29]. 

 

Fig. 2.3 Schematic diagram of (a,b) the working principle of SMV display, 

and (c) an example of SMV display using projection array. 

2.2.2 Integral Imaging based Light Field Display 

Since its invention by Lippmann in 1908 under the name of integral photography [52], 

the InI based technique has been widely explored for both capturing and rendering the 

light field of 3D scene [32-44]. Specifically, Fig. 2.4 shows the schematic diagram of the 

working principle of InI based display systems. Typically consisting of a 2D optics array, 

such as micro lens array (MLA) or pinhole array, an InI based display angularly samples 

the directions of the rays apparently emitted by a 3D scene and viewing from different 

eye positions. A set of elemental images (EIs) is rendered on a display panel, 

corresponding to the different perspectives covering a portion of the 3D scene. The 
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conical ray bundles emitted by the corresponding pixels in the EIs intersect and integrally 

create the perception of the 3D scene that appears to emit light and occupy the 3D space. 

Still, theoretically an InI based display needs to create two or more elemental views in 

each direction of the same object of 3D scene encircled by the eye pupil to alleviate or 

solve the VAC issue. 

 

Fig. 2.4 Schematic diagram of the working principle of InI based display. 

The InI based display using 2D arrays allows the reconstruction of a 3D shape with 

full-parallax information in both horizontal and vertical directions, which is its main 

difference from the conventional autostereoscopic displays with only horizontal parallax 

using 1D parallax barriers or cylindrical lenticular lenses. However, like other InI-based 

applications, the current InI-based display is subject to the limitations of relatively low 

spatial resolution, narrow viewing angles, as well as crosstalk due to the limited imaging 

capability and finite aperture of the MLAs or pinhole arrays.  

2.2.3 Computational Multi-layer 

A computational multi-layer display, sometimes referred to as tensor display, employs a 

stack of light-attenuating layers illuminated by uniform or directional backlighting to 

reconstruct the light field of 3D scene [45-47]. As illustrated in Fig. 2.5, the light field of 
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3D scene is decomposed into a number of masks representing the transmittance of each 

layer of the attenuators. The intensity value of each ray entering the eye from the 

backlight is the product of the pixel values of the light-attenuating layers which the ray 

intersects. Differing from real 3D displays with light-emitting layers, overlaid attenuation 

patterns allow objects to appear beyond the display enclosure and thus for the depiction 

of motion parallax. It is likewise that whether the computational multi-layer displays 

could solve the VAC is determined by if there are multiple rays corresponding to 

different views of the same object of 3D scene entering into viewer’s eye. 

 

Fig. 2.5 Schematic diagram of the working principle of computational multi-

layer display. 

Based on tomographic principles, contents on each of the light-attenuating layers are 

optimized computationally (where it gets ‘computational’ in its name) to construct to 

emit light field of target 3D scene, which may not necessarily resemble the target 3D 

scene and are heavily dependent on the optimization algorithm with a relatively high 

demand of computing power. It is also subject to a further reduced spatial resolution 

compared with other light field display techniques due to the diffraction artifacts caused 

by the small pixel apertures of high-resolution light-attenuating layers. 
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2.3 Related Works of Light Field Head-mounted Display 

HMDs, also commonly known as near-to-eye displays or head-worn displays, have 

gained significant interests in recent years and stimulated tremendous efforts and 

resources to push the technology forward for a broad range of consumer applications. For 

instance, a wide field-of-view (FOV), immersive HMD, which immerses a user in 

computer-generated virtual world or a high-resolution video capture of a remote real 

world, is a key enabling technology to virtual reality (VR) applications. On the other end 

of the spectrum, a lightweight optical see-through HMD, which enables optical 

superposition of digital information onto a user’s direct view of the physical world and 

maintains see-through vision to the real world, is one of the key enabling technologies to 

augmented reality (AR) applications [48]. 

Despite the high promises and the significant progress made toward the development 

of both VR and AR displays, alike any other conventional stereoscopic 3D display, for 

HMDs VAC issue remains to be an unresolved challenge. Recently, by incorporating the 

light field techniques with the HMDs, it demonstrates a promising potential of alleviating 

and solving the VAC issue and therefore minimizing visual discomfort involved in 

wearing HMDs for an extended period.  

Until very recently, SMV technique has been targeted for long viewing distance 

applications only, for example, 3D TVs or outdoor screens, and the possibility of 

integrating the SMV technique with HMD systems just starts to emerge. Konda et. al 

demonstrated a retinal projection type SMV 3D HMD using holographic optical elements 

and high-speed shutter that supported more than 250mm depth range [30].  Ueno and 

Takaki also demonstrated a SMV HMD using ferroelectric liquid crystal on silicon type 
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spatial light modulator and LED array that generated 21 viewpoints with an interval of 

2.0 mm, and supported a similar depth range of 240mm [31]. 

In contrast, the relatively simple optical architecture of InI based technique makes it 

attractive to integrate with HMD systems and create a wearable light field display, and 

many pioneering works have already demonstrated such a promising potential. Lanman 

et. al. demonstrated a non-see-through light-field display by directly placing an MLA and 

an OLED microdisplay in front of the eyes to render the light field for VR applications 

[39]. Chou et. al. also demonstrated a resolution enhanced hybrid InI-HMD using time-

multiplexed liquid crystal lens array [40]. Hong et. al. demonstrated a prototype of an 

integral floating display system [41], but the system FOV is only a few degrees and the 

system does not offer a useful see-through capability in a wearable device. On the other 

hand, Hua and Javidi demonstrated the first practical implementation of an optical see-

through (OST) HMD design that integrates a microscopic InI (micro-InI) method for full-

parallax 3D scene visualization with the emerging freeform optical technology for OST-

HMD eyepiece optics [42]. Song et. al. demonstrated another OST InI-HMD design 

using a pinhole array together with a similar freeform eyepiece [43]. By using a discrete 

MLA and transparent display panel, Yao et. al. also demonstrated a compact OST InI-

HMD with the sacrifice of the size of the eyebox and degrading image quality due to the 

stray light [44].  

With a similar configuration as that of InI based technique, the computational multi-

layer technique has been widely researched and adopted in developing light field HMD 

systems. Maimone and Fuchs pioneered the work to apply the multilayer computational 

light-field display technique for its usage in HMDs and demonstrated the first 
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computational multilayer AR display with a stack of transparent SLMs. Occlusion masks 

can be displayed on the SLM layers to allow selective transmission of the real-world 

rays, enabling mutual occlusion between virtual and real-world scenes [45]. Wetzstein et. 

al. demonstrated a new tensor display comprised of a stack of time-multiplexed light-

attenuating layers illuminated by a directional backlight for autostereoscopic displays 

[46]. More recently, Huang et. al. extended their multilayer factored light-field 

autostereoscopic display method and demonstrated a light-field stereoscope for 

immersive VR applications [47].  

Still, several key limitations, such as low spatial and longitudinal resolution, narrow 

viewing angle, and shallow depth range, exist in today’s light field HMD prototypes and 

we have a long way to go to engineer HMDs with compact and portable form factor and 

high optical performance. However, confidence is high that substantial progress and 

breakthroughs will be made over the next few years, making possible the commercial 

launch of HMDs, which are less vulnerable to visual discomfort and visual artifacts, for 

consumer applications. 
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3 SYSTEMETICAL MODELING OF IMAGE FORMATION 

PROCESS OF LIGHT FIELD DISPLAYS 

This chapter summarizes a generalized framework to model the image formation process 

of light field displays. The method is based on quantitatively evaluating the perceived 

retinal image and its corresponding modulation transfer function (MTF) of a light field 

display by accounting for both the general light field reconstruction of the light field 

display and the ocular factors of the human visual system (HVS). Detailed descriptions of 

the modeling process and discussions of the key relationships can be found in the two 

published journal papers [Appendices A and B]. 

3.1 Generalized Model  

Although the various methods for implementing light field displays summarized in 

Chapter 2 appear to largely differ from each other, they all share the common 

characteristics of reproducing the directional light rays apparently emitted by a 3D object 

either in horizontal direction only or in both horizontal and vertical directions. Without 

loss of generality, therefore the image formation process of a light field display is 

simplified into a generalized model adapted from the well-known 4D light field function, 

L(s, t, u, v), for representing the ray radiance as a function of positions (s, t) and 

directions (u, v) [49].  

As illustrated in Fig. 3.1(a), the generalized model can be divided into two subparts: a 

light field engine (in blue box) and an eye model (in red box). The light field engine 

minimally consists of five key components, including a rendering plane, a modulation 

plane, a central depth plane (CDP), a reconstruction plane, and a viewing window. 
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Among these components, the rendering plane is where the elemental images (EIs) are 

displayed and may be considered as the sources defining the positional information, (s, t), 

of the light field function. The EIs function as spatially-incoherent objects with each 

representing a unique perspective of a 3D scene.  The modulation plane is where the 

directional samples of the light rays are produced and may be considered as the 

component defining the directional information, (u, v), of the light field function.  The 

CDP is viewed as a reference plane where the light rays created by a point source in the 

rendering plane converge after propagating through the modulation plane. It typically 

refers to the optical conjugate of the rendering plane through the modulation plane, and is 

where usually the highest spatial resolution of the reconstructed 3D scene can be 

obtained. The reconstruction plane is a representation of the depth location where a 3D 

point, P, is to be rendered through a light field display. Its location clearly varies with the 

3D point of interest. The viewing window defines the area within which a viewer 

observes the reconstructed 3D scene. It is commonly known as the eye box of the system 

in a head-mounted display (HMD) or viewing zone in an eyewear-free direct view 

display. The ray bundle originated from a pixel on the rendering plane propagates 

through the modulation plane and projects a footprint on the viewing window resembling 

the geometric arrangement of the corresponding modulation elements on the modulation 

plane. 

Along with the light field engine, the eye model that simulates the optics properties 

of the HVS is carefully placed so that its entrance pupil matches the location of the 

viewing window of the light field engine. It further assumes that the entrance pupil area 

of the eye model is no larger than the viewing window area and thus determines the total 
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number of EIs or views being imaged at the retina. To better evaluate the eye’s response 

in viewing a light field display, a schematic eye model which is capable of adjusting its 

optical properties according to the eye’s accommodation state is required.  

 

Fig. 3.1 The generalized schematic model of a light field display, along with 

the illustration of the retinal response of a reconstructed point when the 

accommodative distance, A, of the eye is (a) the same as, (b) larger than, or 

(c) smaller than the depth of the reconstructed point. Modified from 

[Appendix A]. 

Each pixel on the rendering plane is considered as an elemental point source and 

emits a conical ray rundle that propagates through an element on the modulation plane. 

As illustrated in Fig. 3.1(a), to reconstruct the light field of a 3D point, P, the rays emitted 

by the selected pixels located on different EIs are directed by the corresponding elements 

on the modulation plane such that they intersect at the 3D position of reconstruction, or 

the reconstruction plane. The eye model then is anticipated to perceive the integral 

bundles of the rays originated from different pixels as if they were emitted by a source 

located at the point of reconstruction. The accommodated status of the eye model plays a 
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critical role on the resulted retinal image. When the eye is accommodating at the depth of 

the reconstruction point, the retinal images of these spatially separated pixels will overlap 

with each other and form a focused image of the reconstruction point, as illustrated in 

Fig. 3.1(a). Otherwise, the retinal images of the individual pixels will be spatially 

displaced from each other, as illustrated in Figs. 3.1(b) and 3.1(c), and integrally create a 

retinal blur and the level of the retinal blur varies with the difference between the depths 

of the reconstruction and eye accommodation. In other words, the accommodation state 

of the eye model will not only change the perceived retinal image of the individual 

elemental pixel, but also the displacement between them. Under such circumstance, the 

overall retinal image of the reconstructed point shall be considered as an integral of the 

retinal images of individual elemental pixels with corresponding displacements. The 

retinal image quality apparently is expected to vary when the eye is accommodated at 

different depth and the resulted eye accommodation response to a reconstructed depth 

depends on the focus cues rendered by the display. 

3.2 Modeling the Image Formation Process  

Based on the principle of light field reconstruction described above, the retinal image 

properties of the reconstructed light field can be characterized by its normalized, 

accumulated point spread function (PSF), PSFLF-Accu, by integrating the PSFs of the 

retinal images of all the elemental pixels, PSFc, assuming incoherent condition which 

almost all the light field displays satisfy. For the convenience of characterizing the 

imaging properties of a light field display and eye accommodative response from the 

point of view of a viewer, the center of the viewing window is set as the origin of the 

coordinate system OXYZ, the Z-axis is along the viewing direction, and the OXY plane 
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is parallel to the viewing window. The depth of the CDP with respect to the eye is 

denoted as ZCDP, and the depth of the eye accommodative state is denoted as A. A 

reference frame, O’X’Y’, is further defined for the retinal image plane, with the origin O’ 

located at a distance, Zeye, which is the effective distance from the retinal plane to the eye 

pupil. The accumulated retinal PSF can be modelled as  
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where A is the depth of the eye accommodative state, M and N are the total number of 

elemental views entering the eye pupil along the X and Y directions, respectively; K is 

the number of the sampled wavelengths, and PSFCmnk is the retinal PSF of a given 

elemental view indexed as (m,n) at a given wavelength, λk. In a light field display, the 

weights of different elemental views to the accumulated retinal image may vary slightly 

to reproduce the subtle luminance differences of the object when viewed from slightly 

different positions. L is thus further introduced, which may be regarded as the normalized 

luminance value of an elemental view indexed as (m,n) received by the eye from the 

point of reconstruction, to account for the weights of different elemental views to the 

accumulated PSF. w is the weighting function applied to the retinal PSF of an elemental 

view for the kth sampled wavelengths, λk, accounting for the relative luminous response 

of the human visual system to different illumination sources, and s is another weighting 

function applied to the PSF of a given elemental view indexed as (m,n) depending on its 

entry position, and dcxm and dcyn, on the eye pupil, to account for the directional 

sensitivity of the photoreceptors on the retina, known as the Stiles-Crawford effect [53]. 
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The exact form of the monochromatic, coherent, retinal PSF of an individual 

elemental view, PSFC, through the combined model depends on both the light field 

engine and eye model adopted and is better computed numerically. Assuming that the 

light field engine is diffraction-limited (aberration-free) and shift-invariant, and treating 

the eye model as thin lens with specific aberration terms, the retinal PSF of an individual 

elemental view can be modeled as 
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where Uc is the incident wave of an individual elemental view from the light field engine 

on the viewing window, which is solely dependent on the type and setup of the light field 

display, Peye is the footprint of each elemental view upon the pupil of the eye model, and 

Weye is the wavefront function standing for the amount of aberrations in the adopted eye 

model measured at the pupil, which may vary from model to model, and is influenced by 

various ocular factors such as accommodation state or entrance pupil diameter.  

3.3 Evaluating the Retinal Image Quality and Depth of Field  

Based on the image formation process above, the MTF of the perceived light field on 

retina, characterized by the ratio of the contrast modulation of the retinal image to that of 

a sinusoidal object rendered on the display, can be obtained by applying Fourier 

transform to Eq. 3.1, which is expressed as 
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where ξ' and η' are the spatial frequencies measured on retina in the x’- and y’-directions, 

respectively. 

By applying Eqs. 3.1 through 3.3, the retinal image quality of viewing light field 

display could be theoretically evaluated by examining the MTF of the perceived light 

field on retina. Besides obtaining the image contrast with respect to the spatial frequency, 

which is traditionally a key metrics of evaluating the performance of a display system, 

based on the MTF the cut-off frequency of the perceived retinal image of viewing light 

field display with certain specifications by setting a threshold of the image contrast (e.g., 

as 0.1) can be further extracted. 

Thereafter by varying the depth of the reconstruction plane (i.e., the reconstructed 

light field target) and fixing the accommodative distance of the eye model, A, exactly on 

the depth of the reconstruction plane, the relationship between the cut-off frequency and 

the depth of the reconstructed 3D light field target can be obtained. By fixing the 

accommodative distance of the eye model, it isolates the possible effect from the 

accommodative response and any change of the cut-off frequency is purely contributed 

from the light field engine itself. By further setting a threshold of the cut-off frequency 

(e.g., as Nyquist frequency or half Nyquist frequency), the maximum allowable depth 

shift of the reconstruction plane from the CDP, in other words, the depth of field with 

respect to the threshold of the cut-off frequency could be thus acquired. The detailed 

result will be further shown in Chapter 4. 

3.4 Evaluating the Accommodative Response  

The focusing cues rendered by a light field display can be characterized by two 

components, which are (1) the cue rendered by the reconstruction depth at which the rays 
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of the elemental views appear to converge, namely the accommodation cue; and (2) the 

blur cue rendered by the perceived retina image which stimulates the eye to change its 

accommodation response to maximize retinal image sharpness. The retinal image blur is 

the sole true stimulus to accommodation and is the visual information used to effect 

predictable changes in the accommodative response. A light field reconstruction 

presumably generates the elemental views such that the accommodation cue is correctly 

rendered. The actual accommodative response, however, is affected by the actual retinal 

image blur rendered by a light field display which may possibly drive the eye to 

accommodate on neither the CDP nor the depth of the reconstructed point, but 

somewhere in between to balance between the two aforementioned components of 

focusing cues. The mismatch between the actual accommodative response of a viewer to 

a light field display and the accommodation cue rendered by the images is considered as 

accommodation cue error which potentially leads to residual vergence-accommodation 

conflict problem.  

Generally, the contrast gradient and contrast magnitude of the retinal image are the 

key factors that drive and stabilize eye accommodation response. The eye tends to adjust 

its accommodation to maximize these two factors in the focusing process. Through the 

MTF in Eq. 3.3, it becomes relatively straightforward to quantify the contrast magnitude 

and gradient of the retinal image with respect to eye accommodation status and to 

characterize the eye accommodative response to a light field display. The change of 

retinal image properties and the accommodative response of a light field display can be 

characterized by varying the accommodation status of the eye model, A, through the 

depth of interest. The actual accommodative distance that offers the maximum image 
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contrast and gradient is located and is considered to be depth at which the eye is likely to 

accommodate. The detailed result will be further shown in Chapter 4. 

3.5 Effects of Key Factors 

3.5.1 Incident Wave of Elemental View 

The incident wave of an individual elemental view, UC, from the light field engine upon 

the viewing window, which is solely dependent on the type and setup of the light field 

display and irrelevant to the visual response. 

Depending on whether the ray bundle coming out the modulation plane of each 

elemental view is collimated or not, there are two displaying schemes commonly adopted 

for light field displays, especially light field HMDs: depth priority (DP) and resolution 

priority (RP). In the DP scheme, the rendering plane is placed exactly at the front focal 

point of the modulating element of the modulation plane, or directly emits collimated and 

directional ray bundles out of each source element, creating invariant spatial resolution in 

the image space of the light field engine. Alternatively, in the RP scheme, the gap 

between the rendering plane and modulation plane would be either smaller or larger than 

the focal length of the modulating element of the modulation plane, where an image 

plane, real or virtual, conjugate to the rendering plane through the modulation plane, is 

formed in the image space of the light field engine, namely the CDP. 

In the DP scheme, since a collimated bundle of rays is created for each of elemental 

views, the incident wave of an individual elemental view from the light field engine on 

the viewing window, Uc, can be expressed as a plane wave as follows, ignoring its 

amplitude and initial phase term, 
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                                  (Eq. 3.4) 

Consequently, the retinal PSF of an individual elemental view can be written as the 

following form by substituting Eq. 3.2, as  
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                (Eq. 3.5) 

where Δxα’ and Δyβ’ are the angular displacements of an elemental view of a given 

reconstructed point from z-axis. Equation 3.5 clearly shows that the retinal PSF for each 

of the elemental view is largely dependent on the accommodative depth of eye, A, due to 

the existence of a defocus phase term, exp[-jπ(x2+y2)/λA], which is further driven by the 

reconstruction depth of the light field scene. For reconstructing targets at different depths, 

the accommodative depth of the eye will be adjusted accordingly and so does the retinal 

PSF. It contradicts to the commonly recognized concept of ‘invariant spatial resolution’ 

in the DP scheme that the spatial resolution of the reconstructed 3D scene is constant 

with respect of the depth. This concept of ‘invariant spatial resolution’, however, is only 

valid in the image space of the light field engine instead of on the retina which is actually 

what the viewer perceives as suggested in Eq. 3.5. This also indicates that to correctly 

model the image formation process of viewing a light field display it is necessary to 

include the eye model as illustrated above. 

In comparison, in the DP scheme, the concept of CDP is explicit and thus for each of 

the elemental views, the bundle of rays can be treated as rendered from an ideal object 

point on the CDP. Therefore, the incident wave of an individual elemental view from the 
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light field engine on the viewing window, Uc, can be expressed as a spherical wave as 

follows, again ignoring its amplitude and initial phase term, 

2 21
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                      (Eq. 3.6) 

Consequently, the retinal PSF of an individual elemental view again can be written as the 

following form by substituting Eq. (3.2), as 
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           (Eq. 3.7) 

where Δxc’ and Δyc’ are the lateral displacements of an elemental view of a given 

reconstructed point from z-axis on the CDP. Compared with Eq. 3.5, Eq. 3.7 includes two 

more phase terms related to the depth of the CDP corresponding to the spherical wave 

instead of the plane wave incident onto the viewing window, or eye pupil from CDP. 

Therefore, the defocus term is not only related to the accommodation state of the eye but 

also the depth of the CDP, which suggests that choosing the proper position of the CDP is 

of great importance. 

It is of no difficulty to derive Eq. 3.5 from Eq. 3.7 as well as other viewing 

parameters by specifically setting the depth of the CDP at infinity, which suggests that 

these two schemes, DP and RP, are inherently equivalently to each other.  

3.5.2 View Density / Ray Directional Sampling 

As mentioned in Chapter 3.1, the ray directional sampling of the light field function is 

created by the modulation plane of a light field display. By further projecting the light 
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rays laid out by the modulating elements of the modulation plane upon the viewing 

window as illustrated in Fig. 3.1, the ray directional sampling property of the light rays 

can be hereby characterized by the view density, σview, defined as the number of views per 

unit area on the viewing window of the light field display, which coincides with the 

entrance pupil of the eye by design. The total number of elemental views entering the eye 

pupil therefore can be easily determined by checking the number of elemental views 

encircled inside the eye pupil. By doing so the ray directional sampling is directly related 

to the accumulated PSF of the light field display as given in Eq. 3.1 in the form of the 

footprint function Peye. 

 

Fig. 3.2. (a) The schematic drawing of the eye model entrance pupil and 

footprints of elemental views on the viewing window. (b) Entry positions of 

the elemental views on the viewing window for different view densities. 

The footprint of an individual view projected on the viewing window and the 

distribution of all the elemental views on the viewing window actually depend on the 

shape and arrangement of the modulation elements on the modulation plane. For 

simplicity, it assumes that the elemental views are evenly distributed on the eye pupil in a 

rectangular array symmetric to the optical axis (z-axis), and their footprints are perfectly 

circular, as illustrated in Fig. 3.2(a). Under such circumstances, the footprint function, 
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Peye, corresponding to an elemental view indexed as (m,n) could be directly related with 

the view density by 
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+                              (Eq. 3.8) 

where a is a scalar factor between 0 and 1 defining the fill factor of each elemental view 

dependent on the real setup of the light field display. dcx and dcy, which stand for the 

entry position of the elemental view on the eye pupil on two directions, respectively, now 

represent the ray directional sampling property of the light field function, where the 

spacing between the neighboring footprints exactly equals to √1/πσview following the 

assumption.   

By revisiting Eq. 3.2, the footprint function Peye, or equivalently the view density 

σview, mainly affects two aspects of the image formation of a light field display: (1) both 

the diffraction and defocus effects of each elemental view upon the perceived retinal 

image by specifically setting the numerical aperture of the ray bundle for each elemental 

view. A larger view density leads to more noticeable diffraction and less defocus effects; 

and (2) the entry position of each elemental view on the viewing window or eye pupil, as 

illustrated in Fig. 3.2(b). A larger view density leads to a greater number of views and 

therefore less spacing between the neighboring elemental views (they appear to be 

denser) so that the interaction between the elemental views are augmented. The detailed 

result will be shown in Chapter 4. 
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3.5.3 Pixel Resolution of Rendering Plane / Ray Positional Sampling 

Practically, the ray positional sampling of the light rays is inevitably subject to the 

sampling resolution of the rendering plane which is typically limited by the pixel 

resolution of a practical display panel. The ray locations are subject to a process of 

pixelization and thus the rendered light rays will not necessarily match the theoretical 

light field function of a given target object. Unique for a light field display, the resolution 

limits of display devices will have two different sampling effects. Firstly, each of the 

rendered elemental views for a 3D scene will subject to pixelization in ways similar to 

the aliasing effects in conventional 2D display systems, which hereby is referred as a 

downsampling issue. Secondly, the ray position coordinates are subject to a process of re-

sampling such that the ray positions for each elemental view may be possibly altered and 

the rendered light rays will not necessarily match the theoretical light field function of a 

given target object, which is referred as a mis-sampling issue.  

The ray positional sampling of the light field function, which is originally created by 

the rendering plane of the light field display as mentioned in Chapter 3.1, could be also 

represented by the CDP, which is optically conjugate and therefore optically equivalent 

to the rendering plan. It again helps to directly relate the ray positional sampling property 

of a light field display to the accumulated PSF. As illustrated Fig. 3.3, due to pixilation of 

the rendering plane and so does the CDP, the position coordinates for an EI of a 

reconstructed point are rounded to their nearest pixel locations from their theoretically 

calculated coordinates (shift marked by black arrows). Consequently, the ray bundles 

emitted from the shifted pixels, marked by blue lines, no longer intersect at the theoretical 

depth of the reconstruction target, and the actual reconstructed depth could be displaced 
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from the theoretical one. Such mis-sampling issue thus distorts the reconstructed light 

field of the 3D scene and induces errors to the visual accommodative response when 

viewing the light field display. 

 

Fig. 3.3. Schematic illustration and results of ray trace based on setup which 

has (a) infinitely high pixel resolution and (b) limited pixel resolution of the 

CDP. Not to scale [Appendix B].  

Generally, the modified accumulated retinal PSF considering the pixel resolution, 

PSFLF-Accu-p, is expressed as 
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where rect( ) represents the 2D rectangular function, and * represents the 2D convolution 

operator. pc is the effective pixel pitch of the CDP that can be obtained from the pixel 

pitch of the rendering plane by multiplying it with the geometrical lateral magnification 
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of the modulation element. It can thus be observed from Eq. 3.8 that both of the 

aforementioned sampling issues will have effects on the perceived retinal image and 

consequently the accommodative response as now the pixel pitch will be further included 

in the calculation, represented by the rectangular function, due to the downsampling or 

‘pixelation’, and each elemental PSF will also be further changed due to the mis-

sampling of the light field function as the coordinates of the ray sampling are altered 

from (Δxc’, Δyc’) to (Δxcs’, Δycs’) for each of the elemental views. The detailed result will 

be shown in Chapter 4. 
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4 CHARACTERIZATION AND PARAMETRIC OPTIMIZATION 

OF LIGHT FIELD HEAD-MOUNTED DISPLAYS 

This chapter presents an overview of the systematic methods we developed to simulate 

and characterize the retinal image and the accommodation response of viewing a light 

field head-mounted display (HMD) based on the generalized model described in Chapter 

3, and further employs this framework to investigate the trade-offs and guidelines for 

setting optimal specifications for light field display design. Detailed descriptions of the 

systematical characterization and optimization of light field HMDs can be found in the 

two published journal papers [Appendices A and B]. 

4.1 Classification of Light Field HMDs 

A variety of light field HMDs adopting different methods and architectures have been 

successfully demonstrated and implemented by pioneering works. It then becomes key to 

have a concise yet precise classification of those light field HMDs so that the existing 

light field HMDs could be correctly classified into their specific types for better analysis. 

Firstly and straightforwardly, according to their first-order layouts light field HMDs 

can be divided into two typical configurations: direct-view (DV) and magnified-view 

(MV). In a DV configuration, the light field engine consisting merely the rendering and 

the modulation elements is placed directly in front of a viewer’s eye so that the 

reconstructed light field is directly observed, while in a MV configuration, a viewing 

optics is inserted between the eye and the light field reconstructed by the light field 

engine and the optics is utilized to further magnify and project the light field 

reconstructed by the light field engine into the viewer’s eye. It is noteworthy that in some 
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of the latest light field HMD systems such as the ones demonstrated by our group 

[Appendix E], the viewing optics may consist of an eyepiece group and a tunable relay 

lens group that is capable of further improving the overall display performance. Still, 

these added optical elements can usually be included in the light field engine or eyepiece 

group, if applicable, without significantly altering the overall first-order relationships, 

and thus follows the same classification as DV or MV configurations. 

In addition, as mentioned in Chapter 3, depending on whether the ray bundle coming 

out the modulation plane of each elemental view is collimated or not, there are two 

displaying schemes commonly adopted for light field HMDs: depth priority (DP) and 

resolution priority (RP). In the DP scheme, the rendering plane is placed exactly at the 

front focal point of the modulating element of the modulation plane, or directly emits 

collimated ray bundles out of it, creating invariant spatial resolution in the image space of 

light field engine. Oppositely, in the RP scheme, the gap between the rendering plane and 

modulation plane would be either smaller or larger than the focal length of the 

modulating element of modulation plane, where an image plane, real or virtual, conjugate 

to the rendering plane through the modulation plane is formed in the image space of light 

field engine, namely the central depth plane (CDP). In such a case, the spatial resolution 

is at its highest on the CDP, and get degraded if the reconstruction plane is shifted away 

from the CDP due to the defocus effect of modulation plane in the image space of light 

field engine. 

Under such circumstances, for any of the light field HMDs, with simple or very 

complicated designs, it is possible to classify it as one of the four following types: direct-

view depth priority (DV-DP) type, direct-view resolution priority (DV-RP) type, 
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magnified-view depth priority (MV-DP) type, and magnified-view resolution priority 

(MV-RP) type. Figure 4.1 illustrates the basic layouts of these four types of light field 

HMDs. For simplicity and without loss of generality, the light field HMDs in the figure 

were depicted as integral imaging (InI) based ones where the rendering plane and the 

modulation plane are represented by a micodisplay and a micro lens array (MLA), 

respectively. 

 

Fig. 4.1 Illustrations of four types of light field HMDs utilizing examples of 

InI-based ones. 

Generally, in the DV-DP type, a collimated bundle of rays is created for each of the 

elemental views (i.e. the microdisplay is placed at the front focal point of the MLA), and 

for reconstructed targets at different depths their spatial resolutions are invariant and all 

equal to the lens pitch of the modulating elements of the modulation plane in the image 

space of light field engine. It is initially adopted for long-distance-viewing 3D light field 

display as it is commonly referred to as ‘invariant spatial resolution’. In fact, however, 

the resolution invariance actually is only true in the image space of the light field engine, 

not in the image space of the eye. The perceived resolution on the retina actually varies 
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with the depth of the reconstructed scene to the eye. By comparison, in the DV-RP type, 

the ray bundles for all the elemental views will converge at the depth of the CDP and thus 

the highest spatial resolution is achieved when the reconstructed object is located at the 

same depth as that of the CDP. As the depth of the reconstructed scene deviates from the 

CDP, the chief ray of the ray bundles of the elemental views reconstructing a scene point 

will converge at the depth of the reconstruction, but the ray bundles are projected into a 

finite footprint on the reconstruction plane and leads to a degraded spatial resolution.  

On the other hand, instead of creating invariant spatial resolution in the image space 

of the light field engine, in the MV-DP type by creating collimated ray out of light field 

engine and introducing an extra eyepiece, the angular resolution of the reconstructed light 

field becomes invariant. In such a case, each reconstructed point corresponding to a 

single pixel of the rendering plane appears to extend the same angle of view in the visual 

space to the viewer with only difference of depth, as well as the retinal image. Because of 

its unique setup, it reconstructs light field content with unique property compared to other 

three types of light field HMDs. In contrast, MV-RP type bears much resemblance to 

both of DV-DP and DV-RP types. By imaging the light field engine through the 

eyepiece, the imaged, virtual rendering planes as well as the modulation plane act 

similarly, if not totally equivalently, to those in DV-DP and DV-RP types. 

It is worth mentioning that despite the classification above, the light field HMDs all 

share the common characteristics of reconstructing the light field function and thus all 

follow the one generalized model as discussed in Chapter 3. In the following sections of 

this chapter, we will mainly focus on generally characterizing and analyzing the light 
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field HMDs as a specific category of 3D display systems other than further comparing 

between the different types of light field HMDs.  

4.2 Simulation Setup 

The retinal point spread function (PSF) as well as modulation transfer function (MTF) 

could be either directly calculated following through Chapter 3.2 and 3.3, or extracted by 

real ray tracing through the generalized model including both the light field engine and 

eye model with matching parameters in any commercial lens design software. 

For the latter method, a multi-configuration zoom system in Code V® [54] was 

created, in which each configuration represents the path of an elemental view perceived 

by a shared eye model. For simplicity and without loss of generality, the light field 

engine was implemented using the InI-based method. The rendering plane was modeled 

by fiducial display with infinite pixel resolution and the modulation plane was assumed 

to be an aberration-free MLA. The lenslet pitch and numerical aperture (NA) of the MLA 

were set to match the view density and fill factor of interest. The microdisplay in the 

model was set up with five wavelengths, 470nm, 510 nm, 555 nm, 610 nm, 650 nm, 

respectively, to simulate a full-color light field display, of which the relative weights 

were set according to human eye’s photopic response curve [53] to reflect the 

polychromatic responses. With this simplified construction of a light field engine, the 

CDP was the optical conjugate of the microdisplay and the PSF of each elemental view 

through the lenslet was simplified to be diffractive-limited. Reconstructed 3D targets for 

light field displays were also assumed on or near z-axis. In addition, the Arizona eye 

model was selected, which was designed to match clinical levels of aberrations for both 

on- and off-axis fields and provides the capability of changing the accommodative 
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distance of the eye by varying the shape and refractive index of the crystalline lens [53]. 

The parameters and dimensions of the Arizona eye model have been chosen to be 

consistent with the population-average data so that the conclusions resulted from such a 

model could be applied to the majority of the potential viewers. The eye model optics 

was integrated into the multi-configuration zoom system in Code V. The accommodative 

distance of the eye, which determines the lens shape, conic constant and refractive index 

of the surfaces in the schematic eye, can be varied as needed. 

Figure 4.2 shows examples of the generalized model built in Code V with real traced 

rays of a decentered (with respect to the footprint on the viewing window, or equivalently 

eye pupil) elemental view of an on-axis reconstructed light field point plotted. Both the 

CDP and the reconstruction plane of the light field engine were set at 1 diopter away 

from the eye pupil. Due to the extreme long object distance (the depth of the CDP), only 

the eye model part is presented. Figure 4.2(a) shows the case as the eye is 

accommodating on the same depth of the CDP as well as the reconstruction plane (i.e. A 

equals to 1 diopter) where the rays of the elemental view converge well on the retina, 

forming a sharp retinal image, while Fig. 4.2(b) shows the case as the eye 

accommodative depth, A, shifts to 2 diopters by changing the corresponding radius 

curvature, thickness and refractive index of material according to the Arizona eye model 

(indicated by the green circles, mainly the lens) where a defocus effect of the rays of the 

elemental view could be observed, making the retinal image blurry. The adjusted 

parameters of the eye model and consequently the accommodative depth will 

significantly change the visual response of viewing light field scene, which is indicated 

by the phase term exp[-jπ(x2+y2)/λA] in Eq. 3.2. 
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Fig. 4.2 Real ray tracing of the generalized model (showing the eye model 

only) as the eye accommodates on depth of (a) 1 diopter and (b) 2 diopters. 

 

4.3 Characterizing the Perceived Retinal Images of a Light Field HMD 

By firstly assuming that the pixel resolution of the rendering plane is infinitely high, the 

simulation starts from showing the result with no limited ray positional sampling issue of 

reconstructing of the light field function of a light field HMD. Figure 4.3(a) plots the 

polychromatic MTF of the retinal image as a function of spatial frequencies for 

reconstructed 3D targets located on the CDP for ideal light field HMDs with different 

view densities ranging from 0.142 to 2.26mm−2, corresponding to footprint pitch from 

3mm to 0.75mm and consequently view number from 1 to 16 (4 by 4). In this simulation, 

the CDP was set to be 1 diopter, the fill factor of the elemental views was set to be 1 and 

the accommodative distance, A, of the eye model was assumed to coincide with the depth 

of the CDP. Apparently, as the view density increases, the MTF of the perceived light 

field reconstruction at the depth of the CDP decreases rapidly due to the increasing 

effects of diffraction with small sub-apertures of elemental views.  
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Figure 4.3(b) plots the polychromatic MTF of the retinal image as a function of 

spatial frequencies for reconstructed 3D targets located at four different depths from the 

CDP: 0, 0.3, 0.6, and 0.9 diopters, respectively. All the displacements were on the close 

side of the CDP with respect to the eye. The accommodative distance, A, of the eye 

model was varied so that it coincided with the depth of the reconstructed targets: 1, 1.3, 

1.6, and 1.9 diopters, respectively. The view density was assumed to be 0.57mm−2 with a 

fill factor of 1, corresponding to a view pitch of 1.5mm, which yields a total of 4 (2 by 2) 

views over the eye pupil. It is clear that the perceived MTF of such a light field HMD 

decreases rapidly as the reconstruction point is displaced away from the CDP, which 

correlates to a degradation of spatial resolution. By setting a minimal threshold value for 

the MTF of a light field HMD, for example, 0.1 as shown by the red dotted line in Fig. 

4.3(b), the cut-off frequencies, or the limiting spatial resolution, for reconstructed 3D 

points at different depths can be determined. Figure 4.3(c) shows the simulation of the 

perceived retinal images by convolving a series of Snellen ‘E’s of three different angular 

resolutions (10, 20 and 30 cycles/degree (cpd)) with the accumulated PSF corresponding 

to of the MTF curves as in Fig. 4.3(b). Retinal image quality degradation can be clearly 

observed as the reconstruction depths of the targets are displaced away from the CDP. 
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Fig. 4.3. (a) The MTF plots of the retinal image of light field displays with 

different view densities for reconstructed 3D targets located on the CDP. (b) 

The MTF plots of the retinal image of a light field display with a view 

density of 0.57mm-2 for reconstructed targets located at four different depths 

from the CDP. (c) Simulation of the perceived retinal images of a series of 

Snellen “E” s of three different angular resolutions located at four different 

depths from the CDP. (d) The cut-off frequencies of light field display with 

different view densities as function of the depth displacement from the CDP 

[Appendix A].  

Using the same MTF threshold of 0.1, Fig. 4.3(d) plots the cut-off frequencies of a 

light field HMD as a function of dioptric depth displacement from the CDP for different 

view densities ranging from 0.142 to 2.26mm−2. For a given view density, the cut-off 

frequency generally decreases as the depth displacement increases. As the view density 

increases, the cut-off-frequencies on the CDP, which corresponds to the maximum 

constructible frequency, decrease rapidly due to the increasing effects of diffraction with 

small sub-apertures of elemental views. On the other hand, as the view density increases, 

the spatial resolution degradation, characterized by the slope of the curves, becomes less 



 

 

60 

 

 

sensitive to depth displacement from the CDP, which can be explained by the increasing 

depth of field of each elemental view with a decreasing sub-aperture. The cut-off 

frequencies become nearly independent of the depth displacements when the view 

density is about 2.26mm-2 or greater. 

In addition, Figs. 4.4(a) and (c) plot the polychromatic, accumulated retinal MTF 

curves of an on-axis reconstructed target point, set at the depth of 1 and 2 diopters away 

from the viewing window, respectively, by a 3mm eye pupil viewing a light field HMD 

with the pixel resolution varying from infinitely high to 12 arcmins of the CDP. For both 

examples, the view density of the light field HMDs was set at 0.57mm-2, which is 

equivalent to totally 4 (2 by 2) elemental views encircled by the eye pupil. By specifically 

arranging that there is no mis-sampling of the light field for the on-axis point on the CDP, 

Fig. 4.4(a) simply shows the effects from the downsampling issue only, which is similar 

to that of the aliasing issue in conventional displays. Figure 4.4(c), however, shows the 

combined effects from both the downsampling and mis-sampling issues for a 

reconstructed target away from the CDP. As indicated, while downsampling effect 

dominates the drop of the MTFs, the mis-sampling of the light field will further lead to 

more degenerated MTFs in addition to the downsampling, especially for displays of low 

pixel resolutions. Figures 4.4(b) and (d) further show the simulated retinal PSFs and 

images in viewing the light field HMDs with the same viewing conditions as in Figs. 

4.4(a) and (c), respectively, with Snellen letter ‘E’s. The effects of ‘pixelation’ of the 

rendering plane could be easily observed for both examples. The lower the pixel 

resolution of the rendering plane, the lower the perceived retinal image quality becomes. 
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Fig. 4.4. The MTF plots of the retinal image of light field displays with 

different pixel resolution on CDP ranging from infinitely high to 12 arcmins 

for reconstructed 3D targets at depth of (a) 1 diopter and (c) 2 diopters with 

the depth of CDP at 1 diopter. Simulated accumulated retinal PSF and 

retinal images of a series of Snellen letter ‘E’s corresponding to different 

pixel resolutions on CDP ranging from infinitely high to 12 arcmins for 

reconstructed 3D targets at depth of (b) 1 diopter and (d) 2 diopters. PSFs 

and images not in same scale [Appendix B]. 

 

4.4 Characterizing the Accommodative Response of a Light Field HMD 

Similarly, the simulation starts from showing the result with no limited ray positional 

sampling issue of reconstructing of the light field function of a light field HMD. Figure 

4.5(a) through (c) plot the MTF of the retinal image of a light field HMD as a function of 

eye accommodation shift for reconstructed targets located at three different depths away 

from the CDP by a dioptric displacement of 0, 0.5, and 1 diopter, respectively. All the 

displacements of the reconstructed depths were on the same and the close side of the 

CDP with respect to the eye. The CDP of the light field engine was set to be 1 diopter 

away from the eye as well as the view density to be 0.57mm−2 on the eye pupil, which 

corresponds to 4 (2 by 2) different views passing through the area of a 3-mm eye pupil. 
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The horizontal axis of the plots, denoted as the accommodation shift in diopters, is 

defined as the dioptric displacement of the eye accommodative distance, A, from the 

corresponding depth of the reconstruction target. A negative accommodation shift 

suggests that the eye accommodative distance is shifted closer toward to the CDP. The 

vertical axis is the polychromatic MTF value of the retinal image for a given eye 

accommodative distance. The black arrows marked the location where maximum retinal 

image contrast is achieved for each of the target frequencies.  

When the reconstructed target is located on the CDP (Δz = 0 diopter) as shown in Fig. 

4.5(a), it can be observed that the MTF values at different frequencies reach their 

maximums when the eye is accommodated at the reconstruction depth but gradually 

decrease as the accommodation shift increases on either side of the reconstruction plane. 

As the displacement of the reconstruction depth from the CDP significantly increases, as 

shown in Figs. 4(b) and 4(c), however, the focus cues rendered by a light field HMD may 

not be in agreement with the depth of rendering. It can be clearly observed that both the 

contrast magnitude and gradient of the retinal image are noticeably lower, especially in 

the 10-20 cpd frequency range. Furthermore, the peak responses are shifted away from 

depth of the reconstruction. Instead, they are shifted towards the location of CDP, leading 

to a negative accommodation shift. This indicates that the focus cues rendered by a light 

field HMD for 3D targets located far from the CDP bear a significant error compared to 

their rendering depth, which limits the ability to address the vergence-accommodation 

conflict problem.  



 

 

63 

 

 

 

Fig. 4.5. (a)-(c) The accommodative response curves for different spatial 

frequencies (cpd stands for cycles per degree) with the reconstruction plane 

located at (a) Δz = 0 diopter, (b) Δz = 0.5 diopters, (c) Δz = 1 diopter and (d) 

Accommodation error for different spatial frequencies as a function of the 

dioptric displacement of a target depth from the CDP toward the eye. 

Modified from [Appendix A]. 

To better illustrate the accuracy of focus cues rendered by of a light field HMD in 

relation to the depth of reconstruction, the axial displacement between the actual 

accommodative distance, Am, and the reconstruction distance is defined as 

accommodation error ΔA. Am corresponds to the locations marked by the black arrows in 

Figs. 4.5(a) through (c) and is the depth where the eye will practically accommodate, 

while the reconstruction distance is where the eye theoretically shall accommodate. 

Along with the contrast magnitude and gradient of the resulted retinal image, ΔA provides 

an objective measurement on whether a given display configuration is able to provide 

accurate and distinctive focus cues. Figure 4(d) plots the accommodation error as a 

function of the dioptric displacement of a reconstructed target from the CDP for the 
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spatial frequencies. The depths of the reconstructed targets for simulation were shifted 

away from the CDP by a magnitude up to 3 diopters at a 0.5 diopter increment toward the 

eye, corresponding to the reconstruction depth range from 1 to 3.5 diopters away from the 

eye. As the reconstructed target is displaced away from the CDP by more than 1 diopter, 

the light field HMD configuration used in the simulation is unable to reconstruct targets 

of high spatial frequencies, which was suggested by the cut-off frequencies in Fig. 4.3. 

Therefore Fig. 4(d) only plots accommodation errors for targets within its corresponding 

reconstructable depth range for a given frequency. The results clearly suggest that the 

accommodation error increases noticeably as the increase of the dioptric displacement 

from the CDP for targets rendered by a light field HMD, while the accommodation errors 

for real targets are negligible as expected.  

Figures 4.6(a) and (b) plot the accommodative response of light field HMDs with 

different view densities ranging from 0.57 to 2.26mm-2, corresponding to sub-aperture 

diameter from 1.5mm to 0.75mm (or 4 to 16 views across the eye pupil). The 

reconstruction depth of the target was set on the CDP and 1 diopter away from the CDP 

for Figs. 4.6(a) and (b), respectively, while both figures plot the MTF values for the mid-

range frequency of 15 cpd. 
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Fig. 4.6 The accommodative response curves for different view densities with 

the reconstruction plane at (a) Δz = 0 diopter and (b) Δz = 1 diopter. The 

target frequency was set at 15 cycles/degree [Appendix A]. 

When the reconstructed target is located on the CDP (Δz = 0 diopter) as shown in Fig. 

4.6(a), the MTF values in all of the three sampled view densities reach their maximum 

when the eye is accommodated at the reconstruction depth. As expected, the contrast 

magnitude and gradient decrease noticeably as the view density increases due to 

increasing diffraction effects. Overall, all the sampled view densities can provide 

adequate retinal image contrast and gradient to stimulate correct eye accommodation. 

When the target reconstruction depth is displaced by 1 diopter from the CDP as shown in 

Fig. 4.6(b), however, noticeable accommodation error is observed for displays with low 

view density or small number of views. As the view density increases, the 

accommodation error is noticeably reduced. The magnitude and gradient of the image 

contrast degrade just slightly as the increase of view density. As the displacement from 

the CDP increases, the magnitude of the accommodation error, the image contrast and 

contrast gradient degrade dramatically. In a display configuration with a view density of 

1.27mm-2, the accommodation error of mid-range frequency content is nearly zero for 

targets rendered on the CDP and for targets rendered 1 diopter away from the CDP, while 

the magnitude and gradient of the image contrast are slightly worse than those for a 
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display configuration with a view density of 0.57mm-2. However, the advantage of 

creating a high view density ceased when diffraction effects dominate. Therefore, the 

accommodation cue rendered by a display of high view density is not necessarily 

improved at the cost of spatial resolution.  

Furthermore, Figs. 4.7(a) through (c) plot the accommodation error as a function of 

the depth shift of the reconstructed target from CDP from -1 to 1.5 diopters with a spatial 

frequency of 5, 10 and 15 cpd, respectively, for light field HMDs of different pixel 

resolutions varying from infinitely high to 6 arcmins for a viewing density of 0.57 mm-2. 

It is worth noting that the Nyquist frequency corresponding to a certain pixel resolution 

needs to be above the spatial frequency of the reconstructed target. As a result, Figs. 4.7 

(a) through (c) only show results for displays with a pixel resolution equal or better than 

the threshold value corresponding to the target frequency. Also, some data in Fig. 4.7(c) 

is not plotted due to the low contrast (<0.05) to accurately extract the accommodation 

error. When the displays have infinitely high pixel resolution, for all three target 

frequencies, the eye always tends to accommodate toward the depth of CDP and the 

accommodation error increases as the reconstruction depth of the target is shifted away 

from the CDP. It could also be observed that the curves of the accommodation error for 

displays with limited pixel resolution are no longer monotonically but oscillating along 

the curve of infinitely high pixel resolution due to mis-sampling. The lower the pixel 

resolution, the larger the deviation of the accommodation error from the one for displays 

of infinitely high pixel resolution because all the points within a certain depth range will 

be rendered by the same pixel on the display panel. Figure 4.7(d) further summarizes the 

average value of the absolute accommodation error through the same depth range for 
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three different target frequencies. It indicates that generally the higher the pixel 

resolution, or the higher the target spatial resolution of the reconstructed light field, the 

smaller the accommodation error.  

 

Fig. 4.7. Plots of accommodation error as a function of the depth shift of 

reconstruction from CDP from -1 to 1.5 diopters by displays of different 

pixel resolutions with a target spatial resolution of (a) 5, (b) 10 and (c) 15 

cpd, respectively. (d) Summarization of average absolute accommodation 

error. CDP at 1 diopter [Appendix B]. 

To examine the compound effects of view sampling and ray position sampling on the 

accommodative responses, the above simulation was repeated for light field HMDs of 

different pixel resolutions, varying from infinitely high to 3 arcmins, and different 

viewing densities of 0.57, 1.27 and 2.26mm-2, corresponding to view numbers across the 

eye pupil from 4 (2 by 2) to 16 (4 by 4). Figures 4.8(a) through (c) plot the 

accommodation error as a function of the depth shift of the reconstructed target from the 

CDP by the amount varying from -1 to 1.5 diopters for a viewing density of 0.57, 1.27 

and 2.26mm-2, respectively. The spatial frequency of the targets was fixed at 10 cpd. 

Figure 4.8(d) further summarizes the average value of the absolute accommodation error 
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through the same depth range for three different viewing densities. Clearly, the higher the 

pixel resolution, or the higher the viewing density, the smaller of the accommodation 

error.  

 

Fig. 4.8. Plots of accommodation error as a function of the depth shift of the 

reconstruction from CDP from -1 to 1.5 diopters by displays of different 

pixel resolutions from infinitely high to 3 arcmins with their view densities 

configured at (a) 0.57, (b) 1.27 and (c) 2.26mm-2, respectively. (d) 

Summarization of average absolute accommodation error. CDP at 1 diopter 

[Appendix B]. 

While the average depth of field of the human eye is ± 0.2 to 0.3 diopters [53], to 

account for the possible accumulation of the accommodation errors caused by the image 

quality degeneration of a light field HMD as well as the misalignment errors due to ray 

position sampling, hereby threshold is set as 0.1 diopters for acceptable accommodation 

error in the theoretical analysis. It can be observed from both Figs. 4.7(d) and 4.8(d) that 

in order to achieve an average absolute accommodation error smaller than 0.1 diopters 

through the depth range of 2.5 diopters for contents with modest spatial details of about 

10cpd, generally the system needs to provide a pixel resolution better than 1 arcmin with 
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a view density of 0.57mm-2 (4 views) or a pixel resolution better than 3 arcmins with a 

view density of 1.27mm-2 or more (9 views or more). In general, displays with a high 

view density can afford to have a lower pixel resolution than displays with a low view 

density. 
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5 OPTICAL DESIGN AND OPTIMIZATION METHOD OF 

INTEGRAL-IMAGING BASED LIGHT FIELD HEAD-

MOUNTED DISPLAYS 

An integral imaging based light field head-mounted display (InI-HMD), which typically 

renders a 3D scene by reconstructing the directional light rays apparently emitted by the 

scene via an array optics, is potentially capable of rendering correct or nearly correct 

focus cues. Its true 3D image formation nature, however, imposes significant 

complications and the well-established optical design process for conventional HMDs 

becomes inadequate to address the design challenges. This chapter summarizes a novel 

methodology and framework for designing and optimizing high-performance InI-HMD, 

including methods of system configurations, user-defined metrics for characterizing the 

performance of such systems, and optimization strategies unique in light field display. 

Detailed descriptions of the design and optimization method of InI-HMD can be found in 

the newly submitted journal paper [Appendix C]. 

5.1 Light Field Reconstruction of InI-HMD  

As illustrated in Chapter 3, the light field of a 3D scene can be represented by the well-

known 4D light field function, L(s, t, u, v), which characterizes the radiance of a light ray 

as a function of a ray position (s, t) and direction (u, v). In an InI-HMD an array of 2D 

elemental images (EIs), each of which represents a different perspective of a 3D scene, is 

rendered on a microdisplay. Each pixel on these EIs is considered as the image source 

defining the positional information, (s, t), of the 4D light field function. Associated with 
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the array of EIs is an array optics, such as a micro lens array (MLA), each of which 

defines the directional information, (u, v), of the light field function.  

 

Fig. 5.1 Illustrations of (a) mapping the light field function and (b) basic 

optical principle of reconstructing 3D scene of InI-based LF-3D display 

[Appendix C]. 

By further referring to two reference planes, virtual central depth plane (CDP) and 

the viewing window, the 4D light field function, L(s, t, u, v), physically sampled by the 

pixels on the microdisplay and the lenslets of the MLA in the object space of an InI-

HMD, can be conveniently mapped to the light field function L’(xc, yc, xv, yv) defined in 

the virtual image or visual space, as if the ray bundles of the elemental views are emitted 

by pixels located on the virtual CDP toward the viewing window. Figure 5.1(a) illustrates 

the simplified process of light field rendering in the visual space, where the ray positions 
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of the light field function are sampled by the projected virtual pixels (xc, yc) on the virtual 

CDP and the ray directions are defined by the projected coordinates (xv, yv) of the array 

elements on the viewing window. The new set of projected coordinates in fact directly 

relates to the spatial resolution of the apparent display in the visual space and the view 

density of the viewing window, respectively.  

Theoretically with the ideal light field function L’(xc, yc, xv, yv) rendered by an InI-

HMD, the corresponding EIs reconstructing a light field point will be imaged as point 

sources on the virtual CDP, and their ray bundles will perfectly intersect at the lateral and 

longitudinal position of the point and projected at their corresponding viewing zones on 

the viewing window as illustrated in Fig. 5.1(b). Any deviation in rendering the light field 

function due to the imperfection of the imaging process of an InI-HMD, however, will 

lead to compromised EIs on the virtual CDP and/or wrong directions and footprints of the 

ray bundles projected onto the viewing window. Consequently, such deviation leads to 

compromised reconstruction of the 3D scene and reduced perceived image quality of an 

InI-HMD by the viewer. Therefore, in designing an InI-HMD system, it needs to ensure 

the light fields, L(s, t, u, v), physically rendered by a display panel and MLA in the object 

space to be mapped accurately into the light fields, L’(xc, yc, xv, yv), viewed by the eye in 

the visual space. To achieve a good mapping, it is critical to obtain (1) a good control of 

the positional sampling mapping from (s, t) to (xc, yc) of the light field function so that 

each of the EIs rendered on the display panel is well imaged onto the virtual CDP, and (2) 

a good control of the directional sampling mapping from (u, v) to (xv, yv) of the light field 

function so that the ray bundles from each of the imaged EIs are projected onto the 

viewing window with the correct directions and footprints and thus the elemental views 
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are well integrated without displacement from each other. It requires a completely new 

design metrics that is capable of precisely evaluating the quality of the directional 

sampling of the reconstructed light field of a 3D scene, yet shall still be easily obtainable 

from any conventional lens design software so that it can further optimize the display 

system based on such a metrics.  

It is noteworthy that in some of latest InI-HMD systems, more optical elements that 

are capable of further improving the overall display performance, such as tunable relay 

group, are further added in the display path, which adds more complexity in designing 

InI-HMDs but can still follow the same design methodology as a system consisting of 

only an eyepiece. Without the loss of generality, it assumes that these added optical 

elements are combined with the eyepiece, if applicable, referred to as “eyepiece group” in 

the following sections. 

5.2 Design Setup  

To account for the unique image formation process of an InI-HMD and accurately sample 

the ray positions and directions, the overall system into M by N sub-systems is divided, 

where M and N are the total number of lenslets in the MLA or equivalently the number of 

EIs rendered on the microdsiplay in the horizontal and vertical directions, respectively. 

Each of the sub-systems represents one single imaging path from an EI through its 

corresponding lenslet of MLA and a shared eyepiece group. It is worth noting that the 

sub-systems is chosen to configure such that the ray tracing starts from the microdisplay 

or equivalently from the EI toward the viewing window which effectively avoids ray 

tracing failure due to the fact that the projections of the array of apertures of the lenslets 

of MLA on the viewing window do not form a commonly-shared exit pupil as in 
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conventional HMDs. Under such circumstances, an ideal lens emulating the eye optics of 

a viewer or an established eye model such as Arizona eye model as indicated in Chapter 3 

is further inserted with its entrance pupil coinciding with the viewing window for better 

optimization convergence.  

Due to the array nature of the MLA, the imaging path of each sub-system is off-axis, 

non-rotational symmetric to the main optical axis as illustrated in Fig. 5.2. Each of the 

sub-systems may be configured as a zoom configuration in optical design software. 

Depending on the types of surface symmetry of the MLA and the eyepiece group, the 

number of zoom configurations may be reduced.  For ease of further optimization, one 

may even further reduce the number of zoom configurations along each direction by 

sampling the lenslets at larger step for faster convergence. For instance, an eyepiece 

group with a rotational symmetry around the optical axis will only require modeling a 

quadrant of the sub-systems, and one with a planar symmetry requires modeling half of 

the sub-systems separated by the symmetry plane. For ease of further optimization, one 

may even further reduce the number of zoom configurations along each direction by 

sampling the lenslets at larger step for faster convergence. Without loss of generality, it 

hereby assumes that all the lenslets in the MLA have identical surface shapes and are 

arranged in a rectangular array with equal lens pitch in both horizontal and vertical 

directions. 
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Fig. 5.2 Illustrations of (a) footprints on viewing window and imaged 

apertures of lenslets of MLA (real exit pupil), (b) the divide of the EIs on the 

microdisplay, and (c) partially overlapped virtual images of EIs on the 

virtual CDP. Modified from [Appendix C]. 

The zoom configurations among the sub-systems mainly differ from each other by 

the lateral positions of the corresponding lenslet and EI with respect to the optical axis of 

the eyepiece group. The lateral position of each lenslet, (u, v), is solely determined by the 

displacement between the neighboring lenslet, ΔpMLA, or equivalently the lens pitch pMLA, 
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and the arrangement of the lenslets. Following the same coordinate system as shown in 

Fig. 5.1(a), for a given zoom configuration indexed as (m, n), the lateral coordinates of its 

corresponding lenslet can be expressed as 
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                          (Eq. 5.1) 

Although the microdisplay is also divided into an M by N array of EIs, one for each 

lenslet, the lateral position and size of each EI is more complex and dependent on several 

other specifications of the display system. For instance, the viewing window, which is not 

necessarily the optical conjugate of the MLA and can be shifted longitudinally along the 

optical axis according to a design requirement as shown in Fig. 5.2(a), plays a vital role 

in dividing and configuring the whole system into a series of sub-systems. An array of 

imaged apertures is actually formed in the visual space, which is considered as being the 

exit pupil in the sense of a conventional display or imaging system. Placing a viewer’s 

eye at this exit pupil location would however indicate that the viewer cannot 

simultaneously see all the EIs as the imaged apertures are spatially separated. To ensure 

that all of the EIs can be properly seen at the viewing window, the microdisplay is 

divided in such a way that the chief ray of the center of each EI through the whole display 

optics, including the corresponding lenslet of MLA and the shared eyepiece group, will 

intersect with the optical axis at the center of the viewing window, Ov (e.g. red line in 

Fig. 5.2(b)). Under such constraint, the displacement between the adjacent EIs, ΔpEI, and 

the size of the elemental images, pEI, on the microdisplay are equal. For a given sub-

system unit indexed as (m, n), the lateral coordinates of the center of the corresponding 

EI can be expressed as 
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                                   (Eq. 5.2) 

According to the paraxial geometry, both the footprint diameter and the viewing 

window size are the same for any of the sub-systems, and the footprints corresponding to 

the same field object of different sub-systems will intersect on the viewing window so 

that they share the same coordinates (xv, yv). For example, as mentioned above, the chief 

ray of the center of each EI will intersect with the optical axis at the center of the viewing 

window so that xv0(m, n) and yv0(m, n) both equal to 0 for any of the sub-system. 

In an InI-HMD system, the EIs are seen as an array of spatially displaced virtual 

images observed from the viewing window. Figure 5.2(c) illustrates a simple example 

where four neighboring EIs rendered on the microdisplay, each illustrated with a different 

color, are imaged through their corresponding lenslets of MLA and the shared eyepiece 

and are projected on the virtual CDP as four partially overlapping virtual EIs illustrated 

by the dashed box of the same corresponding colors.  The displacement between centers 

of the neighboring virtual EIs on the virtual CDP, ΔpEIc, is no longer equal to the size of 

the virtual EIs, pEIc. For a given sub-system unit indexed as (m, n), the lateral coordinates 

of the paraxial center of the corresponding virtual EI can be expressed as 
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                                 (Eq. 5.3) 

5.3 Optimizing Ray Positional Sampling of Light Field 

Optimizing ray positional sampling of the light field function can be achieved by 

obtaining well-imaged EIs on the virtual CDP from the display panel through their 
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corresponding lenslets of the MLA and eyepiece group. Following the setup procedures 

introduced, it is able to optimize the imaging process of each EI individually by each of 

the sub-systems. From this perspective, the well-established optimization constraints and 

performance metrics available in optimizing the 2D image-conjugates for conventional 

HMDs can be adequately utilized except that the entire FOV composed by the individual 

EIs are optimized separately instead of being treated as a whole as in conventional HMD 

designs. 

Such an individual optimization for each of the EIs, however, overlooks the 

corresponding connection between the neighboring EIs and more importantly the relative 

positions and sizes of virtual EIs with respect to the total FOV. For an ideal InI-HMD, as 

shown in Fig. 5.2(c), the imaged EIs on the virtual CDP would be aligned perfectly and 

partially overlapping with neighboring ones. However, image aberrations induced by 

both the MLA and the eyepiece group will distort the virtual EIs on the virtual CDP and 

the distorted virtual EIs will cause potential failure of view convergence when 

reconstructing the light fields of 3D scenes of different depths.   

To account for the effects of distortions induced to the EIs locally and globally, two 

different types of constraints during optimization were proposed to apply. The first 

constraint is the control of the local distortion aberrations for each of the sub-systems 

representing a single EI, which can be readily implemented by adopting the distortion-

related optimization constraints already available in the optical design software to each 

zoom configuration. These local controls of distortion in each sub-system ensure the 

dimensions and shapes of the virtual EIs remain within a threshold level in comparison to 

their paraxial non-distorted images. The second constraint is the control of the global 
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distortion, which is related to the lateral positions of the virtual EIs with respect to the 

whole FOV of the reconstructed 3D scene. To optimize for this global distortion, the 

chief ray of the center object field of each EIs on the microdisplay is ought to be specially 

traced and its interception on the virtual CDP needs to be extracted and constrained 

within a threshold level comparing to its paraxial positions in global coordinates. For a 

given sub-system indexed as (m, n), the global deviation of the center position of virtual 

EI on the virtual CDP from its paraxial position can be quantified by a possible metrics, 

GD, along with the corresponding constraints, which are expressed, respectively, as 
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                 (Eq. 5.4) 

where x’c (m, n) and y’c (m, n) are the real positions of the chief ray of the center object 

field of the given EI indexed as (m, n) on the virtual CDP obtained by real ray tracing 

horizontally and vertically, respectively, while xc (m, n) and yc (m, n) are their paraxial 

positions of the chief ray on the virtual CDP. ZCDP is the distance between the virtual 

CDP and the viewing window 

The GD metric in Eq. 5.4 examines the angular deviation between the real and 

theoretical position of the chief ray of the center object field measured from the viewing 

window. Compared to the conventional definition of distortion ratio, the GD metric 

works better in off-axis lens design, especially in systems with freeform surfaces, where 

on- and near axis fields will possibly encounter distortion of same magnitude to those at 

the full FOV so that the relative ratio as in conventional definition of distortion ratio will 

not work efficiently. 
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Fig. 5.3 Simulations of effects of GD regarding the global distortion in ray 

positions upon full field distortion grid [Appendix C]. 

A constraint corresponding to the metric is therefore created by obtaining the 

maximum values of the metric for all the EIs through all the sub-systems. By adding 

constraint to the optimization process and modifying the value of the constraint, the 

maximally allowed global distortion can be adjusted and optimized. Figure 5.3 further 

demonstrates the overall correlation between the global distortion and the value of GD by 

utilizing examples of barrel distortion and keystone distortion simulated in a 40° by 40° 

InI-HMD system with the depth of CDP at 1 diopter. In each of the sub-figures, both the 

full theoretical FOV grid free from global distortion (black) and the distorted FOV grid 

(red) corresponding to the specific type and value of distortion were plotted, and the 

numbers stand for the maximum and average value of GD calculated from Eq. 5.4 for a 

total of 11 by 11 sampled centers of EIs (the intersection points of the grids). For 

example, while 1% barrel distortion yields a maximum GD of only 0.36°, 5% barrel 
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distortion yields a maximum GD as large as 1.78°. Clearly, the value of GD provides a 

good control of the global distortion of the center positions of the EIs, either as 

conventional distortion pattern (e.g. barrel or pincushion distortion) or unconventional 

one (e.g. keystone distortion), in optimizing ray positions of the light field function. 

5.4 Optimizing Ray Directional Sampling of Light Field 

In conventional display systems, the directions of the ray are usually not strictly 

constrained (unless sometimes telecentricity is required). In some extreme cases, pupil 

aberration, which is a set of aberrations that would be observed at the exit pupil with 

respect to the entrance pupil of an optical system, or vice versa, and responsible of 

deformed, mismatched directions of the ray bundles, is even deliberately introduced to 

help compensate the image aberrations. However, due to the unique property of an InI-

HMD, the ray directions of the light fields play a very important role in designing such a 

display system. As discussed above, incorrect sampling of ray directions will not only 

affect the integration of the EIs but also potentially lead to uneven number of elemental 

views for reconstructed light field targets and thus misrepresented focus cues. In the case 

of severe pupil aberration, it is even possible that the number of elemental views 

encircled by a viewer’s eye pupil reduces to be less than two so that it makes no 

difference from a conventional stereoscopic display system and fail to properly render 

true light fields. 

As suggested above, the viewing window is where all the chief rays through the 

center pixels of all the EIs intersect with the optical axis, as shown in Fig. 5.2(a), to 

ensure all of the EIs can be properly seen simultaneously. The footprints of the ray 

bundles projected from each of the elemental views, collectively define the viewing 
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window. To optimize the ray directional sampling of light fields in designing InI-HMDs, 

it needs to develop proper constraints for the footprints of each elemental views projected 

on the viewing window rather than directly optimizing for the exit pupil(s) of the 

elemental views. For an InI-HMD with ideal ray directions of the light field function or 

equivalently free from pupil aberration, the merged footprint diagram at the viewing 

window should have two notable characteristics. First of all, the chief rays from different 

object fields on a single EI passing through the corresponding lenslet of the MLA as well 

as the eyepiece group should converge at the center of the imaged aperture, and intersect 

with the viewing window in a regular grid with uniform spacing, resembling the pixel 

array of the EI.  Secondly, the chief rays from the same object field (with respect to their 

own EIs) passing through their corresponding lenslets and eyepiece should converge at 

the viewing window, and the footprints of the ray bundles from these pixels should form 

the same shape and overlap perfectly with each other on the viewing window.  

To account for the effects of pupil aberration induced to the ray footprints and 

directions on the viewing window during optimization, it would need to (1) extract the 

exact footprints of the ray bundles from any given pixel of a given EI on the viewing 

window; and (2) establish metric functions that properly quantify any deviations of the 

ray footprints from their paraxial shapes and positions so that constraints can be applied 

during the optimization process to control the deviations within a threshold level.  In 

practice for each give object field we only sampled four marginal rays through the lenslet 

aperture to avoid exhaustive computation time during the optimization process. The 

coordinates of these marginal rays on the viewing window define the envelop of the ray 

footprint of a sampled field on a given EI in a given sub-systems. For a sampled object 
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field indexed as (i, j) on a given EI corresponding to a sampled sub-system indexed as 

(m, n), the deformation of the ray footprints from its paraxial shape can be quantified by a 

metric function, PA, expressed as  
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           (Eq. 5.5) 

where x’v and y’v are the real positions of the marginal rays on the viewing window 

obtained via real ray tracing horizontally and vertically, respectively, while xv and yv are 

their corresponding paraxial positions on the viewing window. k is the index of four 

marginal rays for a sampled object on a given EI corresponding to a sampled sub-system. 

dv is the footprint size of the ray bundle from a pixel of an EI projected through the whole 

optics on the viewing window  

The metric PA in Eq. 5.5 quantifies the deformation of the ray footprint of a given ray 

bundle from its paraxial shape by examining the relative ratio of the average deviated 

distance between the real and theoretical positions of the marginal rays on the viewing 

window to the diagonal width of the paraxial footprint. A single constraint is then created 

by obtaining the maximum value of the metric form all the sampled object fields on each 

of the sampled sub-systems. By adding the constraint to the optimization process and 

modifying the value, the maximally allowed deviation and deformation of the footprint, 

or equivalently, the pupil aberration affecting the ray directions of the light field of an 

InI-HMD can be adjusted and optimized. Figure 5.4 further demonstrates the overall 

correlation between the footprint diagrams on the viewing window, pupil aberrations, and 

the metric function values of PA. The figures plot simulated ray footprint diagrams for 
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the center field point of the EI centered with the optical axis of an InI-HMD, with and 

without pupil aberration. For simplicity in the simulation the lenslets were treated as ideal 

lenses, and the eyepiece group was modeled with different aberration terms and 

magnitudes (e.g. spherical aberration from 0.25 to 1 waves peek to valley (λPV), and tilt 

from 0.25 to 1°) applied as pupil aberration. Specifically, the diameter of the theoretical 

footprint, dv, was set as 1mm.  In each of the sub-figures, both the theoretical footprint 

diagram free from pupil aberration (black) and the deformed or displaced footprint 

diagram (red) corresponding to the specific type and value of pupil aberration term were 

plotted. The number beneath each of the sub-figures stands for the value of PA calculated 

from Eq. 5.5 for each case.  

 

Fig. 5.4 Simulations of effects of PA regarding the pupil aberration in ray 

directions upon footprint diagram on the viewing window [Appendix C]. 

It can be easily observed that due to the presence of pupil aberration, the actual 

footprint diagrams can be significantly deformed (e.g. by pupil spherical aberration) or 

displaced (e.g. by tilt) from their theoretical ones. On the other hand, Eq. 5.5 makes a 
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good estimation of the severity of the pupil aberration in terms of PA based on the 

footprint diagram. For example, 0.25 λPV pupil spherical aberration yields a PA of only 

0.059, while 1 λPV pupil spherical aberration yields a PA as large as 0.23.   
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6 DESIGN OF A HIGH-PERFORMANCE INTEGRAL-IMAGING 

BASED LIGHT FIELD AUGMENTED REALITY HEAD-

MOUNTED DISPLAY 

Conventional integral imaging (InI) based light field display technology suffers from 

several major issues due to the very nature of the InI setup. This chapter describes a novel 

optical solution of overcoming some of the key limitations of existing InI based light 

field display systems, and a corresponding design of prototype of a high-performance InI 

based light field augmented reality head-mounted display (InI-ARHMD) using freeform 

optics. Detailed descriptions of the optical architecture and design of InI-ARHMD can be 

found in the two published journal papers [Appendices D and E]. 

6.1 Key Limitations 

6.1.1 Reduced Spatial Resolution Regarding Depth Shift 

In addition to the well-known trade-off between the spatial resolution and the total 

number of elemental views existing in any typical light field display system, including InI 

based one where in order to create the light field content the spatial resolution of the 

reconstructed scene is usually significantly scaled down compared to that of a 

conventional stereo display system with the same pixel count of the display panel, the 

spatial resolution of the reconstructed light field scene could potentially be further 

reduced as the depth of reconstruction further shifts away from that of central depth plane 

(CDP) as a result of defocus effect of the modulating element of modulation plane (e.g. 

lenslet of micro lens array (MLA)). As illustrated in Chapter 4.3 and Fig. 4.3, the 
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theoretical cut-off frequency supported by a light field HMD will dramatically decrease 

as the depth of reconstruction further shifts away from that of CDP, particularly in the 

case of low view density. Such an effect occurs regardless which display scheme, depth 

priority or resolution priority, the light field display adopts, and will significantly limit 

the overall depth of the reconstructed 3D could be rendered. 

The most straightforward way to deal with the reduced spatial resolution regarding 

depth shift is to increase the Nyquist frequency (usually by upgrading the display panel 

with smaller pixel pitch) or the view density of the light field display system, or both. It, 

however, significantly adds to both the cost and the design complexity of the display 

system, and unfortunately, is actually beyond the capability of state-of-the-art display 

hardware to match a light field display with the same resolution of latest conventional 

HMD devices. 

6.1.2 Crosstalk 

Traditionally in an InI based light field display, the viewing window is calculated by only 

accounting for the chief ray from the edge pixel of the elemental image (EI) on the 

display panel through the corresponding lenslets in MLA and the rest of optics, if 

applicable. Consequently it will inevitably introduce crosstalk between the neighboring 

EIs on the viewing window, especially for an InI-HMD, and thus significantly affect the 

viewing experience. As illustrated in Fig. 6.1(a), the viewing window of an InI-HMD is 

set at where the chief rays of the center pixels of all the EIs converge at (e.g. the green 

lines), and its diameter is determined by the chief rays of the edge pixels of all the EIs 

(e.g. the red lines). Under such circumstances, the upper marginal ray (Ray I) of a pixel 

on or near the edge of EI2 through the lenslet corresponding to EI1 will still propagate 
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through the system stop and consequently the viewing window, even though the chief ray 

(Ray II) as well as the lower marginal ray (Ray III) of it is beyond the viewing window, 

equivalently the system stop in InI-HMD, and get blocked as designed. It will lead to the 

leakage, or crosstalk of subpart of the EI2 upon the location where only the EI1 is 

supposed to be imaged, and such phenomenon will simultaneously apply to the EIs all 

through the reconstructed light field scene.  

To hinder this type of crosstalk, usually the size of the viewing window has to be 

reduced by a fraction according to the exact setup, or a blinds-wise array needs to be 

inserted between the microdisplay and the MLA, matching the size of each EIs with their 

corresponding lenslets of MLA, which helps to block rays entering into neighboring EIs 

as shown in Fig. 6.1(b). The latter method requires high-precision manufacturing process 

and is extremely sensitive to any decenter and tilt of the array. It also potentially blocks a 

portion of the pixels for each EIs due to the thickness of the slats of the blinds-wise array, 

which further adds to the already high requirement upon the pixel count of the display 

panel in light field display system. 

 

Fig. 6.1 Illustration of the (a) formation of the crosstalk in InI-HMD 

[Appendix D] and (b) the blinds-wise array to reduce crosstalk 
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6.2 Solutions 

6.2.1 Maintaining Spatial Resolution Using Tunable Relay Group 

Figure 6.2 shows the schematic layout of the new optical architecture using tunable relay 

group to expand the depth of field (DOF) of an InI-HMD system while maintaining a 

decent spatial resolution, of which the similar concept has been adopted in traditional 

displays. The system mainly consists of three key parts: a micro-InI unit reproducing the 

full-parallax light fields of a reconstructed 3D scene, a tunable relay group to create a 

relayed 3D scene with a tunable position of its intermediate CDP, and an eyepiece optics 

reimaging the tunable 3D light fields into viewer’s eye. Specifically, the tunable relay 

group consists of a front and a rear relay lens and a tunable lens sandwiched in-between. 

Following the first-order (geometric) optics, the compound optical power, ϕR, of the 

whole tunable relay group is given by using gaussian reduction 

1 2 1 1 1 2 1 1 2 2 1 1 1 2( ) ( ) ;R t t tt t t t t tΦ = Φ + Φ + Φ − Φ Φ + − Φ Φ + Φ + Φ Φ Φ               (Eq. 6.1) 

where ϕ1, ϕt, and ϕ2 are the optical power of the front lens group, the tunable lens, and the 

rear lens group, respectively.  t1 and t2 are the spaces between the front lens group and 

tunable lens and between the tunable lens and the rear lens group. The axial position of 

the relayed intermediate CDP with respect to the rear lens group is thus given by ray 

tracing as 
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where z is the axial position of CDP with respect to the front lens group, and a ray angle 

is further defined as u1=1-zϕ1. Also the lateral magnification of the tunable relay group is 

given by ray tracing as 

1 1 1 1 1 1 1 1 2 2
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.

[ ( ) ] {[ ] [ ( ) ] }
rg

t t

M
u z u t z u t u t z u t t

=
− + Φ − + + − + Φ Φ

                 (Eq. 6.3) 

By adjusting the optical power of the tunable lens, the relayed intermediate CDP will 

shift axially with respect to the eyepiece (e.g. red lines) according to the equations, and so 

does its virtual image, virtual CDP, which helps to retain the depth of virtual CDP close 

to that of reconstruction of the virtually reconstructed 3D scene of interest and thus 

maintain the spatial resolution for a relatively large DOF. 

 

Fig. 6.2 Schematic layout of the new optical architecture of InI-HMD using 

tunable relay group [Appendix D] 

Furthermore, by designing the tunable surface of the tunable lens an optical conjugate 

to the viewing window where the entrance pupil of the eye is placed to view the display 

(e.g. purple lines), it helps the virtually reconstructed 3D scene achieve constant field of 

view (FOV) regardless of the focal depths of the virtual CDP. Under such circumstances, 

the FOV of the entire system through the eyepiece is given by ray tracing as 
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where t3 is the spacing between the eyepiece and rear relay lens; zxp is the spacing 

between the exit pupil and the eyepiece; h0 is the image height of the intermediate 

reconstructed scene projected on the intermediate CDP, ϕep is the optical power of the 

eyepiece, and a ray angle is further defined as urg=[(1-zxpϕep)-(zxp+(1-zxpϕep)t3)ϕ2]. It is 

clearly that according to the equation, the FOV is independent of the optical power of the 

tunable lens ϕt. Therefore, a much larger volume of a 3D scene could be visually 

perceived without seams or artifacts with the rapidly changing optical power of the 

tunable lens as well as the corresponding contents in the microdisplay.  

6.2.2 Reducing Crosstalk Using Aperture Array 

Figure 6.3(a) shows the schematic layout of the proposed method using an aperture array 

(For simplicity, only the micro-InI unit is illustrated) to reduce the crosstalk alternatively. 

Compared to the conventional setup, now a thin, paper-like aperture array is inserted 

between the microdisplay and MLA. The working principle of the aperture array is also 

illustrated in Fig. 6.3(a). The small-angle crosstalk of the neighboring EIs will be 

completely blocked from entering the corresponding lenslet in MLA by each of the 

micro-apertures in the aperture array (e.g. area A, EI2 to EI1). In comparison, though it is 

possible for the large-angle crosstalk passing through the aperture array (e.g. area B, EI2 

to EI3), this kind of crosstalk actually is far beyond the viewing angle and thus will be 

totally blocked by the system stop instead, while the transmittance of the rays from the 

pixels of the corresponding EI through it will be allowed with only slight vignetting on 

the edge of the EI (e.g. area C). By doing so, the crosstalk between the neighboring EIs 

could be eliminated and the ghost-image-like phenomenon will be minimized at a slight 

cost of image brightness. Compared to the blinds-wise array, the aperture array is much 
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easier to be manufactured, is less sensitive to the decenter and tilt, and potentially will not 

block any of the pixels of the EI (though slight vignetting is experienced). 

 

Fig. 6.3 Illustration of the (a) working principle [Appendix D] and (b) key 

parameters of the aperture array 

On the other hand, the aperture array needs to be specifically designed and placed 

into the display system to fulfil the aforementioned working principle. Figure 6.3(b) 

shows the key parameters of the aperture array including its location represented by the 

distance to the MLA, zAA, and its size represented by the period, PAA, as well as the 

aperture diameter, DA. One necessary condition regarding the location of the aperture 

array (other more specific constraints may be added depending on the real setup), and the 

corresponding requirements upon both the period and aperture diameter based on the 

location are listed respectively as follows, 
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where g is the gap between the microdisplay and the MLA, PMLA is the lens pitch of each 

lenslet of MLA, and PEI is the size of each EI. Following this setup, the size of the 

viewing window could potentially reach the theoretical value set by the chief ray as 

shown in Fig. 6.2(a). Generally, to increase the overall size of the viewing window 

without suffering the crosstalk, the aperture diameter of the aperture array needs to be 

further reduced, and the brightness of the EI will thus be correspondingly reduced as 

more vignetting potentially occurs. Therefore, a trade-off between the size of the viewing 

window and the overall optical throughput needs to be carefully examined adopting this 

method to reduce crosstalk.  

Figure 6.4(a) further shows a real example of aperture array printed on a transparent 

paper with predefined pattern matching with a bench-top setup of an InI based light field 

display system following the schematic layout as in Fig. 6.2. The aperture array was well 

placed and aligned with respect both of the microdispaly and MLA. A pattern consisting 

of 5 letters (‘3’, ‘D’, ‘V’, ‘I’, ‘S’) were created on or near the virtual CDP to rule out the 

influence of defocus and divergence of the EIs. A camera focusing on the same depth of 

the virtual CDP was used to record the light field pattern with both its aperture and 

exposure time fixed for all the image captured. Figure 6.4(b) shows the captured image of 

the target when no physical stop aperture was set, where severe crosstalk could be clearly 

observed. By inserting a stop of which the diameter remains large matching only the 

chief ray of the pixels through the MLA as in traditional InI based light field display, 

crosstalk could be largely reduced but still visible, as shown in Fig. 6.4(c). Further 

shrinking the size of the stop could help wipe out the crosstalk, as shown in Fig. 6.4(d), 

but it also inevitably reduced the brightness through the scene. However, as shown in Fig. 
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6.4(e), by using the aperture array, the diameter of the viewing window could be 

maintained to the same level as in Fig. 6.4(c) but the crosstalk fully eliminated at a slight 

cost of image brightness. 

 

Fig. 6.4 (a) Photo of a real aperture array printed on transparent paper. 

Captured image of reconstructed 3D scene rendered by an InI-based light 

field display (b) with no physical stop, (c) with a large system stop and no 

aperture array, (d) with small system stop, no aperture array, (e) with large 

system stop and aperture array [Appendix D] 
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6.3 Optical/Lens Design 

6.3.1 Optical Layout and Specifications 

Derived from the existing bench-top prototype of InI-HMD simply using a micro-InI unit 

with a freeform eyepiece, Fig. 6.5 shows a general illustration of the evolution of the 

systematical optical layout of the design of InI-ARHMD adopting the aforementioned 

optical architecture consisting of a micro-InI unit, a tunable relay group and a freeform 

eyepiece. Significantly different from the traditional HMD designs using freeform prism 

purely as eyepiece [41,42], in this design part of the tunable relay group (i.e. the rear 

relay group) was integrated into the freeform eyepiece to fold the display path 

considering the form factor of the InI-ARHMD system as well as reduce the overall 

complexity of the system by reducing the number of optical elements involved. Under 

such circumstances, the freeform prism in this design functions as both the eyepiece and 

the rear relay group, and the intermediate CDP as well as the intermediate reconstructed 

3D scene was therefore relayed inside of the freeform prism. It is worth pointing out 

several factors contributed to the choice of a freeform waveguide-like eyepiece for this 

design. First of all, freeform prism eyepieces have been demonstrated with much higher 

optical performance over the existing holographic or geometric waveguides, while the 

holographic or geometric waveguides typically function as a pupil expander and are 

subject to compromised image quality due to stray light, light leakage, or color artifacts. 

Secondly, holographic and geometric waveguides typically require a collimated source to 

be coupled in, which is not compatible with our design of an InI based light field display 

without additional optics. Finally, though not as compact as holographic or geometric 
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waveguides, freeform prism eyepieces are much more compact than other conventional 

eyepiece designs. 

 

Fig. 6.5 Illustration of the evolution of the systematical optical layout of the 

design of InI-ARHMD. 

Figure 6.6(a) further shows the detailed cross-section view of the display path 

overlaid with real ray trace result of the design of InI-ARHMD system. Specifically, a set 

of 2D EIs, each representing a different perspective of a 3D scene, are displayed on the 

high-resolution microdisplay (e.g. the three red rays of point A represent the chief rays 

from three EIs). Through the MLA, each EI works as a spatially-incoherent object and 

the conical ray bundles emitted by the pixels in the EIs intersect and integrally create the 

perception of a 3D scene (e.g. point A) that appears to emit light and occupy the 3D 

space. The tunable relay group, mainly made of 4 stock spherical lenses with an 
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Optotune® [55] EL-10-30 tunable lens sandwiched inside, relays and adjusts the axial 

positions of the intermediate images (e.g. point A’) of the reconstructed targets for DOF 

extension. The waveguide-like prism formed by 4 freeform surfaces denoted as S1 to S4, 

magnifies the intermediate images of the reconstructed targets and projects the light 

toward the exit pupil, or the viewing window, at which a viewer sees the magnified 3D 

scene reconstruction. On the other hand, Fig. 6.6(b) shows the cross-section view of the 

see-through path of the design of InI-ARHMD system with a matching compensator 

attached to the freeform prism. By properly generating the connecting surface between 

S2 and S4, an undistorted, high-fidelity see-through view that almost doubles the 

horizontal FOV can be achieved, when compared to the conventional prism design 

simply using S4 as the see-through window, without increasing the overall thickness of 

the prisms. 

 

Fig. 6.6 The optical layout of (a) the display path, (b) the see-through path of 

the design of InI-ARHMD system [Appendix E]. 

Based on the optical layout in Fig. 6.6 and the analytical relationships described in 

Chapter 5, the key specifications of the design of InI-ARHMD system are summarized in 
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Table 6.1. The MLA, consisting of 17x9 lenslets, was designed to offer an equivalent 

focal length of 3.5mm, a lens pitch of 1mm, and a transverse magnification of 3 which 

equals to the number of views in one direction. When combined with a 0.7” Sony® [56] 

OLED panel offering an 8-μm pixel pitch and a total of 1920x1080 color pixels, each 

lenslet of the MLA renders an EI consisting of 125x125 color pixels and yields a spatial 

resolution of about 24μm for the micro-InI unit. When the micro-InI unit is combined 

with the designed relay group of 24mm focal length and the eyepiece of 27.5mm focal 

length, each EI yields an FOV of 6.25° by 6.25° overlaying with 3 by 3 adjacent EIs 

including itself, and all of the EIs resulted from the 17x9 MLA yield a total FOV of about 

30° by 18°. The design is specifically targeting for maintaining a spatial resolution of 3 

arc minutes (arcmins) across a depth range of over 3 diopters for a decent 30° by 18° 

display FOV, as well as a 65° by 40° undistorted see-through FOV, which is a significant 

improvement over the state-of-the-art.  

Table 6.1. Specifications of the Design [Appendix E]  

Parameters Value 

Display FOV ~30°(H)*18°(V) 

See-through FOV ~65°(H)*40°(V) 

Size of viewing window 6mm(H)*6mm(V) 

Display MTF >0.2 @ 3arcmins  

Display DOF ~3 diopters 

See-through MTF >0.2 @ 0.5arcmin for central 25°(H)*20°(V); 

>0.2 @ 3arcmins for full FOV 

Microdisplay Sony® 0.7” OLED panel, 8um pixel pitch, 

1920(H)*1080(V) 

MLA F/3.5, 1mm pitch, 17(H)*9(V) 

Magnification of MLA 3 

Aperture array 1mm pitch, 0.6mm open aperture 

Relay group 24mm focal length for both front and rear group 

Tunable lens Optotune® EL-10-30 

Freeform eyepiece 27.5mm focal length 
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6.3.2 Design Setup and Optimization: Display Path 

The design process was started by initially optimizing the MLA and the relay-eyepiece 

group separately to obtain good starting points due to the complexity of the design. For 

the initial MLA design, it assumes that all the lenslets have the same surface shapes and 

each lenslet has a square aperture with a lens pitch of 1mm.  Special attention was paid to 

the marginal rays that were constrained to not surpass the edge of the lenslet to prevent 

crosstalk among neighboring EIs. The two surfaces of the lenselet were optimized as 

aspheric polynomials with coefficients up to 6th order.  In the initial design process of the 

relay and eyepiece group, the design was reversely set up by backward tracing rays from 

the viewing window toward the eyepiece and relay lenses. Each of the four freeform 

surfaces of the prism was described by x-plane symmetric XY-polynomials and was 

optimized with coefficients up to their 10th order.  

After obtaining the initial designs of both the MLA and the relay-eyepiece group, the 

two parts was integrated and an array of 7 by 3 zoom configurations created. Figure 6.7 

shows the design configuration of the integrated display path in Code V, plotted with real 

ray tracing from a fraction of the sampled EIs and lenslets. The viewing window was 

placed at the back focal point of the freeform eyepiece. An ideal lens with a focal length 

equivalent to the eye focal power corresponding to the depth of the virtual CDP was 

inserted at the viewing window to simulate the retinal images of the EIs. Considering the 

plane symmetry of the freeform prism, totally 7 by 3 sub-systems (EIs with 

corresponding lenslets of MLA) for the top half of the total FOV were sampled, and the 

distribution of the sampled sub-systems is shown (in red).  In each sub-system 9 field 

points were further sampled covering the whole EI.  
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Fig. 6.7 Illustration of the real design setup. Modified from [Appendix C]. 

The optimization process of the display path of InI-ARHMD system basically 

follows the procedures as summarized in Chapter 5, except that to account for DOF 

extension as proposed with varying optical power of the tunable lens as well as the depth 

of virtual CDP, the system was further configured to optimize its performance for the 

virtual CDP depths of 0, 1, and 3 diopters. The focal length of the ideal lens at the 

viewing window as well as the tunable lens is thus adjusted correspondingly to correctly 

focus the rays on to the image plane. Altogether, combining the zooms of for the 21 

sampled MLA-EI sub-systems as well as the zooms for different virtual CDP depths, the 

overall system was modelled and optimized with a total 63 zoom configurations, and a 

total of 567 field points. 

 

6.3.3 Design Setup and Optimization: See-through Path 

As mentioned, such a layout has the great potential to increase the see-through FOV, and 

therefore unlike the 3-surface freeform eyepiece design where the display path and see-

through path completely share the surface as the combiner, in this 4-surface freeform 
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prism design it would be better to connect S2 and S4 as illustrated in Fig.6.7 by another 

surface, namely the connecting surface, to help restrict the overall thickness of the prism. 

Although theoretically it is possible to further extend both of S2 and S4 and form a closed 

envelope, it will be extremely difficult to maintain the performance of the display path 

while have a good control of the thickness of prism. By connecting the surfaces manually 

afterwards, the constraints on S2 and S4 for the display path could be released since the 

connecting surface does not share the same coefficients with them and only affect the 

see-through path. It could also be applied to the connecting surface of S1 and S3 if it has 

a potential impact of the see-through view. The construction of the connecting surface(s) 

needs to be done before further designing the see-through compensator. 

Without much effecting viewing of the see-through scene, the target angular 

resolution central 25° by 20° region of the see-through FOV was set as 0.5 arcmins that 

outperforms the fovea visual acuity of a 20/20 normal vision observer, while that of the 

rest extended see-through FOV was set only as 3 arcmins that corresponds to the 

peripheral vision of the human eye. The setup for optimization of the see-through 

compensator was straightforward. Starting with the design of the display path of the InI-

ARHMD system at the viewing window, the two freeform surfaces S1 and S2 along with 

the connecting surface from the designed freeform prism were flipped, implanted into the 

new design file for see-through compensator, and fixed, while essentially S5 was added 

and to be optimized. The see-through fields are assumed to be from infinity (i.e. rays are 

collimated), and therefore ‘true afocal mode’ in Code V® was utilized for the 

minimization of aberrations and optimization of the infinite-conjugate see-through fields, 
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and further specifically constrained the ray angle differentials entering S1 and exiting S5 

to control the distortion. 

 

6.4 Design Result and Evaluation 

6.4.1 Display Path: Image Quality of EI on Virtual CDP 

The image quality of each EI on virtual CDP represented by each sub-system following 

the design setup could be easily evaluated on image plane (as retina, which is optically 

conjugate to the virtual CDP with respect to the ideal lens as eye) separately. Figures 

6.8(a) through (c) specifically plot the sagittal and tangential polychromatic MTFs of the 

9 sampled field points on three EIs corresponding to the lenslet centered with optical axis 

(sub-system indexed as (9,5)), the top left corner lenslet (sub-system indexed as (1,1)), 

and the top right corner lenslet, respectively (sub-system indexed as (17,1)), respectively, 

covering the whole FOV of the display path. The virtual CDP depth was set at 1 diopter. 

The green dotted line in Fig. 6.8 stands for the Nyquist angular frequency of the display 

system which equals to 10 cycle/degree (cpd), or equivalently 3 arcmins. Across the 

entire 30° by 18° of display FOV the image contrast is all well above the threshold of 0.2 

at the Nyquist angular frequency. 
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Fig. 6.8 MTFs of the 9 sampled field points of EIs corresponding to lenslet of 

(a) sub-system indexed as (9,5), (b) sub-system indexed as (1,1), and (c) sub-

system indexed as (17,1), covering the whole FOV of the display path  

Figures 6.9(a) through (c) further plot the sagittal and tangential polychromatic MTFs 

of the 9 sampled field points on three EIs corresponding to the lenslet centered with the 

optical axis (sub-system indexed as (9,5)) but with their virtual CDPs adjusted from 3 

diopters to 0 diopters away from the viewing window by adjusting the optical power of 

the tunable lens. It is clear that the optical system demonstrates uniform image contract 

and MTF performance across the entire FOV and depth range of over 3 diopters with a 

degradation of image contrast evaluated at Nyquist angular frequency less than 0.15. 
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Fig. 6.9 MTFs of the 9 sampled field points of EI corresponding to lenslet of 

sub-system indexed as (9,5) for virtual CDP at depth of (a) 1 diopter, (b) 0 

diopter, and (c) 3 diopters. 

  

6.4.2 Display Path: Ray Positional Sampling of Light Field Reconstruction 

Figure 6.10(a) plots the global distortion grid of the sampled 7 by 3 sub-systems of the 

display path covering the full display FOV by extracting the coordinates of chief ray of 

the center object field on the corresponding EI from each of the sub-systems from real 

ray tracing of the design example, where the paraxial coordinates of the chief rays are 

plotted in black solid grid and the actual ray coordinates are plotted as blue asterisks. 

Though the display path suffers a small amount of keystone distortion due to the folded 

optical path, generally the global distortion for full display field is relatively small, 

especially for a design involving freeform optics which easily introduces high order 

distortion terms. 
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Fig. 6.10.  (a) Distortion grid of display path covering the full field. Footprint 

diagrams at the viewing window (b) before and (c) after optimization of 

pupil aberration of the system [Appendix C]. 

Table 6.2 specifically summarizes the key parameters used in optimizing the ray 

positions of the light field function, and further lists the result of the value of GD of the 7 

by 3 sampled sub-systems calculated following Eq. 5.10. The design target regarding the 

global distortion or equivalently the ray positions of light field function was set as 0.75° 

which corresponding to around 2% of the distortion with respect to the full FOV. All of 

the 7 by 3 sub-systems were optimized within the design target with an average value of 

GD of 0.22° which corresponds to an average distortion with respect to the full FOV less 

than 1%. 

Table 6.2. Parameters, targets and results for ray positions  

 Value 

Parameters  

    ΔPIc  36.4mm 

    ZCDP 1 diopter (1m) 

Targets  

    GD <0.75° 

Results 

    Max. 0.64 ° 
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    Avg. 0.22 ° 

   Med. 0.17 ° 

  

21 of 21 (100%) sub-systems within target constraint 

 

6.4.3 Display Path: Ray Directional Sampling of Light Field Reconstruction 

Figures. 6.10(b) and (c) compare the footprint diagrams at the viewing window before 

and after optimization regarding the ray directions of light field function. Figure 6.10(b) 

plots the envelops of the ray footprints on the viewing window for of 9 object fields on 

the on-axis lenslet (in red, sub-system indexed as (9,5)) and the footprints for 9 object 

fields on an edge lenslet located at the top-right corner (in blue, sub-system indexed as 

(17,1)) from the real design setup before without constraining the pupil aberration of the 

system. The ray footprint envelops for these two lenslets are not only distorted but also 

severely separated. In comparison, Fig. 6.10(c) plots the merged envelops of the footprint 

diagrams extracted from the real design setup after optimization. In this case, the ray 

footprints through 9 lenslets of the MLA were plotted in different colors (sub-systems 

indexed as (1,1), (9,1), (17,1), (1,3), (9,3), (17,3), (1,5), (9,5) and (17,5)). In each of the 

sub-systems, 9 object fields were analyzed. For comparison Fig. 6.10(c) also plots he 

theoretical envelops (in black) of the ray footprints of the same fields on the lenslets 

obtained from paraxial which are perfectly aligned with each other across the lenslets and 

fields. Table 6.3 specifically summarizes the key parameters used in optimizing the ray 

directions of the light field function, and further lists the result of the value of PA 

corresponding to the center object fields of EIs of the sampled 7 by 3 sub-systems 

calculated with Eq. 5.12. The design target was set as 0.3, which is slightly looser, since 

the human vision system would be less sensitive to the ray directions than positions. 19 of 
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the 7 by 3 sub-systems were optimized within the design target with an average ratio of 

0.145 that is well below the design target, which corresponds to an average throughput or 

size deviation of all the real footprints less than 0.27. In order to achieve a good balance 

between the positional and directional sampling of the light field function, not all of the 

sub-systems were optimized within the design target while the only 2 exceptional sub-

systems corresponds to the edge of the FOV of the system, of which the deviation and 

deformation of the projected footprints are still acceptable as shown in Fig. 6.10(c). 

Table 6.3. Parameters, targets and results for ray directions  

 Value 

Parameters  

    dv 1.8mm 

Targets  

   PA <0.3 

Results 

  Max. 0.386  

  Avg. 0.145  

  Med. 0.126 

 

19 of 21 (90%) sub-systems within target constraint 

 

6.4.4 See-through Path: Image Quality and Distortion 

Figures 6.11(a) and (b) plot the sagittal and tangential polychromatic MTFs of the see-

through path of the design of InI-ARHMD system evaluated with respect to a 4mm eye 

pupil for central 20° by 25° FOV region, and full see-through FOV, respectively. The 

green dotted lines stand for the target design cutoff frequency for these two cases (60 cpd 

or 0.5 arcmins for central FOV, and 10 cpd or 3 arcmins for full FOV). Though 

noticeably the see-through path of the design suffers from astigmatism, the contrasts of 

the target design cutoff frequency for both cases are still above 0.2 as specified. 



 

 

108 

 

 

 

Fig. 6.11 MTFs of see-through path for sampled field points of (a) central 

20° by 25° FOV region, and (b) full FOV. 

Figure 6.12 further plots the distortion grid with both actual and paraxial (theoretical) 

one for the full FOV of the see-through path of the design of InI-ARHMD system. Unlike 

the display path, no digital distortion correction is applicable for the see-through path, so 

it had to be and was well optimized as shown in Fig. 6.12. The design yields a distortion 

ratio negligible for the central see-through FOV, and one smaller than 1.4% for the full 

see-through FOV. 

 

Fig. 6.12 Distortion grid of the full FOV of see-through path 
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6.5 Tolerance Analysis and Mechanical Design 

6.5.1 Tolerance Analysis 

Tolerance analysis is a vital part of the optical design process to account for performance 

degradation due to fabrication and alignment imperfections. It plays an even more 

important role when an optical system consists of aspherical and folded optical axis 

because of more degrees of freedom and consequent uncertainties involved in the as-built 

system. 

The design setup in this design of an InI-ARHMD system is divided into a series of 

sub-systems as mentioned for the display path, so the tolerance analysis of its optics is 

applied separately to each sub-system of the corresponding lenslet in the MLA and its EI 

on the microdisplay. However, setting all the tolerance terms simultaneously for the 

whole display path involving all of the sub-systems may cause the tolerance analysis 

program to run unstably, and sometimes even get stuck by some perturbed simulations, 

mainly due to the interruption caused by a failed compensation calculation and reference 

ray failure by failed real ray tracing with respect to the freeform surfaces. Therefore, the 

tolerance analysis of the display path in this design was conducted by two 

complementary assessments. In the first assessment the micro-InI unit and the tunable 

relay groups were combined as an integration and only group tolerance terms were added 

on it while the freeform prism was to be mainly tested, while in the second assessment 

both the micro-InI unit and the relay groups were treated as individual elements while the 

freeform prism was totally fixed.  

Table 6.4 lists the values of the selected tolerance terms applied in these two 

assessments, and Fig. 6.13 shows the examples of result of probable change of 
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polychromatic MTF at 8 cpd, which is 80% of the cut-off frequency of the display path, 

for the sampled 9 field points of EI corresponding to the on-axis lenslet of MLA, where 

Fig. 6.13(a) plots the result of the tolerance analysis of the first assessment (group 

tolerance) and Fig. 6.13(b) plots the result of the tolerance analysis of the second 

assessment (individual tolerance). The depth of the virtual CDP was set at 1 diopter. 

Notice that in the first assessment to accurately simulate the possible fabrication error of 

the freeform surfaces of the prism by diamond turning process, random surface-figure 

error in form of the interferogram pattern up to 5th order Zernike polynomials with 

maximum amplitude of +/- 1um/10mm of the surface diameter was added to each of 

freeform surfaces. By doing this, the first assessment had to be done with Monte Carlo 

simulation only with a large number of trials which is relatively time consuming. In the 

contrast, in the second assessment the parametric sensitivity analysis of each term was 

directly performed which is much faster. Overall, the second assessment will witness 

larger drop of the MTF and the major contributions come from possible decenter and tilt 

of MLA, while the MTFs at 8 cpd for all of the sampled fields still remain above 0.20 

after combining both of the assessments.  

Table 6.4. List of Selected Tolerances 

Parameters Value 

First assessment, group tolerance 

Group displacement 100 μm 

Group barrel tilt 0.3 mradian* 

  

Second assessment, individual tolerance 

Sag delta: Relay group 2 μm 

Sag delta: MLA 0.2 μm 

Wedge: Relay group 0.025 total-indicator-runout 

Wedge: MLA 0.0025 total-indicator-runout 

Irregularity 1 fringe 

Lens thickness deviation 100 μm 
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Index deviation 0.001 

Lens displacement 100 μm 

Lens barrel tilt 0.3 mradian* 

*  Limited due to the potential ray tracing error in freeform surface 

 

 

Fig. 6.13 Cumulative probability change of MTF of (a) first assessment, 

group tolerance with varying freeform surface of prism, and (b) second 

assessment, individual tolerance with fixed freeform surface of prism, for 

on-axis lenslet of MLA. 

The tolerance analysis of the see-through path was performed in a similar way as the 

first tolerance assessment for the display path since there is no other optical elements than 

the freeform prism and the compensator. The major difference between the analysis for 

the display path and the see-through path is that in the see-though path the design no 

longer needs to be divided, which much simplifies the setup of the tolerance analysis and 

reduces its running time. Still, random surface-figure error in form of the interferogram 
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pattern with the same setup in the first tolerance assessment for the display path was 

applied and thus Monte Carlo simulation was adopted. The relative tilt and decenter 

tolerance with respect to two freeform elements was specifically checked for further 

mechanical design consideration. Opposite to that for the display path, the result 

indicated a relatively tight tolerance requirement for the assembly of these two freeform 

elements which will be further discussed in the following subsection. 

6.5.2 Mechanical Design 

The tolerance analysis summarized above provides a comprehensive guidance upon the 

mechanical design of the proposed system. Since in the design stage many ergonomic 

factors have already been taken into consideration, the mechanical design is fairly 

straightforward. Figure 6.14(a) shows the detailed diagram of the mechanical design of a 

monocular setup with a sectioned view of the lens tube. Notice that the mechanical 

design is well matched with the tolerance analysis as (1) the micro-InI unit and tunable 

relay group were placed into one tube (with extra adjustment along the longitudinal 

direction) clamped with the freeform prism with fixtures on the sides by precision metal 

mounting plates which corresponds to the group tolerance setup in the first tolerance 

assessment of the display path, (2) the mechanic mount of the micro-display and MLA in 

the micro-InI unit were specially designed allowing for extra adjustment for possible 

compensation indicated by the tolerance analysis, and (3) the freeform prim and 

compensator were also clamped by precision metal mounting plates matching the fixtures 

on the sides of both the freeform elements, which corresponds to the tight tolerance 

requirement upon them. Most of the mechanical mounts were designed to be 3D printed 

according to the low demand upon the optomechanics indicated by the tolerance analysis, 



 

 

113 

 

 

which provides a light-weight solution for the mechanical design. Figure 6.14(b) shows 

the binocular setup of the complete assembly of the proposed system with head-gear to be 

mounted on top of viewer’s head. 

 

Fig. 6.14 (a) Detailed diagram of the mechanical design of a monocular 

setup. (b) Diagram of binocular setup of the complete assembly of the 

proposed system with head-gear. 
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7 PROTOTYPE, ASSESSMENT AND TEST 

This chapter describes a prototype of a high-performance integral imaging (InI) based 

light field augmented reality head-mounted display (InI-ARHMD) based on the design 

illustrated in Chapter 6, and mainly focuses on the corresponding assessment, and test 

processes and results.  

7.1 Prototype 

7.1.1 Prototype Assembly 

A prototype of InI-ARHMD based on both the optical and mechanical design 

summarized in Chapter 6 was manufactured and assembled, which yields a prototype 

with a total weight of about 450 grams and a volume of about 210mm (width) by 80mm 

(depth) by 40mm (height). Figure 7.1(a) shows a photo of the integrated prototype of a 

monocular system, compared with a quarter coin, according to the design layout shown in 

Fig. 6.6, and Fig. 7.1(b) shows a photo of the further integrated binocular prototype 

according to the design layout shown in Fig. 6.14. Table 7.1 summarizes the information 

of both the real optical and mechanical components selected in the prototype in detail. 

Most of the weight is contributed from the metal plates, off-the-shelf tunable lens 

assembly, and the stock glass lenses used in our relay lens group. The overall size as well 

as the total weight of the proposed system could be significantly reduced by optimizing 

the mechanic design and customizing most of the optical elements such as the tunable 

lens and stock lenses. 
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Fig. 7.1 Photos of (a) a monocular prototype with a quarter coin, and (b) an 

integrated binocular prototype [Appendix E]. 

 

Table 7.1. Optical and mechanical components of the prototype 

Components Information 

Optical Components 

Micro-InI unit 
 

    Microdisplay Partnered 

    MLA Customized, diamond turning 

    Aperture array Printed (paper-like thin film) 

Tunable relay group  

    Tunable lens Stock available, purchased 

    Other relay group lenses Stock available, purchased 

Freeform prisms  

    Eyepiece Customized, diamond turning 

    See-through compensator Customized, diamond turning 

  

Mechanical Components  

    Precision metal mounting plates CNC machined with accuracy of 

±0.002 inches 

    Other mounts SLA 3D printed with accuracy of 

±0.005 inches 
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7.1.2 Example of a Reconstructed Light Field 3D Scene  

Figure 7.2 further verifies the display properties of the prototype based on the design of 

InI-ARHMD of reconstructing light field 3D scene by showing an example of rendered 

light field scene through the prototype. A digital camera (3.45µm pixel pitch with 16mm 

focal length camera length which yields an angular resolution of 0.75 arc minutes 

(arcmins)) was placed at the viewing window to mimic a human eye, capturing photos of 

the displayed scene through the system (right arm). As shown in Fig. 7.2(a), a slanted 

wall with water drop texture spanning a depth from around 500mm (2 diopters) to 

1600mm (0.6 diopters) was computationally rendered and to be displayed as the test 

target. Figure 7.2(b) shows the central 15 by 7 elemental images (EIs) of the target 

rendered on the microdisplay. Figures 7.2(c) through (e) show the real captured photos of 

the rendered light fields of such a continuous 3D scene by adjusting the focal depth of the 

camera from the near side (~600mm), to the middle part (~1000mm), and the far side 

(~1400mm) of the scene, respectively, which simulates the adjustment of the eye 

accommodation from near to far distances. The virtual central depth plane (CDP) of the 

prototype was shifted and fixed at depth of 750mm (1.33 diopters). On each of the three 

photos the depth region corresponding to camera focal depth is marked with a yellow 

box. It can be observed that the parts of the 3D scene within the same depth of the camera 

focus (e.g. inside the yellow box) are in sharp focus and of high fidelity compared to the 

target. In contrast, the other parts of the 3D scene (outside of the yellow box) outside of 

the camera focal depth are in blur, and the more the depth of the 3D scene is deviated 

from the camera focus, the blurrier the part of the 3D scene would be, which is similar to 

what is observed from the real word scene. Such a result clearly demonstrates the ability 
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of the prototype to render high-quality light field contents, and more importantly, to 

render correct focus cues to drive the accommodation of the viewer’s eye. 

 

Fig. 7.2 (a) Computationally rendered 3D scene as test target and (b) 

rendered array of EIs of the central part of the 3D scene on microdisplay. 

Captured images of the test target displayed by the prototype when the 

camera is focusing on depth of (c) 600mm, (d) 1000mm and (e) 1400mm 

[Appendix C]. 

 

7.2 Assessment and Test 

7.2.1 Display Path: Image quality 

To accurately test the image quality of display path, a digital camera specified with a 

RGB sensor of resolution of 2456×2054 and 3.45μm pixel pitch was placed at the 

viewing window of the prototype (right arm) to capture the rendered targets. A camera 

lens with focal length of 16mm was chosen that provides a sampling frequency of 40 cpd 
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in the visual space, which is around 4 times of the Nyquist angular resolution generated 

by the display path of the protype, as well as covers the full field of view (FOV) of 

display path. The focus depth of the camera was adjusted to the same depth of the virtual 

CDP of the display path. The industry-standard slanted-edge method was employed to 

evaluate the modulation transfer function (MTF) of the virtual image. The camera was 

slightly rolled, while a straight edge (white, blended by RGB) was shown on the micro-

display to avoid potential aliasing issue.  

Due to the unique image rendering setup, firstly at each time only one single 

elemental image (EI) of a slanted edge was displayed on the micro-display and 

consequently its MTF tested so that it could be directly compared with the result obtained 

from the design file. MTF curves were then calculated from captured images by the 

camera and converted to the visual space. Figures 7.3(a) through(c) show the captured 

horizontal slant-edges through lenslets of the MLA on-axis, at 0.7 field and full field of 

the display path, respectively, with the virtual CDP fixed at 1 diopter away from the 

viewing window, and Fig. 7.3(d) further shows the MTFs extracted from these targets. 

Similarly, Figs. 7.4(a) through (c) show the captured horizontal slant-edges through 

lenslets of MLA on-axis with the virtual CDP at 1, 0 and 3 diopters away from the 

viewing window, respectively, and Fig. 7.4(d) further shows the MTFs extracted from 

these targets. The results show that the as-built performance agrees reasonably well with 

the design and tolerance prediction. To fully evaluate the image performance of the 

rendered light field by the display path of the proposed system, accurate systematic 

calibration such as EI registration and depth calibration is further required.  
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Fig. 7.3 Captured photos of the slant-edge (single EI) for display path 

through lenslets of MLA (a) on-axis, (b) at 0.7 field and (c) at full field with 

the virtual CDP at 1 diopter. (d) Extracted MTFs. 

 

Fig. 7.4 Captured photos of the slant-edge (single EI) for display path 

through lenslets of MLA on-axis with the virtual CDP at (a) 1, (b) 0 and (c) 3 

diopters. (d) Extracted MTFs. 

To achieve a better assessment with respect to the light field content, Figs. 7.5(a) 

through (c) further show the captured horizontal slant-edges on-axis, at 0.7 field and full 

field of the display path rendered through 2 by 2 EIs with corresponding lenslets of MLA, 

respectively, as a reconstructed light field target, with the virtual CDP at 1 diopter away 

from the viewing window and Fig. 7.5(d) further shows the MTFs extracted from these 

targets. It simulated the real viewing experience by matching the number of views (2 by 2 

views) encircled by a 3.5mm eye pupil of viewer viewing the prototype as specified and 

that actually captured by the camera. Similarly, Figs. 7.6(a) through (c) show the 
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captured horizontal slant-edges on-axis through 2 by 2 EIs with corresponding lenslets of 

MLA with the virtual CDP at 1, 0 and 3 diopters away from the viewing window, 

respectively, and Fig. 7.6(d) further shows the MTFs extracted from these targets. It 

could be observed that the performance of the light field target is slightly worse than that 

of one of a single EI, mainly due to the imperfect merge of the EIs into the reconstructed 

light field target. Such a decrease of the performance could be potentially alleviated by 

carefully calibrating the display system.  

 

Fig. 7.5. Captured photos of the slant-edge (reconstructed from 2 by 2 EIs) 

for display path through lenslets of MLA (a) on-axis, (b) at 0.7 field and (c) 

at full field with the virtual CDP at 1 diopter. (d) Extracted MTFs. 

 

Fig. 7.6. Captured photos of the slant-edge (reconstructed from 2 by 2 EIs) 

for display path through lenslets of MLA on-axis with the virtual CDP at (a) 

1, (b) 0 and (c) 3 diopters. (d) Extracted MTFs. 

 



 

 

121 

 

 

7.2.2 Display Path: Display Mode 

By incorporating the tunable relay group, the prototype of InI-ARHMD is capable of 

operating in three different display mode: the traditional Fixed-CDP mode, and the new 

Vari-CDP and Multi-CDP mode. To clearly demonstrate these different display modes, a 

new virtual 3D target scene consisting of three depth planes located at 3, 1 and 0.5 

diopters away from the viewing window was created. On each depth plane three groups 

of Snellen letter ‘E’s with different spatial resolutions (3, 6, and 10 arcmins for the 

individual strokes or gaps of the letters) and orientations (horizontal and vertical) as well 

as the depth indicators (‘3D’, ‘1D’ and ‘0.5D’) were rendered. On the other hand, three 

spoke resolution targets as real-world targets were also placed along with the virtual 

targets at the same depths, respectively. A digital camera was again used to capture the 

both the virtual and real-world targets through the prototype. 

Figure 7.7(a) shows the captured photos of the reconstructed virtual 3D target 

overlaying with the real-world targets when the prototype was operating in Fixed-CDP 

mode. Both the depth of virtual CDP and the camera focus was fixed at 1 diopter. It can 

be observed that only the targets, both the real (indicated by the arrow) and virtual 

(indicated by the box) ones, located at the same depth of the focus of the camera are 

correctly and clearly resolved. In this display mode, it can be further observed that the 

EIs of the virtual targets at the depths (e.g. 3D and 0.5D) different from the focus plane of 

the camera do not converge properly, causing multiple copies of the letters being 

captured in Fig. 7.7(a). These targets can properly converge when the camera focus is 

adjusted to focus on their corresponding depths, as demonstrated in Figs. 7.7(b) and (c), 

which show the captured images of the same virtual and real-world scene with camera 
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being focused at 0.5 and 3 diopters, respectively. The targets corresponding to the camera 

focus depth were marked by a yellow and blue box, respectively. However, alike a 

traditional InI based HMD, the image contrast and resolution of the targets reconstructed 

at the depth plane other than the virtual CDP can only maintain in a relatively short, 

limited depth of field (DOF) and degrade severely beyond that, even though the EIs of 

these targets converge correctly and located at the same depth as the focus plane of the 

camera.  

 

Fig. 7.7 Captured photos of both real and virtual targets rendered in Fixed-

CDP mode with the camera focusing on (a) 1 diopter, (b) 0.5 diopters and (c) 

3 diopters [Appendix E]. 

In Vari-CDP mode, the depth of the virtual CDP is adaptively varied according to the 

average depth of the displayed contents or the depth of interest, while in Multi-CDP 

mode, the power of the tunable lens is rapidly switched among several states 

corresponding to several discrete virtual CDP depths, meanwhile in synchronization the 

light field rendering is updated at the same speed such that the contents of different depth 

are time-multiplexed and viewed as an extended volume if the switching occurs at 

flickering-free rate. For the purpose of demonstrating the Vari-CDP mode, the EIs for 

targets at 3 and 0.5 diopters was re-rendered with the virtual CDP adjusted to match the 

depth of 3 diopters instead of 1 diopter in Fig. 7.7(a). The optical power of the tunable 
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lens was also varied so that the virtual CDP of the display system matches with its 

adjusted depth. Figures 7.8(a) and (b) show the captured images through the prototype 

with the camera focused at the depth of 3 and 0.5 diopters, respectively. By correctly 

adjusting the optical power of the tunable lens as well as regenerating the contents on the 

microdisplay, the system is able to maintain the same level of the spatial resolution of 3 

arcmins and image quality for the targets located at the depth of 3 diopters, shown in Fig. 

7.8 (a), as for the targets located at 1 diopter in Fig. 7.8 (b). The Vari-CDP mode, 

however, only achieves high-resolution display for targets near the specific depth dictated 

by the CDP of the display hardware. As shown in Fig. 7.8 (b), the targets at the depth of 

0.5 diopters show more severely degraded resolution than in Fig. 7.7 (b) due to its 

increased separation from the given CDP, even when the camera is focused at the depth 

of these 0.5-diopter targets.  

 

Fig. 7.8 Captured photos of both real and virtual targets rendered in Vari-

CDP mode with the CDP set at 3 diopters while the camera focusing on (a) 3 

diopters and (b) 0.5 diopters [Appendix E]. 

To further demonstrate the Multi-CDP mode, the EIs for the two targets at 3 and 0.5 

diopters were re-rendered separately with the virtual CDP adjusted to match the depth of 

the corresponding objects. The separately-rendered EIs were displayed in a time-

multiplexing fashion at a frame rate of about 30Hz while in synchronization the CDP of 
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the prototype was rapidly switch between the depths of 3 and 0.5 diopters. The refresh 

speed of 30Hz is due to the limit of the highest 60Hz refresh rate of the OLED 

microdisplay. Figures 7.9(a) and (b) show the captured images through the prototype with 

the camera focused at the depth of 3 and 0.5 diopters, respectively. Along with the virtual 

display, two spoke resolution targets were physically placed at the corresponding depths 

of the letters. As shown in Fig. 7.9(a), when the camera was focused at the near depth of 

3 diopters, both of the virtual and real objects at the near depth (the letters and the spoke 

on the left) appears to be in sharp focus, while the far objects (the letters and the spoke on 

the right) show noticeable out-of-focus blurring as expected. Figure 7.9(b) demonstrates 

the case when the camera focus was switched to the far depth of 0.5 diopters. It can be 

clearly observed that both of the letters at far and near depths are comparably sharp at the 

corresponding focus of the camera. By driving the display in a dual-depth mode, the 

system achieves high-resolution displays of targets with a large depth separation of nearly 

3 diopters while rendering focus cues comparable to their real counterparts.  

 

Fig. 7.9 Captured photos of both real and virtual targets rendered in Multi-

CDP mode with the camera focusing on (a) 3 diopters and (b) 0.5 diopters 

[Appendix E]. 

The Vari-CDP and Multi-CDP modes of the InI based light field rendering method 

share some similarity to the conventional vari-focal and multi-focal plane HMD works 
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[17-25] in the sense that the depth of the CDP is either adaptively varied according to the 

depth of interest in the Vari-CDP mode or is rapidly switched among several discrete 

depths in the Multi-CDP mode. However, their visual effects and implications on focus 

cues are noticeably different. For instance, in the Vari-CDP mode, the contents away 

from the CDP are rendered with correct blurring cues, though in potentially degraded 

resolution, due to the nature of light field rendering, while in a conventional vari-focal 

HMD the contents away from its focal plane can be as high resolution as the contents on 

the focal depth unless artificially blurred but do not show proper focus cues due to its 2D 

rendering nature. In the Multi-CDP mode, a significant advantage over the traditional 

multi-focal plane HMD approach is the requirement of much less number of depth switch 

to render correct focus cues in the same depth range, while depth blending is necessary in 

a multi-focal system to render focus cues for contents away from the physical focal 

planes. As demonstrated in [23-25], 6 or even more focal planes and their associated 

blending functions are needed to extend the depth range of 3D volume to 3 diopters, 

which is a huge overtake on display speed, tunable optics speed, and graphics rendering 

speed. On the other hand, in the case of InI based light field rendering, covering a depth 

range of 3 diopters only requires 2 focal depth and the focus cues generated in this case 

are also more accurate and continuous, as suggested in [Appendix E]. 

7.2.3 Display Path: Accommodation Cue and Accommodation Error 

To further test the accommodation cue rendered by the prototype of InI-ARHMD and 

compare the result with the theory work presented in Chapters 3 and 4, a series of 

reconstructed light field targets was rendered from 1.7 diopters to 0.7 diopters with a step 

of 0.1 diopters, one at each depth at a time, which consists of 9 identical vertical white 
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bars on black background to possibly average out the possible sampling issue introduced 

by limited pixel resolution. The size of the target could vary to account for the different 

spatial resolution of the reconstructed light field. The depth of the virtual CDP was 

adjusted to 1.7 diopters to full exploit the possible depth shift of the reconstruction plane 

from virtual CDP. A digital camera with same specifications as used in Chapter 7.2 was 

again used to capture photos of the rendered light field targets by the prototype. To fully 

exploit the longitudinal resolving ability of the camera, the aperture of the camera lens 

was left open as F1.4. Therefore for a target around 1 diopter, the DOF of camera is 

roughly +/-0.018 diopters which has no difficulty in focus depth control. On the other 

hand, in the light field display, only 2 by 2 elemental views for each light field target 

were displayed, which corresponds to an effective viewing zone with diameter of 3.4mm 

that is close to the size of human eye pupil. By doing this, a light field display of 2 by 2 

views encircled by a 3.5mm eye pupil was equivalently tested. 

Figures 7.10(a) through (d) show the captured photos of the displayed target with the 

camera focusing on the same depths, where Figs. 7.10(a) and (b) show the captured 

photos of the displayed target with spatial resolution of 5 cpd and 2.5 cpd, respectively, at 

virtual CDP (1.7 diopters), while Figs. 7.10 (c) and (d)  show the captured photos of the 

displayed target with spatial resolution of 5 cpd and 2.5 cpd, respectively, at depth of 1.2 

diopters. Figures 7.10(e) and (f) further show the captured photos of the displayed target 

same as those in Figs. 7.10(c) and (d) with the camera changing focus depth to achieve 

maximum contrast of the target, where in Fig. 7.10(e) the camera is focusing on the depth 

of 1.3 diopters while in Fig. 7.10(f) the camera is focusing on the depth of 1.4 diopters. It 

proves, as suggested in Chapter 4, that the target with varying spatial resolution will have 
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effect on the accommodation error for the fixed as in Fig. 7.10(e), the accommodation 

error is +0.1 diopters while in Fig. 7.10(f), the accommodation error is +0.2 diopters 

instead.  

 

Fig. 7.10 Capture photos of the displayed target of (a) reconstruction plane 

at CDP (1.7 diopters), camera focusing at CDP (1.7 diopters), spatial 

resolution of 5 cpd, (b) reconstruction plane at CDP (1.7 diopter), camera 

focusing at CDP (1.7 diopters), spatial resolution of 2.5 cpd, (c) 

reconstruction plane at 1.2 diopters, camera focusing 1.2 diopters, spatial 

resolution of 5 cpd, (d) reconstruction plane 1.2 diopters, camera focusing 

1.2 diopters, spatial resolution of 2.5 cpd, (e) reconstruction plane at 1.2 

diopters, camera focusing 1.3 diopters, spatial resolution of 5 cpd, and (f) 

reconstruction plane 1.4 diopters, camera focusing 1.2 diopters, spatial 

resolution of 2.5 cpd. 

Figure 7.11(a) plots the accommodative curves measured from the experiments above 

for targets with spatial resolution of 2.5 cpd, 5 cpd and 10 cpd at depth of 1.2 diopters 

where the arrows indicate the location of the peak of the curves. It could be observed that 

while the target with spatial resolution of 10 cpd does not experience any accommodation 

error, the target of 5 cpd will experience accommodation error of 0.1 diopters and target 

of 2.5 cpd with accommodation error of 0.2 diopters. Besides, Fig. 7.11(b) plots the 

accommodative curves measured from the experiment for targets with spatial resolution 

of 2.5 cpd at different depth, where targets were reconstructed at depth shifted 0.5 
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diopters and 1 diopter away from virtual CDP, with accommodation error of 0.2 and 0.3 

diopters, respectively. Such results match well with the theoretical predication that 

generally the higher the spatial resolution, or the closer the target is shifted away from 

CDP, the smaller the accommodation error. 

 

Fig. 7.11 Plots of accommodative response curve as a function of the 

accommodation shift with (a) different spatial resolution of target and (b) 

different depth of reconstruction plane. 

 

7.2.4 See-through Path: Image Quality 

Figures 7.12(a) through (c) show the captured photos of the real-world scene through the 

prototype of InI-ARHMD. The same camera sensor as used in Chapter 7.2.1 was again 

used. Figure 7.12(a) was taken by a short focal length camera lens (8mm) to capture of 

the entire see-through view, while Figs. 7.12(b) and (c) were taken by a long focal length 

camera lens (50mm) that was focusing on a UASF 1951 resolution test chart to 

demonstrate the resolving limitation of the central and full field of see-through view, 

respectively. Based on the captured photos of the resolution test chart, Fig. 7.12(d) 

further plots the measured MTF of the central and full field of see-through view. The 

prototype apparently supports a large horizontal see-through FOV from 20° (inwards) to -

45° (outwards) and a vertical FOV of ±20° without significantly dropping the viewing 
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quality as specified. It can resolve fine details up to 0.5 arcmins for the centered 25° by 

20° region of the see-through FOV that outperforms the fovea visual acuity of a 20/20 

normal vision observer. These results clearly demonstrate that little degradation and 

negligible distortion on the real-world view is introduced by the see-through optics. 

 

Fig. 7.12 Captured photos of the see-through view of (a) full FOV, (b) 

central small FOV and (c) edge small FOV. (d) Measured see-through view 

MTFs [Appendix E]. 
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8 CONCLUSION AND FUTURE WORK 

8.1 Conclusion 

Figure 8.1 illustrates the general light field display research pipeline which covers the 

majority of today’s research areas of light field display including both theoretical and 

engineering works.  

 

Fig. 8.1 General light field display research pipeline. 

Following the pipeline, in this dissertation, a systematical model of light field display 

systems was firstly proposed, based on which the light field display systems were further 

characterized, with the objective to better understand and analyze both the performance 

and visual comfort rendered by any light field 3D display, as well as provide a guideline 

to the development of next generation light field display systems.  

Furthermore, based on the newly proposed design and optimization method of the 

optics of the light field head-mounted display (HMD), a high performance optical see-

through integral-imaging based light field HMD adopting a novel optical architecture was 
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developed and evaluated, which is capable of rendering high-quality light field contents 

over a large depth of field, as well as providing a large see-through field of view. 

8.2 Future Work 

Following the pipeline as illustrated in Fig. 8.1, future work on the light field display may 

include the followings: 

(1) Extending the theoretical study on the classification of light field HMDs based on 

the generalized light field display model, and further characterizing light field HMDs 

according to their corresponding types following the classification; 

(2) Investigating on the visual artifacts of viewing light field displays based on the 

generalized light field display model, including the comparison with the conventional 2D 

display and effects of the viewing parameters; 

(3) Studying on the calibration method of light field displays by accounting for the 

unique image formation process and structure of light field display systems, and further 

conducting the calibration on real setup; 

(4) Conducting user studies on viewing light field HMDs by constructing a testbed to 

further verify the theoretical works. 
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APPENDIX A: Systematic characterization and optimization of 3D 

light field displays 

Hekun Huang and Hong Hua 
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APPENDIX B: Effects of ray position sampling on the visual 

responses of 3D light field displays 

Hekun Huang and Hong Hua 
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APPENDIX C: Novel optical design and optimization methods for 

head-mounted 3D light field displays 

Hekun Huang and Hong Hua 
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