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ABSTRACT 
 

 

Conventional stereoscopic displays present a pair of stereoscopic images on a 

single and fixed image plane. In consequence, these displays lack the capability of 

correctly rendering focus cues (i.e. accommodation and retinal blur) and may 

induce the discrepancy between accommodation and convergence. A number of 

visual artifacts associated with incorrect focus cues in stereoscopic displays have 

been reported, limiting the applicability of these displays for demanding 

applications and daily usage. 

Depth-fused multi-focal-plane display was proposed to create a fixed-

viewpoint volumetric display capable of rendering correct or nearly-correct focus 

cues in a stereoscopic display through a small number of discretely placed focal 

planes. It effectively addresses the negative effects of conventional stereoscopic 

displays on depth perception accuracy and visual fatigue. 

In this dissertation, the fundamental design methods and considerations of 

depth-fused displays were refined and extended based on previous works and a 

high-resolution optical see-through multi-focal-plane 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 
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extending into a depth range from 0 to 3 diopters at flicker-free speed. By 

incorporating freeform optics, the prototype not only achieves high quality 

imagery across a large 3D volume for the virtual display path but it also maintains 

better than 0.5 arcminutes visual resolution of the see-through view. The optical 

design, implementation and experimental validation of the display are presented 

and discussed in detail. 
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1 INTRODUCTION 

Recent progress in digital imaging, computer graphics, and display technologies 

has initiated the growing popularity of stereoscopic 3D displays over the past few 

years. Not only majority blockbuster movies release in 3D format [1], 3D-capable 

computer monitors and large screen TVs are being sold more than ever. Besides 

entertainment, stereoscopic 3D displays also find growing interests in professional 

and industrial applications in training, data visualization and more [2,3]. 

Despite the capability of creating compelling 3D sensations, based on the 

principle of stereoscopy, those displays are far from being perfect. Conventional 

stereoscopic displays render the depth perception of 3D scenes from pairs of 2D 

perspective images with binocular disparities presented on a flat screen at a fixed 

distance to the viewer. As a result, they lack the ability to render focus cues 

(accommodation and retinal blur) correctly, due to the fact of a fixed distance 

screen. This type of displays thus creates a fundamentally different visual 

experience from our real-world viewing condition, where the visual axes of the 

eyes converge at the object being gazed at and the eyes accommodate at the same 

depth so that the object is in sharp focus and the retinal images of other objects at 

different depths are differentially blurred. In such stereoscopic displays, however, 
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the eye convergence is cued by binocular disparities in the 2D image pairs to 

perceive 3D virtual objects at various depths, while the eye accommodation is cued 

by the fixed distance of the 2D display surface to see the sharp images. Therefore 

the conventional stereoscopic displays force an unnatural decoupling of the 

accommodation and convergence cues, which is known as the accommodation-

convergence discrepancy problem  [4–9]. Many psychophysical and usability 

studies have suggested various adverse consequences of this unnatural viewing 

condition when using stereoscopic 3D displays, such as distorted depth 

perception [5,7], diplopic vision [6], visual discomfort and fatigue  [7,8] and 

degradation in oculomotor response [9]. 

Recently a number of 3D display technologies have been proposed which may 

overcome the drawbacks of conventional stereoscopic displays, including 

volumetric displays [10,11], holographic displays [12,13], light-field displays [14], 

and multi-focal-plane displays [15–24]. Among these approaches, the multi-focal-

plane 3D display technology leverages accuracy on depth perception, 

computational efficiency, and conventional 2D display technologies.  

Research in this dissertation was focused on the development of the multi-

focal-plane display technology including the investigation of depth-fusing 

technique to allow rendering continuous and accurate focus cues in the discrete 

multi-focal-plane space. The long-term goal is to enable high performance 
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augmented reality head-mounted displays based on multi-focal-plane technology 

for many demanding applications requiring accurate depth perception and viewer 

comfort.  

1.1 Dissertation Contribution 

The main contributions of the dissertation came from the engineering 

development of the multi-focal-plane displays. I designed and constructed two 

prototype multi-focal-plane displays, from optics, electronics, mechanics to 

software. Both were capable of rendering accurate depth cues within a large 3D 

volume extending from 3 diopters to infinity. The first one was built as a proof-of-

concept setup. The second one was developed aiming for a high performance 

laboratory-quality testbed for the research of the utility of multi-focal-plane 

display, comparing depth-fusing functions as well as basic vision research. 

Designed and implemented with state-of-art freeform optics, the second prototype 

was an AR-capable, optical see-through display with excellent virtual image 

quality and see-through view. During the optical design, I explored new freeform 

design, optimization and tolerance techniques. Experimental methods to calibrate 

the focal-plane positioning and quantify as-built display performance were also 

developed. 

Besides the engineering of the display prototypes, I also did theoretical work 

to improve the systematic design methods for the depth-fused multi-focal-plane 
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displays. I developed the methods and programs to simulate retinal image quality 

to understand accommodation cues for various depth-fused multi-focal-plane 

display parameters. 

1.2 Dissertation Contents and Format 

Following this chapter of introduction, Chapter 2 BACKGROUND summarizes 

background knowledge most relevant to the current study, including artifacts of 

conventional stereoscopic displays and basic principles of depth-fused multi-

focal-plane display technology. The human eye accommodation was also briefly 

reviewed for its relevance in Chapter 3. 

Chapter 3 DFD DISPLAY DESIGN METHOD presents an improved method to 

systematically design depth-fused multi-focal-plane displays.  

Chapter 4 PROTOTYPE DISPLAY DEVELOPMENT presents the engineering 

efforts to develop a high-performance multi-focal-plane AR display, starting from 

the selection of key components to complete system integration. 

APPENDIX A: includes a published peer-reviewed paper [25], introducing the 

improved design method for multi-focal-plane displays and the development of 

proof-of-concept display prototype.  

APPENDIX B: includes a published peer-reviewed paper [26], focusing on the 

system level design of the high-performance multi-focal-plane AR display based 

on freeform optics. 
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APPENDIX C: includes a paper draft in preparation for submission. It presents 

engineering details of the high performance display prototype, focusing on the 

design, optimization, tolerance and integration of the optical system with freeform 

optics. The quantitative image quality verification method is also described. 
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2 BACKGROUND 

2.1 Artifacts of the Conventional Stereoscopic Displays 

Stereoscopic display has been one of the most dominant 3-D technologies being 

widely utilized in 3-D cinema, 3-D TV, gaming systems, driving simulators, virtual 

and augmented realities, and more. Conventional stereoscopic displays suffer a 

number of adverse visual artifacts [4,27], despite their growing popularity in a 

variety of applications. 

Figure 2.1 illustrates the comparison of viewing conditions of the real world 

and stereoscopic displays. In the binocular viewing of the real world, the two 

visual axes converge at one target and each eye lens accommodates at the same 

object to bring it to sharp focus on the retina. A clear binocular image is formed by 

the fusion of left and right eye images. The object not being fixated is then 

perceived as a blur image. However the condition is very different in a 

conventional stereoscopic display. A pair of stereoscopic images of the virtual 

objects is generated and presented at a single and fixed 2D screen. In order to fuse 

the left and right eye images to perceive 3D, the binocular disparity and other 

pictorial cues in the stereoscopic image pair drive the eye convergence to the 

rendered depth of the virtual 3D object, often times away from the screen depth. 
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At the same time, the eyes must maintain their accommodation on the fixed screen 

to have sharp images on the retinal. As a result, the discrepancy between 

convergence and accommodation is induced. Furthermore, objects of various 

depths rendered by the stereoscopic images do not have correct focus cues. They 

are either in focus at the same time or appear blur at the time when the eyes are 

not accommodated to the screen. 

 

Figure 2.1 Viewing conditions of the real world and stereoscopic display [Curtesy from S. 

Liu [28]] 

Many researchers have studied the adverse consequences of the convergence-

accommodation conflict in stereoscopic displays. Results of many subjective and 

objective usability studies suggested, as the level of conflict between 
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accommodation and convergence increases, a number of visual artifacts are 

elicited including more severe eye discomfort and fatigue, decrease in stereoacuity, 

increase in time to fuse binocular stereopsis, distortions on perceived 3-D depths 

and diplopic vision. These visual artifacts may ultimately lead to the degradation 

of the viewer’s visual functions or even permanent vision damage, greatly limiting 

the applicability of stereoscopic displays for demanding applications and daily 

usages  [4–9]. 

2.2 Introduction to the Depth-Fused Multi-Focal-Plane Display 

2.2.1 Depth-Fused Multi-Focal-Plane Display Principles 

Muti-focal-plane (MFP) displays were proposed as a promising display 

technology to overcome the drawbacks of conventional stereoscopic displays  [15–

24]. A multi-focal-plane display renders a series of 2D images at carefully placed, 

discrete focal distances, where each focal plane is responsible for rendering 3D 

objects within a depth range centered on it and these focal planes together render 

a volume of 3D space. With an adequate number of discrete focal planes, the 

spatially separated 2D image segments are integratively perceived as a continuous 

3D scene volume rendered with nearly-correct focus cues. A schematic drawing of 

a dual-focal-plane display is shown in Figure 2.2, where a virtual donut and virtual 

sphere are rendered by two separate 2D focal planes. 
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Figure 2.2. Schematic illustration of a dual-focal-plane display [Curtesy from S. Liu] 

Evidently, it is very desirable that a large number of focal planes with small 

dioptric spacing is implemented for improving image quality and reducing 

perceptual effects in multi-focal plane displays. However practically it is very 

challenging to achieve a large number of focal planes with the affordance of 

current technologies. In order to reduce the number of necessary focal planes to a 

manageable level, a depth-weighted luminance blending technique between focal-

plane images, i.e. depth fusing technique [16,19,25], may be implemented to 

render a continuous 3D space with imperceptible discontinuity. 
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Figure 2.3. Depth fusing illustration. 

As schematically shown in Figure 2.3. Depth fusing illustration.Figure 2.3, 

when two pixels (e.g. the Blue and Green pixels) on two adjacent focal planes at 

Z1 and Z2, respectively, subtend the same visual angle to the eye, , they are viewed 

as being overlapped along the line of sight and may be perceived as a single fused 

pixel of depth Z. The perceived luminance of the fused pixel is  

 0 1 2 1 0 2 0
( ) ( ) ( ) ( )L L z L z w z L w z L     (2.1) 

   

where w1 and w2 are pixel intensity weightings, also known as depth-weighted 

fusing functions.  Depth-fused 3D perception effect indicates [19], as the fusing 

functions change, the perceived depth of the fused pixel will change accordingly. 

The luminous contributions of the individual pixels are weighted according to the 

ratio of dioptric distances from the fused pixel of the rendered depth to each focal 

plane. By changing the luminance ratio between the two pixels, the eye’s 

accommodation can be driven to distances between the two focal planes where 
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there is no physical pixel. Because the weights sum to one, the luminance of an 

object remains constant at all rendered distances. Several psychophysical studies 

have shown that depth fusing technique can be used to stimulate appropriate 

accommodation response and the stereoscopic performance when viewing depth-

fused images is very similar to viewing real-world stimuli where accommodation 

and convergence cues are matched [29]. Therefore by incorporating the depth 

fusing technique, the required number of focal planes can be significantly reduced 

and the focal plane spacing can be largely widened to render a continuous 3D 

volume, systems based on the depth fusing technique are referred to as the depth-

fused 3D displays, or DFD displays. 

2.2.2 Related Works 

Many pioneer works have previously researched the multi-focal-plane 

technology. For instance, in a theoretical work Rolland et al. suggested to use a 

thick stack of transparent microdisplays with spacing between adjacent focal 

planes at a constant dioptric distance of 1/7 diopter (D) and thus 14 focal planes 

are needed to cover the depth range from 0D to 2D [15]; Akeley et al. demonstrated 

a three-focal plane display prototype by optically combining three 2-D displays 

through beamsplitters which creates a constant dioptric separation of 0.67D for 

adjacent focal planes [16]; Suyama et al. demonstrated a dual-focal-plane display 

using a dual-frequency liquid-crystal varifocal lens [17]; Liu and Hua presented a 
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dual-focal plane display prototype with addressable focal distances throughout a 

volumetric space from 8D to 0D enabled by a liquid lens device  [21,22]; Love et al. 

developed a four-focal-plane prototype with discrete addressable focal planes 

enabled by birefringence lenses [23]; and Lee et al. demonstrated an immaterial 

two-focal plane display with the two image planes configured in an L-shape [18]. 

Seibel et al. presented a dual-focal-plane retinal scanning display where a 

deformable membrane mirror device (DMMD) and a laser scanning display are 

used to generate focus cues pixel by pixel [20].  

The implementation of multi-focal-plane displays can be categorized into 

spatial-multiplexing and time-multiplexing. A spatial-multiplexed MFP display 

system, such as the work by Ackley mentioned above [16], spatially combines 

multiple 2D images sources. This method typically results in bulky system due to 

the duplication of display hardware. A time-multiplexed MFP display system, the 

viewing distance of a single 2D display from the eye is rapidly switched in 

synchronization with the rendering of frames of multiple focal planes to create a 

flicker-free perception. Such method ultimately allows miniaturization of the 

system to be implemented in a compact AR head-mounted display. Therefore the 

system developed in this dissertation is based on the time-multiplexed concept. 

A key limitation of the prior time-multiplexed MFP implementations is the 

inability to generate enough number of focal planes at a flicker-free rate. The 
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overall frame rate of both systems from Suyama et al [17] and Liu et al [21,22] is 

limited by the response speed of their variable power lenses to about 50/N Hz, 

where N is the number of generated focal planes. The system by Love et al. [23] 

improves the system frame rate to about 45Hz for four focal planes, but the 

obtainable frame rate and the number of focal planes are limited by the bulky and 

slow CRT display used in the system, making it difficult to render a large depth 

range smoothly at flicker-free speed. Furthermore, the depth range of the system 

is quite limited at 1.8 diopters, and due to the bi-state nature of a birefringent lens, 

the system does not have the flexibility to dynamically change the position or 

spacing of the focal planes. Therefore their system lacks the ability to investigate 

the effects of different focal-plane spacing. 

2.3 Human Eye Accommodation 

To understand why depth-fusing can generate nearly-accurate accommodation 

cue in MFP display and to systematically design the DFD MFP display, as will be 

presented in Chapter 3, basic human eye accommodation must be understood. 

Eye accommodation refers to the process where the dioptric power of the 

crystalline lens changes to obtain and maintain clarity of an object on the retina. 

To understand the various inputs and drives to the system, the discussion here 

follows the category schema presented in  [30], as: stimulus (to), cue (for) and 

influence (upon) accommodation. The sole true stimulus to accommodation is the 
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defocus blur, it is the visual information used to effect predictable changes in the 

accommodative response. Improving the quality of the retinal image with respect 

to the amplitude and gradient of its contrast profile is the primary function of the 

accommodation system. The cues refer to visual information used to provide the 

directional information to guide the blur reduction. The broadest of all categories, 

the influences on accommodation are essentially anything can alter 

accommodative response but not necessarily improve the retinal image or guide 

directionally the accommodative response. Table 2.1 gives the summary of 

accommodation stimulus, important cues and influences. 

Table 2.1. Accommodation Stimulus, Cues and Influences 

Stimulus (magnitude) 
retinal defocus blur 

Cues (direction) 

Optical Cues Non-Optical Cues 

Microfluctuations of Accommodation Size and proximity 

Chromatic aberration Disparity vergence 

Spherical aberration Other monocular cues: occlusion, texture, 

linear perspective, etc. Astigmatism 

Fixation eye movement 

Influences (affect accommodation response) 
Disparity vergence Training 

Prediction Voluntary 

Vestibular stimulation Mood 

  

As described in Section 2.1, in a conventional stereoscopic display, the cues 

from the stereoscopic images drives the convergence but can’t at the same time 

direct the accommodation system to reduce the retinal image blur, therefore 

creating significant conflict because of the neural coupling between convergence 
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and accommodation. On the other hand, a DFD display is able to render nearly-

correct retinal image contrast profile, as will be seen in Chapter 3, to drive and 

mantain the accommodation to match with the pictorial cues from stereoscopic 

displays, therefore mitigates the conflict. 

There are many factors affecting the retinal image’s contrast amplitude and 

gradient which ultimately affect the accommodation response, including depth-

of-focus, spatial frequency, target contrast, target luminance, image motion and so 

on. Although many studies on those subjects were done for targets on a single 

plane, but the results can help the design of DFD display by creating a generally 

similar retinal image to the viewing of the real-world. 
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3 DFD DISPLAY DESIGN METHOD 

Depth-fusing technique can be applied in multi-focal-plane displays to reduce the 

number of focal planes required to smoothly render nearly-accurate 

accommodation cues to a manageable level. To successfully design a depth-fused 

multi-focal-plane display, the key parameters, such as dioptric spacing between 

adjacent focal planes, total depth range and the depth-weighted fusing functions, 

must be selected such that: (1) the retinal-image contrast is maximized when the 

eye accommodates to the simulated distance; (2) an appropriate contrast gradient 

is provided to drive the eye accommodative response; and (3) the image quality 

degradation is minimally perceptible as the observer accommodates to different 

rendered depth between focal planes. 

In this dissertation, I adopted the general DFD design framework by Liu et 

al [31] to investigate the two fundamental questions, the focal-plane spacing and 

the depth-fusing functions. I improved the mathematical formulations and the 

simulation procedures, which led to new criterions to determine DFD system 

design parameters [25]. An alternative depth-fusing function was proposed to suit 

needs for a general display situation. 
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3.1 Basic Method 

The general method is to investigate how the retinal image quality of a depth-

fused pixel varies with different DFD display parameters. Referring back to Figure 

2.3, when a fused pixel between two focal planes is viewed by the human eye in a 

DFD display, on the eye retina it is simply a linear addition of two pixel images, 

one from the pixel in the front focal-plane and the other from the pixel in the back 

focal-plane. One or both pixels are viewed as being defocused to some extent, 

depending on the distance at which the eye is accommodating. The optical quality 

of the fused pixel can be quantified by the point spread function (PSF) of its retinal 

image and equivalently by modulation transfer function (MTF) by performing 

Fourier Transform. The formulation of the process is: 
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(3.1) 

   

Where PSF1(z,z1) and PSF2(z,z2) are the point spread functions of the front (z1) and 

back pixels (z2) when the eye is accommodated at distance z. The PSFs in Equation 

(3.1) are normalized so that front and back pixels have the same luminance before 

calculating the weighted sum. w1 and w2 are the depth-weighted fusing functions 

modulating the luminance of the front and back pixels and typically w1(z) + w2(z) 

= 1 is enforced so that the total luminance of the fused image stays the same when 
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the simulated depth changes. The MTF of the display can then be calculated via 

Fourier Transform of PSF12(z). 

The retinal PSFs in this study was simulated in CodeV (a lens design software 

by Synopsis Inc.)  on eye models including diffraction-limited eye (ideal observer) 

and the Arizona eye model with accommodative capability [32]. The depth-fusing 

calculations and MTF computations were carried out in Matlab. 

3.2 Optimal Focal-Plane Dioptric Spacing 

 Studies of the effects of focal-plane spacing on accommodative response have 

suggested that even with large 10/9 or 12/9 diopters, nearly-correct focus cue could 

still be rendered in the DFD display with linear depth filtering or a non-linear 

one [33–35]. From the usability of DFD display standpoint, however, not only the 

accommodative response but also the image quality is of great importance. In the 

framework developed by Liu et al, it was suggested if the dioptric spacing of focal 

planes was ~0.6 diopters, the retinal image quality of a fused pixel at the midpoint 

of the focal planes would not be noticeably degraded due to the depth of field of 

the human eye. Therefore using the depth-of-focus for a given pupil size and 

viewing condition as a criterion to choose dioptric spacing is the ultimate rule from 

the image quality standpoint and must be considered in all DFD display designs. 

However, due to a small formulation imperfection in Liu et al’s simulation, the 

work failed to discover another important criterion in choosing optimal dioptric 
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spacing. In APPENDIX A: (Section III) [25], I presented the improved design 

method, which revealed that the angular resolution of the DFD display must also 

be taken into account to determine the focal plane spacing. In this section I will 

give a brief summary. 

An example of the MTF plots of simulated retinal images of a dual-focal-plane 

DFD display is shown in Figure 3.1. In the simulation, the two focal planes were 

placed at 1.2 diopters (D) and 1.8 diopters, respectively, and the luminance ratio 

between the two focal planes was 1:1, indicating that the fused pixel was being 

simulated at the dioptric midpoint of the front and back focal planes, i.e. 1.5D. The 

eye model is diffraction-limited with 3mm pupil. Figure 3.1(a) shows how the MTF 

of the retinal image changes as the eye accommodates at various positions between 

the two focal planes. Figure 3.1(b) shows the contrast gradient as a function of eye 

accommodation distance for different spatial frequencies and the peak contrast for 

each frequency was marked by a black square marker. For comparison, Figure 3.2 

shows a similar set of simulation plots for the accommodative response of a real 

target at 1.5D. 
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Figure 3.1. Simulation of a dual-focal-plane DFD display. 

 

Figure 3.2. Simulation of the accommodative response of a real target. 

From the simulations, it is clear that accommodative response of a real target 

placed at 1.5D and that of a DFD target simulated at 1.5D are not the same. In real-

target accommodation (Figure 3.2), as the eye accommodation approaches 1.5D, 

the MTF values of all spatial frequencies increase smoothly and maximize at the 

target distance. On the other hand, from the simulation of accommodative 

response of a DFD display (Figure 3.1), a transition frequency around 18 

cycles/degree (cpd) was observed from both plots. Below that transition frequency, 
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the MTF of the retinal image is maximized at the dioptric midpoint of 1.5 diopters, 

which is the simulated depth. Furthermore, as the eye approaches the simulated 

depth from either the far or near focal planes, the MTF values increase smoothly, 

providing the appropriate contrast gradient required for driving the eye 

accommodation, although the magnitudes are smaller than the real-target 

accommodation. For frequencies higher than 18 cpd, however, the contrast of the 

fused pixel is always highest when the eye is accommodated at the far or near 

physical focal planes, meaning that the contrast gradient has the tendency to drive 

the accommodation away from the simulated pixel depth, therefore creating a 

conflict accommodation cue.  

The retinal images for the same DFD setup were also computed, by convolving 

the PSF12, from Equation (3.1), with the targets. Figure 3.3 shows the retinal images 

of sine targets of various frequencies simulated at 1.5D in the dual-focal-plane 

DFD display. For low spatial frequency of 8cpd, the retinal image contrast is higher 

when the eye is accommodated at the simulated depth of 1.5D; for the transition 

frequency of 18cpd, the retinal image contrast when the eye is accommodated at 

the simulated depth is almost the same as when the eye is accommodated at the 

physical focal plane; and for high spatial frequency of 24cpd, he retinal image 

contrast is higher when the eye is accommodated at the physical focal plane. These 
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results match with the MTF curves above and provide more intuitive 

understandings. 

 

Figure 3.3. Retinal images of sine targets of (a) 8cpd, (b) 18cpd, (c) 24cpd, when the eye is 

accommodated at the focal plane 1.2D and the simulated depth 1.5D. 

To further verify that similar contrast-gradient-reverse phenomenon exists in 

a non-ideal eye, simulations were also performed using the Arizona eye model  [32] 

which was designed to match clinical levels of aberration. Figure 3.4 shows the 

simulation result for the same dual-focal DFD display setup discussed above, 

which are very similar to those of Figure 3.1. This is not difficult to apprehend 

since the DFD PSF is essentially the linear summation of two defocused PSFs 
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where aberrations affect the two PSF almost the same. The contrast-gradient 

reverse still occurs around 18cpd, but the exact transition point frequency is not as 

well-defined as in Figure 3.1. Besides, the MTF curves for retinal images when eye 

is accommodated at 1.8D and 1.2D are no longer identical. These are due to that 

the eye aberrations are slightly different at different accommodation states and 

aberrations (such as spherical aberration) interact with defocus of same magnitude 

but opposite signs differently. 

 

Figure 3.4. DFD simulation with Arizona Eye Model 

In APPENDIX A: (Section III), I also presented how the contrast-gradient 

reverse point varies with pupil size and focal plane spacing. When the focal plane 
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spacing increases and when the working pupil size increases, the contrast-gradient 

reverse happens in a lower frequency, as shown in Figure 3.5. 

 

Figure 3.5. Contrast-gradient Reverse v.s. (a) focal plane separation and (b) working pupil size 

From the discussion above, I concluded that the other critical criterion for 

designing a DFD display is that the focal plane separation and the display’s 

working pupil size should be determined such that the contrast-gradient reverse 

point is higher than the system’s cut-off frequency to avoid presenting conflicting 

accommodation cue to the viewer. For instance, a 0.6-diopter separation between 

adjacent focal planes can be considered adequate for a DFD display affording an 

angular resolution of 1.8 arc minutes per pixel (approximately a spatial frequency 

of 18 cpd) and a pupil size of 3mm. A 0.45-diopter spacing or smaller would be 

desired for displays affording an angular resolution of 1 arc minute per pixel (i.e. 

30 cpd) and the same pupil size of 3mm. 
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3.3 Effective Depth Fusing Functions for Accurate Accommodation Cue 

There had been a debate about the most effective depth-fusing function between 

Liu et al [31] and Ravikumar et al [36]. In Liu et al., the area under the MTF was 

used as a merit function for calculating the best accommodation distance. In 

Ravikumar et al., although the area under the MTF was also used as the merit 

function, the MTF was further weighted with real-measured eye aberrations to 

high orders and other metrics such as neural contrast sensitivity function and 

average scene frequency composition. The work by Liu et al concluded that a non-

linear weighting function is desired while Ravikumar et al concluded that a linear 

blending function is preferred. Both works provide good references for deriving 

effective depth-fusing functions under ideal conditions. In my work, I managed to 

resolve the differences between the two proposed functions and developed an 

alternative method to design depth-fusing function from a practical point of view. 

Figure 3.6 demonstrated the effects of the subtle differences between the two 

previously mentioned functions on the bias of contrast maxima with higher spatial 

frequencies. In this simulation, the two focal planes were placed at 1.2 diopters 

and 1.8 diopters, respectively, and the diffraction-limited eye model with 3mm 

pupil was used. All plotted frequencies are within the contrast gradient reverse 

point described in the previous section. To examine the effects of weighting 

functions on the contrast gradient, I varied the luminance weighting for the two 
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focal planes linearly in 4 steps from 0.5 to 1.0, with the results shown in the sub-

plots. If the linear rule is considered, as the weighting on the front focal plane 

increases linearly from 0.5 to 1.0, the depth of the stimulated pixel is expected 

change linearly from 1.5 to 1.2 diopters according, as marked with red arrows in 

the figure. However, it can be seen that only the low frequency curve of 4cpd 

follows the linear rule while higher frequencies are more biased to the two 

physical focal planes. By weighting the different frequencies differently in 

summing the MTF, different depth fusing functions are created. Heavily 

weighting the lower frequencies leads to functions more linear, while allowing 

more high frequencies makes the function more sigmoidal. Being at the lowest end, 

the linear rule may have more error than a somewhat sigmoidal function. For 

example, like the situation in Figure 3.6(b), if the display uses linear rule to render 

a pure 16cpd target, the accommodation cue will have 0.15D of error from the 

intended 1.4D depth. 
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Figure 3.6. Contrast gradient for different depth-fusing weighting 

From Figure 3.1, it is evident that the focus cue rendered by a DFD display is 

not perfect even below the contrast-gradient reverse frequency. For different 

targets, sharp texts or natural photographs, the “most effective” fusing function, 

which alone can drives the accommodation accurately to the intended depth, is 

also different. In some cases it might worth the effort to create a fusing function 

for a particular group of displayed targets by doing frequency analysis. 

Thinking in a different way, in a general display situation when many pictorial 

cues drives both accommodation, convergence and the perceived depth, if the 

DFD display render focus cues to the correctness that do not conflict with other 

cues or within the tolerance limit, then adverse effects are minimized. In fact, the 
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eye accommodation does not have a very tight tolerance. There are three factors I 

took into account for coming up with the tolerance value. The first to be considered 

is depth of focus (DOF)  [30,37–39]. In a very bright display when the pupil is very 

small and the DOF can reach more than ±1.0D. In conditions like this everything 

appears in focus and the accommodation naturally falls towards a tonic state. 

While in a general display condition when pupil is 3 or 4mm, the DOF is typically 

around ±0.3D or ±0.2D. The second factor is the accommodation micro-

fluctuation [30,40]. Studies showed that even when the eyes maintain fixation and 

focus on a still object, small-amplitude oscillations occur in the accommodative 

response, which was hypothesized to provide a signal to accommodation. The 

slow oscillation amplitude (0-0.5Hz), is typically around ±0.1D for distances of 

interest (5D to 1D). This happens to coincide with the third factor, which Udlam 

et al found in the objectively-recorded study, the blur-driven accommodative 

responses to step inputs can be as small as 0.1D [41]. From the above discussions, 

for the depth range of interest and in a typical display condition, I hypothesize 

that a small accommodative tolerance of ±0.1D in content of any spatial frequency 

will not create a noticeable conflict to other cues. 

Therefore I developed an alternative method to design depth-fusing functions 

for DFD displays, which are “out-of-box” fusing functions that do not render 

conflicting focus cues for any types of display contents. The method is quite 
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straightforward: (1) the weighting for either focal plane is increased in fine steps 

from 0.5 to 1.0 (the other half is anti-symmetric); (2) in each step, the tolerance 

window of ±0.1D is placed to cover all contrast-maxima of the desired frequency 

range (from 1.0cpd to the display cutoff frequency or the contrast-gradient reverse 

frequency) and the midpoint depth of the window is chosen as the stimulated 

depth; (3) the final depth-fusing function can be an as-is look-up table or a 

parametric function fitted to the data. In the case when the span of contrast 

maxima exceeds the tolerance window, the lower frequency maxima became a 

higher priority because of two reasons: (1) it is less-likely for a display to present 

contents of pure high frequency and (2) contrast gradient of high frequency near 

the gradient reverse point is very shallow which is essentially in an extended 

depth of focus. However this type of situations were not found in typical display 

parameters. 

Figure 3.7 illustrates the above steps to create the depth-fusing function using 

accommodation tolerance window for a dual-focal-plane setup where focal-plane 

spacing is 0.6D and a working eye pupil of 3mm. The weighting of focal plane #1 

placed is increased from 0.5 to 1.0 (the subplot for weighting of 1.0 is ignored). In 

this example the centers of the tolerance windows were placed at the midpoint 

depth of the contrast maxima and it effectively covered all the contrast maxima. 
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Figure 3.7. Creating effective depth-fusing function using accommodation tolerance window 

The resulting depth-fusing function, which is chosen in the following 

discussions as the weighting w1 for focal plane 1 (far plane), was fitted to the 

discrete data obtained through the steps described above. The weighting w2 for 
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focal plane 2 (near plane) is simply (1-w1). The parametric function form for the 

depth-fusing function is a 7th-order polynomials:  

 𝑡 = 𝑐7𝑝
7 + 𝑐5𝑝

5 + 𝑐3𝑝
3 + 𝑐1𝑝 (3.2) 

   

Here c7, c5, c3, c1 are coefficients for different orders to be fitted; t is the 

normalized weighting in the range of (-1, 1), it is related to the weighting w1 (0.0 ~ 

1.0) of focal plane 1 as: 

 𝑡 = (𝑤1 − 0.5) × 2 (3.3) 

   

and p is the normalized accommodation depth, also in the range of (-1, 1), in 

between two focal plane:  

 𝑝 = (𝑧 −
𝑧𝐹𝑃1 + 𝑧𝐹𝑃2

2
)/(

∆𝑧𝐹𝑃
2

) (3.4) 

   

Where z is the accommodation depth in between focal planes, zFP1 and zFP2 are 

depths of two focal planes and ΔzFP is the focal plane separation. All variables are 

in dioptric units. 

By using this generalized function, it is easier to compare different fusing 

functions for various focal-plane separations and working pupil diameters. It is 

also easier to implement the fusing functions in the rendering program without 

modifications of the code structure. 
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Figure 3.8. Proposed depth-fusing function for 0.6D-spacing, 3mm pupil DFD display 

Figure 3.8 shows the proposed depth fusing function (for focal plane 1) for the 

above example, a 0.6D-spacing, 3mm pupil DFD display and as expected, it is of 

sigmoidal shape because of the covering of higher spatial frequencies. The 

proposed nonlinear depth-fusing function requires the pixel intensities of two 
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focal-planes to bias towards the mid-plane. In comparison, the blue dashed line is 

the linear depth-fusing function. 

Figure 3.9 shows an example accommodative responses when a pixel is 

simulated at 1.4D in a DFD display using the two different fusing functions. When 

the linear fusing function is applied, the accommodative error for high spatial 

frequencies increases and reaches 0.15D and may conflict other image cues to 1.4D. 

When the pixel is fused with the nonlinear fusing, contrast maxima of all 

frequencies are within 0.1D tolerance window and therefore may not induce an 

adverse conflict. 

 

Figure 3.9. Simulating a pixel at 1.4D using linear fusing and the proposed nonlinear fusing 

Figure 3.10 further compares fusing functions computed for different focal 

plane dioptric spacings when the working eye pupil size is 3mm. It is to be noted 

that although depths in the three sub-plots are all normalized from -1 to 1, the 

actual depth values are very different. When the dioptric spacing is a large 1.0D, 
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the transition frequency is only ~9cpd (Figure 3.5) and the fusing function is more 

towards linear. When the dioptric spacing is a small 0.4D, the transition frequency 

is as high as ~35cpd and the fusing function becomes even more sigmoidal. 

 

Figure 3.10. Different fusing functions for different focal plane separations. 

3.4 Retinal Image Simulation of Multi-Focal-Plane DFD Scene 

This section mainly demonstrates the simulated retinal images of a 3D scene 

through a multi-focal-plane DFD display, comparing different depth-fusing 

functions, i.e. the nonlinear fusing function developed in the above section and the 

linear function. 
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Figure 3.11. 3D Scene of 40 degrees FOV extending from 3.0D to 0.6D. 

The following simulation is for a five-focal-plane system, where the five focal-

planes were placed at 3.0D, 2.4D, 1.8D, 1.2D and 0.6D. The 3-D scene (Figure 3.11) 

consists of a planar object extending from 3D to 0.6D at a slanted angle relative to 

the z-axis (depth-axis) and a green grid as ground plane spanning the same depth 

range. The planar object is textured with a sinusoidal grating subtending a spatial 

frequency of 1.5~10cpd from its left (front) to right (back) ends. The entire scene 

subtends a diagonal FOV of 40 degrees with an aspect ratio of 4:3. The rendering 

method of the focal-plane images will be described in detail in Section 4.6.3. In the 

rendering, different depth-fusing functions are applied to get different sets of 5-

focal-plane images. In the final step to simulate the retinal image, the set of 5-focal-

plane images are convolved with the corresponding PSFs of the eye determined 
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by the specific accommodation distance and the focal plane distances, and the 

resultant retinal image is then obtained by summing up the convolved images. 

Figure 3.12 shows the comparison of focal-plane images using the two different 

fusing functions. The left column shows the focal-plane images rendered using 

linear depth-fusing function and the right column shows the focal-plane images 

rendered with the proposed nonlinear depth-fusing function developed in Section 

3.3. The focal-plane images using the two depth-fusing function are very similar. 

The main differences are the pixel intensities fade away faster from the focal-plane 

depths when the non-linear rule is applied, which can be more clearly identified 

in images for focal-plane 2~4. Figure 3.13 shows depth-weighted intensity profiles 

for trace lines L in Figure 3.11 in the focal plane images, which more clearly shows 

the difference between the two fusing functions. 
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Figure 3.12. Focal-plane images using (left) linear depth-fusing and (right) proposed method 
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Figure 3.13. Intensity profiles for trace lines L in Figure 3.11 on multiple focal planes images for 

the two DFD fusing functions. 

Figure 3.14 and Figure 3.15 show the simulated retinal images of the DFD 

display by employing the linear and proposed nonlinear depth-fusing functions. 

Both linear and non-linear functions rendered the 2.4D depth range smoothly. As 

described in Section 3.3, the difference between the two fusing functions will only 

be noticeable for high spatial-frequency targets close to the contrast-gradient 

transition frequency and therefore is not very noticeable from the retinal 

simulations images of this complex scene. However, the proposed nonlinear 

depth-fusing functions can effectively render non-conflicting depth cues for 

contents of all spatial-frequencies the DFD display can afford and therefore are 

more robust. 
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Figure 3.14. Retinal images of the 5-focal-plane DFD scene when the eye is accommodated at 3.0D 
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Figure 3.15. Retinal images of the 5-focal-plane DFD scene when the eye is accommodated at 0.6D 
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4 PROTOTYPE DISPLAY DEVELOPMENT 

Two generations of MFP displays were designed and implemented as part of this 

research effort. Both systems are based on the same microdisplay technology and 

the same adaptive optical element but differ greatly in optical system and overall 

system construction. 

The first generation prototype was a preliminary, proof-of-concept system 

built with all off-the-shelf optical and optomechanical components. Building it 

helped me to improve my system design technique and to validate, or correct, 

various design decisions from optical system to mechanical construction. 

Although functional, the first prototype has unsatisfactory image resolution and 

contrast, bulk size and heavy weight and most importantly, it lacked the optical 

see-through capability, which significantly limited its usefulness in AR display 

applications as well as fundamental depth perception vision research. Therefore 

the first prototype is only briefly described in APPENDIX A: (Section V). 

The second generation prototype is a substantial improvement over the 

previous preliminary implementation. The optical system utilizes state-of-the-art 

freeform design technique and elegantly couples optical see-through freeform 

prism eyepieces with rotational-symmetrical lens systems. As a result, the 
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prototype not only achieves high quality imagery across a large 3D volume for the 

virtual display path but it also maintains better than 0.5 arcminutes visual 

resolution of the see-through view. It can be served as a laboratory test bed for the 

utility of depth-fused multi-focal-plane display, comparing various depth fusing 

functions, extending display distortion calibration to freeform optical systems and 

multi-focal-plane displays, etc. For the remainder of this section, I will discuss 

mostly the development efforts for this second generation display prototype. 

Section 4.1 describes the system development goals which lead to many 

decisions to component selections, design choices and final construction. Section 

4.2 describes the key components of the display prototype. After an overview of 

system function in Section 4.3, the design and implementation details of both 

optical system and electronic system are described. Finally in Section 4.6, the 

system integration details are presented and the performance of the display 

prototype are evaluated. 

4.1 Prototype System Design Goal 

The design of the prototype display required compromises, which were reached 

after consideration of numerous project priorities. The primary goal was to create 

a multi-focal-plane display that can render focus cues correctly across a large 3D 

volume. Based on earlier prototype developments and preliminary design 

methods in  [21,22,24,25], we aimed to develop a prototype capable of smoothly 
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displaying a 3D scene extending from 3 diopters to infinity, with six focal planes 

spacing 0.6 diopters between each other. 

Since MFP displays have great potentials especially in high-demanding AR 

applications such as medical and military training where viewers can benefit most 

from accurate depth perception and improved visual performance, the prototype 

design also aimed to develop a technology suitable for integration into high 

performance optical see-through head-mounted displays. Thus, the prototype not 

only should have large field of view, high spatial resolution, vivid color images, 

optical see-through capability but the prototype system concept should allow 

significant weight and size reduction for mounting to the human head. Achieving 

all these was obviously a very aggressive goal for a laboratory prototype. 

Considering potential system size and weight, the spatial-multiplexing MFP 

designs were less favorable due to the need for multiple microdisplays and their 

driving electronics. The time-multiplexing method was chosen to develop the 

prototype. As discussed in Section 2.2.2, a key limitation of prior time-multiplexed 

implementations of multi-focal-plane display is that they lack the speed to 

produce multiple focal-planes without noticeable flickering. In order to generate 6 

focal planes of images at flickering-free speed, the microdisplay must be able to 

refresh at least 360Hz, 6 times the flicker fusion threshold speed, which is generally 

considered to be 60Hz. The second key element is a high-speed variable-power 



58 

 

lens synchronized to the microdisplay to dynamically change the focal distances 

of the virtual 2D images. The choice of the microdisplay and the variable-power 

lens was therefore the core of the prototype development. 

4.2 Key Components 

4.2.1 High-Speed Microdisplay 

At the time of design, there were only a handful of microdisplay technologies that 

is capable of producing color images at 360Hz or higher, namely, the Ferroelectric 

Liquid Crystal On Silicon (FLCoS) technology and the Digital Micromirror Device 

(DMD) by Texas Instrument. FLCOS and DMD technologies are very similar in 

the sense that both are binary reflective spatial light modulators. Each pixel on the 

display can be toggled on and off very fast to produce grayscales using pulse-

width modulation (PWM) technique and for single-chip configuration, color is 

produced by alternatively illuminating the device with red, green and blue light. 

Although still not available at the time of writing, I believe a microdisplay 

based on Light-emitting Diode technology, such as OLED, will be a better 

microdisplay solution for MFP displays not only because the switching time can 

go down to ~10ns level and pixel greyscale is directly proportional to the driving 

current, but its self-emissive nature will also provide great advantages in reducing 

overall system complexity, size, weight and etc. 
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In our prototype, the DMD was chosen over FLCoS because many DMD 

development platforms were commercially available at the time and they offer 

more flexibility in adjusting display parameters such as speed and color-bit depth. 

  

Figure 4.1 (a) DMD chip (b) DMD micromirror operation [Curtsey from Texas Instruments [42]] 

The prototype design was based on a 0.7” XGA-resolution DMD chip. It 

consisted of a rectangular array of 1024x768 micromirrors on its surface. Each 

square micromirror, which is approximately 14μm by 14μm, can be individually 

tilted ±12° to toggle on/off state at extremely high speed. Figure 4.1 shows a DMD 

chip and the illustration of its individual micromirror operation. Driving the DMD 

chip requires complicated electronics, developed around Texas Instrument 

Discovery 4100 chipset. In our display prototype, we bought the Luxbeam 4500 

driver board developed by Visitech AS [43], which included basic firmware for 

memory management, sequencing and I/O signaling. The programming of a valid 
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and efficient display sequence, which is the script recognized by Luxbeam 

firmware to control DMD events and timings, was the key to ensure the multi-

focal-plane images being displayed correctly and smoothly. The optical sequence 

generation will be described in a later section, 4.5.2. 

To setup correct MFP display parameters, the DMD’s binary frame switching 

speed limit must be understood. Using a Global Reset method, which means the 

states of whole pixel array are updated at the same time, the DMD can display up 

to ~23k binary frames per second. If a Phased Reset method is implemented, which 

means the whole pixel array is divided into multiple blocks and they are updated 

one by one, the device can display up to 32K binary frames per second. The 

following equation shows the basic calculation of the required DMD binary frame 

rate fDMD in a MFP display: 

 𝑓𝐷𝑀𝐷 = 3 × (2𝑁𝑔𝑟𝑎𝑦 − 1) × 𝑁𝑓𝑝 × 𝑓𝑀𝐹𝑃 (4.1) 

   

Where Ngray is the number of grayscales for each color channel, Nfp is the 

number of focal planes and fMFP is the desired 3D scene frame rate of the MFP 

display, which is 60Hz for display without flickering. Calculating with the 

equation, one can see that fDMD need to be 33.5k for a six-focal-plane MFP display 

running at 60Hz with full color but at a reduced color depth of 5bits per color, 

which already exceeds the capability of DMD. Therefore the speed of the DMD 
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microdisplay is still limiting the MFP display prototype. Compromises must be 

made to either further reduce color depth for one or more color channels, the 

overall frame rate or the number of focal planes. 

4.2.2 High-Speed Adaptive Optics 

The second key element is a high-speed variable-power optics capable of 

switching 360Hz or more. At the time of design, liquid crystal Fresnel lenses and 

deformable mirrors offer the highest switching speed. Considering that a 

deformable mirror is capable of adjusting the focal length continuously so that the 

dioptric spacing and placement of focal planes are fully reconfigurable, we chose 

the MEMS-based deformable membrane mirror device from OKOTech  [44], 

shown in Figure 4.2. 

 

Figure 4.2. Single-channel MEMS deformable mirror [Curtesy from Flexible Optical B.V.] 

This single channel deformable mirror changes from a flat surface to a weak 

concave parabolic surface with a maximum surface sag of 9μm upon voltage. It 

has a usable defocus range of 1.2 diopters, a relatively large aperture of 10mm 
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diameter, and a switching speed of up to 1 KHz which potentially enables the 

system to multiplex more than 10 focal planes at 60 Hz. 

4.3 Prototype System Function Overview 

The complete prototype system was an integration of optics, electronics and 

mechanics. Figure 4.3 shows the function diagram of the MFP display system. 

Starting from the left, 3D scene rendered by computer graphics are decomposed 

into multi-focal-plane images and streamed into the on-board memory of the 

DMD driver. Loaded with the correct display sequence, the DMD driver serves as 

the commanding device for the virtual display system. Upon displaying an image 

frame onto the DMD, it controls the RGB LED via a dedicated LED driver to 

illuminate the DMD with correct color. It also provides synchronization signals to 

the microcontroller, which is programmed to drive the deformable mirror to 

change focal plane location. The display optics integrates the DMD and the 

deformable mirror, relaying the contents on the microdisplay and presenting the 

virtual 3D contents with correct focus-cues to the viewer. 
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Figure 4.3: MFP Display system function diagram 

The following sections will describe the design and implementation of optical 

system and electronic system separately and then the whole final system 

integration. During design and implementation of each subsystem, considerations 

of the whole system were kept in mind at all time so that the final integration was 

seamless and system operation was smooth. 

4.4 Optical System Design and Implementation 

4.4.1 Schematic and First-Order Design 

As mentioned in the beginning of this chapter, the two generations of display 

prototype shared the same key components, the DMD and the deformable mirror, 

therefore the schematic designs of the two prototypes were the same and it was 

presented in detail in APPENDIX A: (Section IV and Fig. 5). In this section, I will 

go over the schematic design briefly but discuss the first-order calculation in detail 

to reveal important design considerations. 
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The schematic design is shown in Figure 4.4. The content on the DMD is pre-

magnified and re-imaged by a double-pass relay lens group towards the eyepiece, 

which then magnifies the intermediate image into a wide field of view in the visual 

space. The deformable mirror, optically conjugated to the entrance pupil of the eye, 

functions as the system stop. When the optical power of the deformable mirror 

changes, the location of the intermediate image shifts axially with respect to the 

eyepiece, thereby changing the depth of the virtual image plane. The relay lens 

group was designed to be double-telecentric so that the intermediate image size 

remains constant and the system field of view also remained constant which is 

beneficial in applying depth fusing rendering. 

 

Figure 4.4. Virtual display optical schematic 
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Unfolding the light path about the deformable mirror, the optical layout is 

shown in Figure 4.5. First-order calculations were performed to understand the 

relationships between the various components. 

 

Figure 4.5. Unfold optical path 

One of the most important function of the optical system was to translate the 

small optical power change of the deformable mirror (~1.2 diopters) into 0-3.0 

diopters of focus cue change in the visual space. This was achieved by choosing 

appropriate focal length ratio between the relay lens and the eyepiece: 

 
2

2
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accommodation DMMD
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D


  


 (4.2) 

   

In (4.2), Φ denotes the optical power, the inverse of focal length. The equation 

shows that to achieve the required accommodation range 
accommodationD  of 3.0 diopters, 

𝑓𝑟𝑒𝑙𝑎𝑦/𝑓𝑒𝑦𝑒𝑝𝑖𝑒𝑐𝑒  need to be kept at 0.632. This in return limits the maximum 

achievable non-vignetted EPD of the display to 6.32mm, since the DMMD with 

10mm clear aperture is conjugated to the exit pupil in this pupil-forming display: 

 𝐷𝑋𝑃 =
𝐷𝐷𝑀𝑀𝐷

𝑓𝑟𝑒𝑙𝑎𝑦/𝑓𝑒𝑦𝑒𝑝𝑖𝑒𝑐𝑒
 (4.3) 
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The field of view of the display in the visual space is determined by the focal 

length of the eyepiece and the size of the intermediate image. The double-

telecentric relay lens group provides no magnification therefore a field lens is need 

when magnification between the intermediate image and the DMD is required. 

The half field of view can be calculated following Equation (4.4) and (4.5): 

 𝐻𝐹𝑂𝑉 =
𝑦𝑑𝑚𝑑 ×𝑚

𝑓𝑒𝑦𝑒𝑝𝑖𝑒𝑐𝑒
 (4.4) 

   

Where 𝑦𝑑𝑚𝑑  is the half size of the DMD microdisplay and m is the image 

magnification introduced by the field lens, depending on its focal length and its 

distance to the DMD: 

 
𝑚 =

1
𝑧𝑓𝑖𝑒𝑙𝑑𝑙𝑒𝑛𝑠
𝑓𝑓𝑖𝑒𝑙𝑑𝑙𝑒𝑛𝑠

− 1
 

(4.5) 

   

These first-order relationships were very useful in determining the focal length 

of each component group given a set of specifications to start the lens design 

process.  

4.4.2 Lens System Design and Tolerance 

Based on the development of the preliminary prototype, the aim of this second 

prototype was to build a high image quality, optical see-through capable, 

binocular AR display with robust construction for laboratory studies. The major 

challenge of the development was to achieve optical see-though capability without 
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significantly increasing the size and weight of the system, which was very difficult 

with conventional eyepiece designs. At the time of development, the optical 

design of freeform prism eyepieces  [45] was being explored in our lab and the 

technology demonstrated great promise in designing high image quality, large 

field of view and compact OST-HMD systems. I therefore decided to experiment 

the design of freeform eyepiece with the rotational-symmetric MFP relay optics. 

Although a very challenging experience, the system turned out to be a success. 

The prototype display not only achieves high quality imagery across a large 3D 

volume for the virtual display path but it also maintains better than 0.5 arcminutes 

visual resolution of the see-through view. 

The prototype display’s lens system design and tolerance were presented in 

detail in APPENDIX B: and APPENDIX C:. In APPENDIX B:, the paper focused 

on the discussion of system level design considerations and procedures as well as 

the design results. In APPENDIX C:, the paper concentrated on various aspects of 

engineering challenges in the design and integration of the freeform optical-see-

through eyepiece with MFP display to achieve a high performance AR system. The 

design, optimization and tolerance of the optical system, especially the tolerance 

of freeform components, were thoroughly discussed in Section 3 and 4 of 

APPENDIX C:. The following paragraphs briefly summarize the results. 
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The optical design layout of a monocular module is shown in Figure 4.6(a). The 

left side is the freeform optical see-through eyepiece and the right side is the Image 

Generation Subsystem, detailed layout shown in Figure 4.6(b), which consists of 

the DMD microdisplay, the deformable mirror and relay optics to create multi-

focal-plane images. The two freeform elements, FFE1 and FFE2, and the aspherical 

refractive-diffractive field lens were prototyped by diamond-turning process on 

PMMA plastic. Aside from these custom optics, all other lenses were off-the-shelf 

stock lenses designed and optimized together in the system. 

Table 4.1 summarizes the specifications of the designed optical system. Both 

virtual display path and optical see-through path achieved high image quality and 

low distortion. Careful tolerance analysis on the freeform optics and the whole 

system showed the manufacturing and alignment tolerances were not very tight 

and the as-built system performance would maintain high quality. 
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Figure 4.6. System optical layout (a) top view of the right-eye monocular setup. (b) detailed 

layout of the Image Generation Subsystem (IGS) 

Table 4.1. System Specifications 

Virtual Display Design Specifications 

Microdisplay 0.7” DMD, 
(XGA resolution, 14um pixel) 

Wavelengths Visible 
(465 nm, 525 nm, 635 nm) 

Deformable mirror defocus range 0 ~ 1.2 diopters (10mm aperture) 

Focal-plane Tunable Range 0 ~ 3.0 diopters 

Display Field of view Constant 40° (32.5°H x 24.5°V) 

Exit pupil diameter 6.3 mm 

Eye clearance 25 mm (low profile glasses) 

Image Quality MTF > 0.2 at 35 cycles/mm 
(3mm pupil) 

Distortion < 5.0 % 

See-through Design Specifications 

See-through Field of View 60 °  (50°H × 45°V) 

Pupil Diameter 10 mm 

See-through Quality MTF > 0.4 at 0.5 cycles/arcmin 
(3mm pupil, FOV 40°) 

See-through Distortion < 2.0% (FOV 40°) 
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4.5 Electronic System Design and Implementation 

Being an electronic display, the design and implementation of various parts of the 

system electronics was just as vital as the optical system. Refer back to Figure 4.3, 

three electronic subsystems were developed, including the development of the 

RGB LED driver for DMD illumination, DMD display sequence programming and 

the development of the microcontroller firmware for synchronizing the 

deformable mirror.  

4.5.1 RGB LED Illumination 

The DMD microdisplay is a binary reflective spatial light modulators which 

requires RGB color-sequential illumination to display full-color contents. In a 

typical projection display system using DMD, the illumination unit is either a 

white-light source with rotating color wheels or multiple single-color LEDs 

combined with dichroic mirrors. Both types were not suitable, or compact enough 

to fit in our head-mounted display system, where high brightness was not 

necessary since the exit pupil of the optical system directly couples to the eye pupil. 

Therefore LEDs with RGB colors dies built into a single package were candidates 

for compact display illumination. After basic photometry estimations and catalog 

searching, the final choice was AtlasII RGB LED from Lighting Sciences, which 

packed with enough lumens in a small package. 
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At the time of design, commercial LED drivers which met our needs to provide 

independent color-channel brightness controls and fast switching were bulk in 

size. To drive the Atlas RGB LED, I designed and prototyped a custom LED driver 

board which had the capability to drive three independent high-power LED 

channels with PWM signals and was very small in size (30mm × 50mm). The LED 

driver was designed based on the LT3496 IC from Linear Technology [46]. The 

circuit schematic and PCB board layout were developed in OrCAD, and they are 

included in APPENDIX D: for reference. Figure 4.7 shows the prototyped LED 

driver board connected with the AtlasII RGB LED. The large heat sink was not 

necessary when the LED was driven with low power in the display prototype. 

 

Figure 4.7. LED driver connected with the AtlasII RGB LED 

4.5.2 DMD Display Sequence 

As mentioned in Section 4.3, the DMD driver served as the commanding device 

synchronizing the frame being displayed on the DMD, the RGB illumination and 

the deformable mirror focus state. All these were achieved by programming a 
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valid and efficient DMD display sequence for the desired set of MFP display 

parameters. The sequence was a text-based script, a long list of sequential 

commands, which was recognized by the Luxbeam firmware to control the DMD 

events such as frame loading, mirror reset, LED output and etc, and their exact 

timing.  

To fully exploit the flexibility and to push the speed limit of the DMD, I 

developed a Ruby program to automatically generate optimal DMD display 

sequences from the input of desired number of focal planes, number of color 

channels, color depth, refresh rate and etc. The program utilized the methods 

described in [47], including “bit-splitting” PWM technique to display smoother 

picture and Phased Reset technique to achieve optimal MFP refresh rate. Since 

upon changing illumination color and changing focal plane, the whole DMD pixel 

array must be addressed globally to avoid display artifacts, the equivalent binary 

frame speed running in the MFP display was slightly lower than the advertised 

maximum 32.5k frames per second, which was tested in a 6-focal-plane full-color 

MFP display to be close to 29k frames per second. 

4.5.3 Microcontroller-Based Deformable Mirror Controller 

In the MFP display, the deformable mirror works in synchronization with the 

DMD to display multi-focal-plane imagery correctly. I chose to develop a 

microcontroller embedded system to automatically monitor the DMD status and 



73 

 

to deliver correct control voltage to the deformable mirror to change the virtual 

focal plane. Using microcontrollers has many advantages. First, microcontrollers 

are very robust, with numerous programmable input/output peripherals to 

monitor analog/digital signals. Second, microcontrollers can run at very high 

speed efficiently and very dependable. Last but not the least, they are relatively 

easy to program. 

In the MFP display, the microcontroller-based deformable mirror controller 

was developed on Microchip’s Explorer 16 Development board with a dsPIC33FJ 

16-bit microcontroller IC [48], shown in Figure 4.8. Only one controller was 

developed but it can control both deformable mirrors in the binocular MFP display 

setup and provide separate control voltages to the two channels. The controller 

interface with micro Digital-to-Analog Converter ICs (National Semiconductor 

DAC121C085) via 400MHz I2C bus to provide high-resolution 12-bit analog 

voltage driving of the deformable mirrors. With the onboard LCD display and 

buttons, a basic user interface was also developed to allow manual mirror driving 

for focal-plane calibration and switching MFP number of focal planes and color 

depth without reprograming the microcontroller. The system function diagram is 

shown in Figure 4.9.  
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Figure 4.8 Microchip Explorer 16 development board [Curtsey from Microchip] 

Initializing Modules

Menu Display

User Selection
Module 1:

Direct-drive
Module 2:
Mult-focal

Manual adjusting 
DMMD voltage

Input:
1. number of bits

2. number of planes

Adjusting DMMD 
voltage for every 

focal planes

 

Figure 4.9. Deformable mirror controller function. 

In Module 1: Direct-drive, the user can manually drive either deformable 

mirror to calibrate the voltage for a desired focal-plane location and store the 

calibration voltage into the onboard EEPROM.  
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In Module 2: Multi-focal, the controller runs in MFP mode in synchronization 

with the DMDs. The controller monitors two signals from the DMD driver. (1) The 

falling-edge of the blue color channel signals a change in focal plane and (2) the 

display sequence reset signal to align the starting of focal-planes. Based on the two 

signals, the controller outputs the pre-stored voltage to drive the deformable 

mirror to display the focal plane to its correct depth. The operation can be best 

understood by referring to Figure 4.10. Ideally the two DMD displays in the 

binocular setup run in synchronization and the controller only need to sync with 

the master device, but in the case they run asynchronously, the controller is 

capable to control the two deformable mirror channels independently. 

 

Figure 4.10. LED timing and driving signals for a six-focal-plane display as an example. 

4.6 System Integration and Evaluation 

In this section, I will first describe the prototype hardware construction and image 

quality verification to ensure the designed performance was met. Then in 4.6.3, the 

multi-focal-plane imagery rendering and preparation are discussed. After 



76 

 

carefully calibration of the focal-plane depth locations using method in 4.6.4, MFP 

3D scene with correct accommodation cue are presented in 4.6.5. 

4.6.1 Display Hardware Construction 

The complete prototype system was designed and constructed using a mixture of 

customized and stock optical and mechanical parts.  

The custom mechanical mountings were designed in Solidworks where parts 

of them were manufactured by a professional machine shop and the rest were 

machined by myself. APPENDIX C: (Section 5.A) also discussed the mechanical 

design of mounting plates to achieve accurate alignment of the two freeform 

eyepiece elements based on the tolerance analysis and practical considerations. 

All hardware of the display system, including mechanical and optical components, 

were modeled in Solidworks for clearance verification as well as visualization, 

shown in Figure 4.11. The as-built binocular display system is shown in Figure 

4.12, which shows a rugged bench setup for laboratory experiments. Not shown 

in the picture, each monocular display was mounted on a linear platform on a 

dovetail rail to allow interpupillary distance adjustments. 
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Figure 4.11. 3D model of the display hardware with human head as a size reference 

 

Figure 4.12. Binocular MFP display bench prototype 
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4.6.2 Image Quality Verification 

The image quality was verified to ensure the performance of the as-built display 

system matched the tolerance analysis predication and maintained high contrast. 

However, virtual displays do not form real images and therefore are difficult to 

test its image quality objectively. In APPENDIX C: (Section 5.B), I described in 

detail the method to quantitatively test the image quality of virtual display. In 

summary, this method requires using a digital camera with a high quality lens or 

a lens working near diffraction-limited to simulate an ideal observer, which is 

placed at the design exit pupil location. The camera takes pictures of virtual edge 

targets displayed by the system and the spatial frequency response of the display 

(MTF) can be calculated from the edge spread function. This procedure is similar 

to industry-standard slanted-edge method to measure MTF. Furthermore to 

obtain the actual display MTF, the MTF directly calculated from the image of 

virtual edge need to be compensated with the calibrated camera sensor MTF. The 

MTF measurements were performed on the MFP display prototype and the 

comparison in Figure 4.13 showed good agreements with the designed 

performance. 
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Figure 4.13. Comparison of measured MTFs of the central 2° FOV and the designed on-axis 

performance of the display system. 

Shown in Figure 4.14, a specially-designed resolution target was displayed by 

the prototype and capture with the camera. The number associated with each 

group of the three bar targets is the pixel width of a single bar. The magnified view 

on the right shows that the center group, which represents the display’s Nyquist 

Frequency of 0.5 cycles/pixel, can be clearly resolved. 
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Figure 4.14. Camera image of a resolution target displayed by the virtual display 

The emulated “ideal eye” was also used to evaluate the optical see-through 

performance by taking images through the mounted composite freeform eyepiece. 

Figure 4.15 shows an image of the see-through view for viewing a standard Snellen 

eye chart placed at 20 feet, where Group 8 (20/20 vision) corresponds to the 

angular resolution of 1 arcminute and Group 11 (20/10 vision) corresponds to the 

angular resolution of 0.5 arcminute. The camera was configured to have an 

angular resolution of 0.23 arcminutes per pixel. From the image, all letters from 

Group 8 to Group 11 are readable and have very good contrast. 

 

Figure 4.15. Camera captured eye chart placed 20ft away. 
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4.6.3 Multi-Focal-Plane 3D Rendering and Image Preparation 

Graphics rendering is another key step in implementing the system. Properly 

rendering a 3D scene took several steps. Firstly, a regular 2D perspective image of 

the 3D scene was rendered using computer graphics rendering techniques, from 

which a 2D depth map of the 3D scene in the same size as that of the perspective 

image was generated by retrieving the depth value of the rendered pixels. Next, a 

set of depth-weighted maps were generated, one for each focal planes, by applying 

depth-weighted filtering functions onto the 2-D depth map. Finally, the image for 

each of the focal plane was rendered by individually applying each of the depth-

weighted maps to the 2D perspective image through an alpha-channel blending 

technique. The rendering program was developed in C, with OPENGL and GLSL 

shader programs. 

An example was shown in Figure 4.16 for a six-focal-plane implementation. 

The six focal planes were placed in the 0-3 diopter range with 0.6-diopter spacing 

at 3 diopters, 2.4 diopters, 1.8 diopters, 1.2 diopters, 0.6 diopters, and 0 diopter, 

respectively. The 3-D scene consisted of a planar object extending from 0.5 to 2.5 

diopters at a slanted angle relative to the z-axis (depth-axis), a green grid as 

ground plane spanning the same depth range and a green wall grid placed at 0.6D. 

The planar object was textured with a sinusoidal grating subtending a spatial 

frequency of 1.5~10cpd from its left (front) to right (back) ends. In Figure 4.16, (a) 
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and (b) show a 2-D perspective image and the depth map of the scene. (c) through 

(h) show the depth-weighted images rendered for each of the focal planes in the 

order from near to far. (i) show the depth-weighted intensity profiles for trace lines 

L on multiple focal planes. In this example, the depth-fusing function is a linear 

one for easier illustration. 

 

Figure 4.16. Graphic rendering and focal-plane image generation of the MFP 3D scene. 

Before the color images can be streamed to the DMD, they must be 

decomposed into 3 color grayscale images and then into multiple binary frames. 

Illustrated in Figure 4.17, an 8-bit grayscale image is decomposed to 8 binary 

frames to be displayed on the DMD with PWM technique. Currently the 

conversion is carried out in the computer with a C program which is not very 

efficient. A dedicated electronics such as an FPGA board can be used to perform 
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the conversion in a few clock cycles due to its bit-wise logic and parallel processing 

capability. 

 

Figure 4.17. Example of decomposing a greyscale image into binary fames. 

4.6.4 Focal-Plane Depth Calibration 

In a MFP display, it is critical that the depth position of each focal plane is placed 

with high accuracy to ensure the accuracy of the accommodation cues rendered 

by the depth-fusing technique. In other words, the focal plane depth position 

versus the deformable mirror control voltage need to be calibrated. The calibration 

method was described in APPENDIX A: (Section V.A). In brief, a camera with a 

shallow depth-of-field lens was accurately focused to a physical target placed at 
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the desired distance to the lens, then the camera was placed at the display’s exit 

pupil when the deformable mirror control voltage was adjusted on the 

microcontroller platform to bring the virtual image plane to its best focus location. 

The process was repeated for all focal planes. With enough sample points, voltages 

for other focal distances could be interpolated accurately. The positional accuracy 

of focal planes was estimated to be ±0.05 diopters, limited by the finite ~6.3mm exit 

pupil size of the display. 

4.6.5 Displaying Multi-Focal-Plane 3D Scene 

With system components integrated seamlessly and focal-plane location 

accurately calibrated, the display prototype was capable of performing various 

display tasks with simple re-configurations of the software. 

Figure 4.18 shows two 3D scenes displayed by depth-fusing six-focal-plane 

images. The scene consisted of a green floor grid extending from 3.0 diopters to 

0.6 diopters, a green wall grid at 0.6 diopters with UofA logo on it and a moveable 

resolution target with bar targets of varying spatial resolutions. The resolution 

target was intentionally made to have a constant angular size despite of its 

rendered distance in the 3D scene. However its axial placement can be identified 

by looking at its blocking of the floor grid. 

In Figure 4.18(a), the resolution target, virtually placed at 2.7 diopters distance 

from the eye, was rendered with the depth-fusing technique by the two physical 
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focal planes at 2.4 diopters and 3.0 diopters. When the camera was focused at the 

near target, the far end of grid floor and the wall at 0.6 diopters clearly show 

natural, differential out-of-focus blur, where the resolution target and the near end 

of the floor grid show clear in-focus image. In Figure 4.18(c), the resolution target, 

virtually placed at 0.9 diopters distance from the eye, was rendered with depth-

fusing technique by the two focal planes at 0.6 diopters and 1.2 diopters. With the 

camera focused at the far target, the back wall and the logo were in sharp focus 

and the floor grid extending from far to near gradually blurred out. Figure 4.18(b) 

and (d) are magnified views of the central part on the resolution target, 

corresponding to (a) and (c), respectively. The center smallest bar targets 

correspond to the cutoff spatial frequency of 2 pixels/cycle. Attributed to the 

telecentric relay design, the results in Figure 4.18(b) and (d) clearly demonstrated 

that the bars of the resolution target fused by pixels from two spatially-separated 

focal planes (i.e. with a 0.6 dioptric spacing) achieved high contrast. The nearly 

perfect overlay of pixels from separated focal planes allows that the depth-fusion 

technique can be directly applied to the multi-focal plane images without 

calibrations of pixel mapping. From the two magnified views, good through-focus 

performance can also be seen without noticeable difference between targets 

rendered at near or far distances. 
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Figure 4.18. Depth-fused six-focal-plane 3D scenes with correct focus cues. 
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5 CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

Design methods for depth-fused multi-focal-plane display was improved and 

extended, with the objective to reduce convergence and accommodation conflict 

as well as other associated visual artifacts in conventional stereoscopic displays 

for improved 3-D depth perception. 

A high performance laboratory-quality multi-focal-plane AR display with 

freeform optics was designed and constructed, which is suitable for various 

laboratory studies from 3D display applications to general vision studies. 

5.2 Future Work 

Future work on depth-fused multi-focal-plane display may include the followings: 

(1) Display calibration including freeform distortion calibration and multi-

focal-plane distortion calibration. 

(2) Investigation of display artifacts in eye mis-alignment and eye rotation  

(3) Investigation of the effect of finite grayscale of display and digitization 

error on the rendering of DFD 3D scene. 

(4) Six-focal-plane real-time rendering using computer graphics 
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(5) Real-time streaming by developing additional electronics 

(6) User studies on task performance in DFD display environments. 
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APPENDIX A: Design and Assessment of a Depth-Fused Multi-

Focal-Plane Display Prototype 

 

Xinda Hu and Hong Hua 
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APPENDIX B: High-Resolution Optical See-Through Multi-Focal-

Plane Head-Mounted Display Using Freeform Optics 

 

Xinda Hu and Hong Hua 

 

 

This paper was published in Optics Express, Vol. 22, Issue 11, pp. 13896-13903 
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APPENDIX C: Design and Tolerance of a Freeform Optical System 

for an Optical See-Through Multi-Focal-Plane Display 

 

Xinda Hu and Hong Hua 

 

 

This paper was submitted to Applied Optics for review on December 8, 2014. 
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APPENDIX D: LED DRIVER DESIGN SCHEMATIC AND PCB 

LAYOUT BASED ON LT3496 

The LED driver was developed based on Linear Technology LT3496 IC. It was 

designed as a universal LED driver of three output channels with independent 

PWM control, outputs up to 750mA, 45V per channel. 

Power Supplies: 

1. 12V for LED voltage and current 

2. 3-5V for IC logic supply 

Inputs: 

1. 3 × LED driving PWM signal 

2. 3 × LED current tuning with trimmer-type resistors 

3. On/off power switch 

Figure D.1 shows the LED driver schematic. Figure D.2 shows the board layout. 

Due to ground plane were covering the whole unused top and bottom surface 

areas, the PCB traces are hence hidden to show only the component placements. 

Table D.1 lists the Bill of Materials required for the LED driver. 
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Figure D.1. LED driver schematic 
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Figure D.2. PCB board layout 

Table D.1: LED Driver Bill of Materials 

Reference Part Manufacturer's Part 

C1,C13 1u Murata GRM155R60J105ME19 

C2 0.1u Murata GRM155R61A104KA01D 

C3,C4,C5 1000pf Murata GCM155R71H102KA37D 

C6,C7,C8,C9,C10,C11 2.2u Murata GRM21BR71C225KA12L 

C12 4.7u Panasonic ECE-V1EA4R7SR 

D1,D2,D3 Zetex DFLS220L Zetex DFLS220L 

L1,L2,L3 10uH Tayio Yuden NRG4026T100M 

Q1,Q2,Q3 Vishay SI2303BDS Vishay Siliconix SI2303BDS 

Q4,Q5,Q6 MMBT3906 Diodes MMBT3906 

R1,R2,R3,R10,R13,R16 120k Panasonic ERJ-3EKF1203V 

R4,R5,R6,R12,R15,R18,R22 10k Panasonic ERJ-3GEYJ103V 

R7,R8,R9 287m Panasonic ERJ-8ENF2870V 

R11,R14,R17 49.9k Panasonic ERJ-3EKF4992V 

R19,R20,R21 100k Panasonic EVM-3VSX50B15 

SW1 SSA12 Tyco Electronics SSA12 Switch 

T1 LT3496 Linear Technology LT3496 
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