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ABSTRACT 
 
Conventional stereoscopic displays present a pair of stereoscopic images on a single and 

fixed image plane decoupled with the vergence and accommodation responses of the 

viewer. 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. 

In this dissertation, methods and apparatus for generating addressable focus cues 

in conventional stereoscopic displays are proposed. Focus cues can be addressed 

throughout a volumetric space, either through dynamically varying the focal distance of a 

display enabled by an active optical element or by multiplexing a stack of 2-D image 

planes. Optimal depth-weighted fusing functions are developed to fuse a number of 

discrete image planes into a seamless volumetric space with continuous and near-correct 

focus cues similar to the real world counterparts. 

The optical design, driving methodology, and prototype implementation of the 

addressable focus displays are presented and discussed. Experimental results demonstrate 

continuously addressable focus cues from infinity to as close as the near eye distance. 

Experiments to further evaluate the depth perception in the display prototype are 

conducted. Preliminary results suggest that the perceived distance and accommodative 

response of the viewer match with the addressable accommodation cues rendered by the 

display, approximating the real-world viewing condition. 
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1 INTRODUCTION 

1.1 Dissertation motivation  

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

initiated the growing popularity of stereoscopic displays over the past few years. 

Nowadays with over twenty movies released in stereoscopic format each year [1] and 

with even more planned for the coming years, film studios successfully attracted 

television audiences back to the movie theater thanks in part to the compelling 

stereoscopic 3-D experiences unparalleled by other commercially available 2-D and 3-D 

display technologies. Besides its commercial revival in the entertainment industry, 

stereoscopic displays also find growing interests in a variety of professions, spanning the 

fields of scientific visualization, education and training, teleconferencing and 

telepresence, and virtual and augmented realities [2,3]. 

Despite tremendous progress on stereoscopic technologies, modern stereoscopic 

displays are far from being perfect. Numerous psychophysical and usability studies have 

suggested the association of a number of adverse visual artifacts [4,5], such as apparent 

distortion in perceived depths [6,7], diplopic vision, image blur [8], and degradation in 

visual responses [9,10,11,12,13,14], with the usage of stereoscopic displays. These 

artifacts may be elicited by a variety of engineering defects, such as low image quality, 

image cross-talk between left and right eyes, inappropriate interpupillary distance (IPD) 

setup, and image distortion. Besides these well acknowledged engineering factors, lack of 

correctly rendered focus cues in stereoscopic displays is concerned as one of the 

underlying causes for the associated visual artifacts [15]. Focus cues refer to 
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accommodation cue and retinal image blur cue, which are both 3-D depth cues closely 

related to the focus action of the eyes. In a real world viewing condition, the viewer 

adjusts the focal power of the eyes to bring the object of fixation into focus know as 

accommodation, while other objects out of focus are likely to be seen as blurred images 

due to the limited depth-of-field (DOF) of the eyes known as retinal image blur. In 

contrast, conventional stereoscopic displays present a pair of stereoscopic images on a 

single and fixed image plane in the viewing space. Consequently the rendered 

accommodation cue is tied with the fixed focal distance of the display, while the retinal 

image blurs do not vary among objects rendered at different depths. In other word, all 

virtual objects, regardless of their distance from the eyes’ focal point, are perceived clear 

if the accommodation distance of the viewer matches with the fixed focal distance of the 

stereoscopic display, or blurred if these two distances mismatch. Another consequence of 

the fixed accommodation cue in stereoscopic displays is the induced discrepancy between 

convergence and accommodation [6,7,8]. Convergence refers to the convergent rotation 

of left and right eyes to locate the 3-D fixation point on the object of interest. In a real 

world environment since vergence and accommodation controls are cross-linked, the 

vergence change initiates a corresponding change of accommodation and vice versa. 

Therefore convergence and accommodation distances of the eyes in the real world always 

match with each other and a clear single binocular fusion can be achieved. However in 

stereoscopic displays, when the virtual object is presented either in front or behind the 

fixed image plane, the viewer constantly adjust his/er convergence distance dictated by 

the binocular disparities specified by stereoscopic image pairs, while the eye 
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accommodation distance may be tied with the fixed accommodation cue rendered by the 

display plane in order to observe sharp images. This problem is commonly known as the 

convergence-accommodation discrepancy. A number of usability studies have indicated a 

close correlation between incorrectly rendered focus cues and visual artifacts in 

stereoscopic displays. These artifacts may lead to long-term visual health concerns if 

stereoscopic displays are used for extended period of time. 

Recently, a number of 3-D display technologies have been proposed, aiming to 

render more accurate focus cues as well as other depth cues and to alleviate visual 

artifacts common in stereoscopic displays. Among these technologies, volumetric 

displays [16,17,18,19,20] can potentially render nearly-correct focus cues similar to those 

of a real world scene. However in most existing volumetric displays, all voxels have to be 

addressed at flicker-free rate regardless of the 3-D fixation point of the viewer. Therefore 

the volumetric rendering approach raises the requirement on hardware speed and adds the 

complexity for building a portable and cost effective 3-D display system. Alternatively, a 

number of stereo displays with addressable focus cues have been proposed, including 

vari-focal plane display [21,22] and multi-focal plane display [23,24,25,26,27,28]. 

Instead of rendering all voxels at demanding refresh rates, these displays render the 

projection of a volumetric space on a single or multiple image planes given the fixed 

viewpoint of the viewer, thereby greatly relax the requirements on hardware speed and 

complexity. Existing vari-focal plane and multi-focal plane displays have demonstrated 

promising capabilities of rendering focus cues, but most of them suffer the limitations of 

low speed, limited depth range, and limited accuracy on rendered focus cues. It is 
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therefore necessary to develop systematic methodologies enabling the real-time, accurate, 

and easy addressability of focus cues in conventional stereoscopic displays. 

 

1.2 Dissertation contributions 

Methods and apparatus for generating addressable focus cues in stereoscopic displays are 

proposed. The research objectives are to render more accurate focus cues and to alleviate 

visual artifacts commonly exist in traditional stereoscopic displays. The main 

contributions of this dissertation are summarized below. 

Motivated by the accommodative capability of the human visual system (HVS), 

active optical elements, such as liquid lens, are included in the optical design of 

addressable focus displays. This active optical element, similar in functionality to the 

crystalline lens of the human eye, can dynamically adjust the optical power thereby 

address the focal distance of the display within a volumetric viewing space. The optical 

design of addressable focus display is proposed, and the achievable range, accuracy, and 

speed on rendered focus cues are investigated and reported. 

Based on the optical design, three methods to address focus cues are explored: 

one is the vari-focal plane method, in which accommodation cue is dynamically 

controlled by the active optical element synchronized with blur cues rendering and 

convergence tracking; the second is multi-focal plane method, in which discrete focus 

cues are rendered on a number of time- or spatially-multiplexed image planes generated 

within a volumetric space; the third is depth-fused 3-D method, in which an optimized 

depth-weighted fusing function, balancing the accuracy and depth continuity for focus 
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cues rendering, is developed and applied to fuse multiple discrete image planes into a 

seamless volumetric space. These methods differ in the hardware and software 

complexities. Accordingly focus cues can be rendered at the manageable level of 

accuracy and speed depending upon the application requirements. 

Based on the proposed design and rendering scenarios, a proof-of-concept display 

prototype with addressable focus cues is constructed. The prototype is adaptable to 

different rendering modalities without the necessity of significant hardware 

modifications. The experimental results demonstrate that near-correct focus cues can be 

addressed within a volumetric viewing space, from infinity to as close as 1/8 meter (8D 

of vergence) (1 diopter = 1/meter). To further assess the accuracy on depth perception in 

this display, subjective and objective experiments are conducted. Preliminary results 

suggest that the perceived distance and accommodative response of the viewer match 

with the addressable accommodation cues rendered by the display, approximating the 

real-world viewing condition and potentially alleviating visual artifacts associated with 

incorrect focus cues in conventional stereoscopic displays. 

 

1.3 Dissertation format 

Following this INTRODUCTION chapter, a BACKGROUND chapter summarizes 

background knowledge most relevant to the subjects of this dissertation and a PRESENT 

STUDY chapter summarizes major achievements of the thesis work. The main bodies of 

this dissertation consist of papers published in peer-reviewed journals and a manuscript in 
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preparation for submission. Significant results supplementary to the attached papers and 

manuscript are also given in the PRESENT STUDY chapter. 

 

1.4 Dissertation contents 

Chapter 2 (BACKGROUND) presents an overview of the HVS and 3-D depth perception. 

Background of related 3-D display technologies is outlined. In particular visual artifacts 

associated with stereoscopic displays are investigated, which also highlight the 

motivation of this dissertation to reduce the artifacts in addressable focus displays. 

Chapter 3 (PRESENT STUDY) consists of five sub-sections. Firstly, a review of 

addressable focus displays is given in Section 3.1. Then Section 3.2 presents the optical 

design of displays with addressable focal distances. The following three sub-sections 

summarize the methods and apparatus for generating nearly-accurate focus cues, 

referring to the vari-focal plane method (Section 3.3), multi-focal plane method (Section 

3.4), and depth-fused 3-D method (Section 3.5). Finally, Section 3.6 outlines major 

conclusions of the depth perception experiment in Appendix A. 

Appendix A includes a published journal paper, introducing the concepts and 

methods of vari-focal and multi-focal plane displays [29]. (Sections 3.2-3.6). 

Appendix B includes a manuscript in preparation, proposing a novel variable-

focus gaze-contingent display system [30]. (Section 3.3) 

Appendix C includes a published journal paper, focusing on the development of a 

time-multiplexed multi-focus display by using the liquid lens device [31]. (Section 3.4.1) 
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Appendix D includes a published journal paper, investigating the depth-fused 3-D 

algorithm for multi-focal plane displays [32]. (Section 3.5) 
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2 BACKGROUND 

Understanding the HVS and 3-D depth perception principles plays a significant role for 

the development of 3-D displays which are comfortable to the viewer and may recreate 

accurate 3-D depth sensations. This chapter includes the background information of the 

HVS and reviews related issues on 3-D depth perception. A background of relevant 3-D 

technologies is outlined, with the particular concerns on stereoscopic displays and 

volumetric displays. Furthermore visual artifacts associated with stereoscopic displays 

are reviewed, highlighting the motivation of this dissertation of developing novel 

methodologies to render more accurate focus cues and to reduce the visual artifacts  

commonly exist in conventional stereoscopic displays. 

 

2.1 Human visual system 

The human visual system (HVS) is one of the most complicated and delicate imaging 

systems in nature. A variety of factors, such as physiological, neurological, 

psychological, and psychophysical factors, should be considered for the fully 

understanding of visual principles. The following reviews in each sub-section summarize 

the major factors of the HVS that are mostly relevant to the discussions within this 

dissertation. 

 

2.1.1 Eye anatomy 

A cross sectional view of the eye ball is given in Fig. 2.1. Rays emanating from an aerial 

object in turns pass through cornea, anterior chamber, crystalline lens, and vitreous 
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humor then captured by the photoreceptors on the retina. The central high resolution 

portion of the retina is known as fovea, which subtends approximately 5º of field from 

the back nodal point of the eye. The crystalline lens, which contributes to approximate 

1/3 of the total optical power of the eye [33], is attached to ciliary zonules and ciliary 

muscles. The relaxation or constriction of the ciliary muscle respectively results in the 

decrease or increase of the optical power of the crystalline lens, known as 

accommodation. On the posterior surface, the eye ball is attached to medial rectus and 

lateral rectus muscles, which control the horizontal eye rotations such as convergence and 

divergence. The stop of the eye, known as iris, is located next to the anterior surface of 

the crystalline lens and is measured ~3.6mm from the cornea. In turn, the entrance pupil 

of the eye is located ~3.05mm behind the cornea. The size of the pupil is adaptable to the 

ambient light, ranging from 2mm in diameter in bright conditions to up to 8mm in dim 

conditions. Finally the human visual system is a binocular imaging system, specifying an 

average interpupillary distance (IPD) between left and right eyes in the range of 

50mm~75mm enabling the sensation of binocular disparities. 

 Taking the eye anatomy into account in designing visual instruments such as near-

eye displays, the specifications of the display design should ergonomically correspond to 

the anatomical properties of the eyes. For instance in designing a head-mounted display 

(HMD) device, a large exit pupil of at least 10mm is highly desirable to tolerate about 

±15º eye rotations and about ±10mm IPD differences among populations. While for the 

eye clearance, known as the distance from the entrance pupil of the eye to the point of the 
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closest approach of the optics to the eye, a minimum value of 15mm is highly 

recommended for comfortable viewing experiences. 

 

Figure 2.1 Eye anatomy. 

 

2.1.2 Schematic eye 

While considering the optical qualities of the HVS, anatomically correct schematic eye 

models can be applied to simulate the imaging properties of eyes and to predict the visual 

performance of ophthalmic measurements. Figure 2.2 shows a CODE V® [34] simulation 

of the eye optics by implementing the Arizona eye model [33]. This model consists of 
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five optical surfaces, indicated by 1-anterior cornea, 2-posterior cornea, 3-anterior lens, 

4-posterior lens, and 5-retina. The cornea and lens surfaces are modeled as conic surfaces, 

while the crystalline lens is modeled as a uniform refractive index lens. Given the 

accommodation distance, this model automatically computes the radius curvature, conic 

constant, and refractive index of corresponding surfaces, such that the predicted ocular 

aberrations across the visual field match with clinic level aberrations. Therefore the 

Arizona eye model may be applied to predict the visual performances in complex visual 

instruments and environments, such as to analyze the retinal image quality of the eyes in 

3-D displays. 

 

Figure 2.2 Simulation of the eye optics by the Arizona eye model. Stop (pupil) is located 

at surface 3. 

 

2.1.3 Visual performance 

Human eyes not only have a large field of view (FOV) covering ~200º monocularly in 

the horizontal direction and ~115º binocularly, but also have a fine angular resolution of 

~1arcmin on the fovea. For out of focus objects, the eyes can still perceive it without 
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objectionable degradation in the retinal image quality, known as the depth-of-field (DOF) 

tolerance of the eyes for clear vision. The typical range of DOF is from 0.3D to above 1D 

depending upon pupil size, target spatial frequency, contrast, chromatic aberration, and 

more [35,36,37,38,39]. Under normal conditions and assuming a pupil diameter of 3mm, 

the widely reported DOF value is ~0.6D. Analogues to the DOF limitation on clear vision, 

Panum’s fusional area [40] is defined as the tolerance on binocular stereopsis under 

which a single percept is achieved without diplopia known as double vision. For the 

average population, the Panum’s area is centered around a locus of zero disparity (i.e. 

horopter) with a diameter of about 6-12 arcmins at the center of fovea [41]. While 

considering the sensoric fusion contributed from both accommodation and vergence, the 

Percival’s zone of comfort [42] is defined as the set of vergence and accommodative 

responses that can be achieved without discomfort. The fusional limit of Percival’s zone 

is about 1D at all levels of accommodation/vergence. Additionally, zone of clear single 

binocular vision is known as the range of accommodation and the range of vergence 

possible without excessive error in either [40], with a fusional limit of about 3D at all 

levels of accommodation/vergence. Overall, the cross-link of ocular accommodation and 

vergence enables one to perceive a clear, single binocular image at a very high depth 

resolution, known as the stereoacuity of ~20arcsecs on average. Consequently, the decent 

visual performance quality of the HVS, such as large FOV, high visual acuity, and high 

stereoacuity, set up very high standards for the design of visual instruments, e.g. 3-D 

near-eye displays. 
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2.2 Three-dimensional depth perception 

Three-dimensional depth perception of the HVS is enabled by a variety of 3-D depth cues 

ubiquitous in the natural environment [43]. These depth cues can be directly or indirectly 

sensed through the retinal images of both eyes. Based on the perceptibility by either a 

single eye or both, depth cues can be classified into monocular and binocular depth cues. 

In general, monocular depth cues include: occlusion, linear perspective, aerial 

perspective, motion parallax, relative size, texture gradient, shading, accommodation, and 

blur. Among these cues, accommodation cue is an oculomotor cue affected by the focus 

action of the eyes, while retinal blur cues refer to the blur in proportion to the defocused 

distance from the accommodation distance of the eyes. Since accommodation and retinal 

blur are closely related to the focal distance and DOF of the eyes respectively, they are 

oftentimes referred to as focus cues. 

On the other hand, binocular depth cues consist of binocular disparity and 

convergence. Binocular disparity specifies the differences between the retinal images of 

left and right eyes, while convergence refers to the convergent eye rotations to locate the 

3-D fixation point on the object minimizing binocular disparity. Since accommodation 

and convergence controls in the natural condition are cross-linked, a clear single 

binocular fusion can be achieved when the accommodation distance matches with the 

convergence distance of the eyes. 

Relying upon the available depth cues presented to the viewer, the HVS and brain 

then process and compute the perceived depth from the integration of a number of 

available depth cues. The integration process can be formulated as a Maximum 
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Likelihood estimation (MLE) based on the measurements of all depth cues presented to 

the HVS [44]. In a simplified case, the MLE formula is converted to the minimum 

variance estimation (MVE), through which the variance of perceived depth is consistently 

smaller than the variance of a single estimation from one depth cue. Therefore the HVS 

may rely upon a number of depth cues, both monocular and binocular cues, to perceive 3-

D depth accurately and consistently. In situations where a couple or a number of depths 

cues conflict with each other, the accuracy on perceived depth may decrease and the 

viewer may suffer from illusion and discomfort.  

In modern 3-D displays, most pictorial cues (e.g. linear perspective, aerial 

perspective, and relative size) can be correctly rendered through computer graphics 

rendering techniques (there are also exceptions, e.g. some volumetric displays are unable 

to correctly render occlusion and shading). However in a majority of stereoscopic 

displays, focus cues are incorrect since the image plane of the display is planar and fixed 

in the visual space. It has been suggested that lack of accurate focus cues has potentially 

significant impacts on the accuracy of perceived depths in stereoscopic displays and may 

potentially lead to a few adverse visual artifacts, as will be discussed in more details in 

Section 2.4. 

 

2.3 Three-dimensional display technologies 

Over the past few decades, 3-D display has become one of the most active research areas 

in the field, with numerous 3-D display systems proposed, various prototypes constructed, 

and even a few commercialized. This section gives a brief review of 3-D display 
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technologies, such as stereoscopic displays and volumetric displays, which are relevant to 

the work presented in this dissertation. 

 

2.3.1 Stereoscopic displays 

Most stereoscopic displays recreate 3-D depth sensation by presenting the eyes with a 2-

D image pair of the same scene generated from two slightly different viewpoints. One of 

the key technical problems in stereoscopic display is to separate the left and right eye 

views without excessive cross-talk. Numerous stereoscopic techniques have been 

proposed in the past, including parallax barrier, anaglyph, polarizing filters, and head-

mounted displays (HMDs). Taking the HMD-type stereoscopic display as an example 

[45], as shown in Fig. 2.3, a pair of microdisplays together with eyepiece lenses is 

attached to the viewer’s head. The eyepiece magnifies the microdisplay and forms the 

virtual image (black dashed lines in Fig. 2.3) at a comfortable viewing distance from the 

eyes. Since the optical components of an HMD is ergonomically separated in accordance 

with the IPD of the eyes, the device effectively separates the left and right views with 

significantly less image cross-talk than parallax barrier, anaglyph, or polarizer-based 

stereoscopic displays. 
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Figure 2.3 Schematic illustration of an eyepiece type HMD, with a pair of stereoscopic 

images presented to the left and right eyes respectively. 

  

It is worth mentioning although regarded as a 3-D display, most stereoscopic 

displays indeed have a single and fixed image plane, as shown by the black dashed lines 

in Fig. 2.3. As a result, the focal depth in these displays is a constant disassociated with 

the oculomotor responses of the viewer (e.g. convergence and accommodation), 

potentially leading to a number of negative visual artifacts associated with the viewing of 

stereoscopic displays. 

2.3.2 Volumetric displays 

Volumetric displays differ from stereoscopic displays in a sense that focus cues in 

volumetric displays are correct or nearly correct. In general, lights in a volumetric display 

are physically emanated from multiple distances relative to the viewpoint location of the 

viewer. However as a tradeoff, all voxels within a volumetric space have to be rendered 

without visible flickers regardless of the viewer’s point-of-gaze (POG). Differentiated in 

the ways of addressing the volumetric space, volumetric displays can be categorized into 
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swept-volume [16,17,18] and static-volume [19,20] displays. In a swept-volume 

volumetric display, a flat display surface spins or translates at very high speed 

synchronized with the rendering of 3-D images on the active display surface; while in a 

static-volume volumetric display, the volumetric space is usually predefined without 

mechanical scanning and movement. 

 Although volumetric displays can render focus cues with a decent accuracy by 

portraying hundreds of millions of voxels in real time, the complexity associated with its 

likely high cost limit the potentials of these displays for practical applications. 

 

2.4 Artifacts of stereoscopic displays 

To date, stereoscopic technique 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. Despite its growing popularity in a variety of 

disciplines, most stereoscopic displays suffer a number of adverse visual artifacts 

associated with the long-term usage. 

 Figure 2.4 illustrates the viewing conditions of the real world and stereoscopic 

display. In the real world (a), convergence depth of the eyes always match with the focal 

depth of the real object, thus a clear single binocular image is formed from the fusion of 

left and right eye images. Conversely in a stereoscopic display (b), a pair of stereoscopic 

images of the virtual object (beach ball) is generated and presented at a single and fixed 

image plane, indicated by the display screen in Fig. 2.4. When the left- and right-eye 

images are viewed respectively by the corresponding eyes, the rendered disparity cue of 
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the beach ball elicits the convergent rotations of both eyes, specifying a convergence 

depth differed from the focal depth of the display. As a result, the discrepancy between 

convergence and accommodation may be induced only except when the virtual object is 

rendered at the focal depth of the display. Hoffman et al. [10] investigated the adverse 

consequences of the convergence-accommodation conflict in stereoscopic displays. 

Results of subjective and objective usability studies suggested, as the level of conflict 

between accommodation and convergence increases, a number of visual artifacts are 

elicited including the decrease in stereoacuity, the increase for the time to fuse binocular 

stereopsis, more severe eye discomfort and fatigue, and distortions on perceived 3-D 

depths. Similar psychophysical and usability studies [4,5,6,7,8,9] also indicated the 

association of convergence-accommodation conflict with a number of undesired artifacts, 

such as diplopic vision, image blur, and the decoupling of convergence-accommodation 

cross-links. 

 

(a)          (b) 

Figure 2.4 Schematic illustrations of the viewing conditions of the (a) real-world and (b) 

stereoscopic display. Discrepancy between convergence and accommodation is induced 

in (b). Red solid/dashed lines indicate different accommodative statuses. 
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 Figure 2.5 further compares the viewing conditions of the real world and 

stereoscopic display for a 3-D scene with an extended depth range from near (beach ball) 

to far (Rubik’s cube) distances. In the real world (a), as the viewer alternately shifts 

accommodation/convergence between the beach ball and Rubik’s cube, the object of 

fixation is clearly in focus (accommodation cue) while the defocused one is perceived as 

a blurry retinal image (retinal blur cue). On the contrary in stereoscopic display (b), both 

beach ball and Rubik’s cube are in focus when the viewer fixes accommodation (red solid 

line) on the display screen, or equally blurred when the viewer’s accommodation distance 

(red dashed line) equals to the convergence depth dictated by the binocular disparity cue. 

Consequently, focus cues, including accommodation cue and retinal blur cue, may be 

incorrectly rendered in stereoscopic displays as opposed to those of the real world in (a). 

Researchers suggested that the incorrect focus cues may affect the accuracy on depth 

perception, and may induce image blur and diplopic vision in viewing stereoscopic 

displays [10,15]. 
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(a)      (b) 

Figure 2.5 Schematic illustrations of the viewing conditions of the (a) real-world and (b) 

stereoscopic display for a scene with an extended depth range from near (beach ball) to 

far (Rubik’s cube) distances. The inset retinal images illustrate incorrect focus cues in (b). 

Red solid/dashed lines indicate different accommodative status. 

 

 The above-mentioned visual artifacts may ultimately lead to the degradation of 

the viewer’s visual functionalities or even to the permanent damage, limiting the 

applicability of stereoscopic displays for demanding applications and daily usages. 

Therefore, methods to render more accurate focus cues shall be explored to reduce the 

convergence-accommodation conflict and to alleviate the unwanted visual artifacts 

commonly exist in conventional stereoscopic displays. 
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3 PRESENT STUDY 

This chapter presents the methods and apparatus for generating addressable and near-

correct focus cues in a stereoscopic display, with the objectives to reduce convergence-

accommodation conflict as well as other associated visual artifacts for improved 3-D 

depth sensations by the viewer. 

Three methods to address focus cues are explored, including the vari-focal plane, 

multi-focal plane, and depth-fused 3-D approaches. The objectives of the dissertation are 

the design, optimization, and evaluation of these methods to improve the rendering of 

focus cues in terms of the level of accuracy, continuity, and speed at affordable hardware 

and computational costs in stereoscopic displays. 

 

3.1 Related work 

Recently a number of novel stereo displays have been proposed with the aim to render 

correct or near-correct focus cues. Different from conventional stereoscopic displays, 

these approaches may improve the accuracy on rendered focus cues, either through the 

dynamic control of the focal distance of the display [21,22] or by generating a stack of 

image planes at discrete focal depths [23,24,25,26,27,28]. Compared to volumetric 

displays, the addressable focus approaches present the projection of a volumetric space 

on a single or multiple image planes, rather than rendering millions of voxels in real-time. 

Consequently, these displays are in general more computational effective than a 

volumetric display, except that the viewpoint of the viewer has to be given or 

dynamically tracked. This section summarizes prior literature and the state-of-the-art of 



 33

stereo displays with addressable focus cues, with the particular interests on vari-focal 

plane, multi-focal plane, and depth-fused 3-D methods. These approaches differ in their 

hardware and software complexity, thus are capable of rendering focus cues to a 

corresponding level of authenticity and speed. 

In a vari-focal plane approach, the focal distance of single image plane is 

dynamically controlled either through a mechanical mechanism or by an electro-optical 

device. For instance, Shiwa et al. [21] proposed a 3-D display with accommodation 

compensation through the axial translation of a relay lens in an HMD-type stereoscopic 

display. Shibata et al. [22] developed a similar type display by means of mechanical 

movement of the image source along the optical axis. In the later example, 

accommodation distance of the viewer is tracked in real-time by an infrared optometer 

device, so that the focal distance of the display always matches with the accommodation 

distance of the viewer. Although being capable of rendering adaptive accommodation 

cues, these vari-focal plane displays were unable to render retinal blur cues of the 3-D 

space. On the other hand, Hillaire et al. [46] proposed a stereoscopic display with 

simulated retinal blur cues, by tracking the 3-D focus point of the viewer and 

simultaneously rendering corresponding image blur effects using graphics hardware 

accelerated programs, also know as DOF rendering in computer graphics literature. 

However this graphical approach failed to render accurate accommodation cues, since the 

image plane of the display was still fixed in the visual space. It is worth mentioning for 

the vari-focal plane approach, either convergence or accommodation distance of the 

viewer has to be tracked in real-time, so that both accommodation cue and retinal blur 
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cues can be correctly addressed in accordance with the convergence status and DOF of 

the eyes. 

Alternatively, in multi-focal plane displays, a stack of image planes is generated 

throughout a volumetric space at discrete focal depths from the viewpoint. In contrast to 

the vari-focal plane method, a multi-focal plane display method does not require tracking 

accommodation or convergence distances of the viewer. However in order to achieve a 

depth resolution compatible with the stereoacuity of the HVS, a large number of focal 

planes have to be sampled within the 3-D space. For instance accounting the visual 

acuity, stereoacuity, and pupil size of the human eyes, Rolland et al. [23] suggested that a 

constant 1/7D separation between adjacent focal planes is necessary for creating a 14-

focal plane display with an extended depth range from infinity (0D) to 50cm (2D). 

Apparently the practical implementation of such method is challenging due to the large 

number of focal planes to be addressed and multiplexed. 

Without compromising the accuracy and continuity on rendered focus cues, a 

potential solution to reduce the necessary number of focal planes is known as the depth-

fused 3-D (DFD) method, in which virtual objects can be rendered between adjacent 

focal planes by adjusting the distributed luminances of the rendered object on both front 

and back focal planes. For simplicity, a dual-focal plane DFD display is considered as an 

example. In order to render a virtual object located at the dioptric mid-point between two 

focal planes, the object is rendered not only on the front but also on the back focal plane 

with its luminance evenly divided between the two. If the front and back focal plane 

images are aligned such that they overlap in the visual space, the viewer apparently 
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perceives the virtual object in the middle of two focal planes instead of on either front or 

back focal planes. If the distributed luminance on the front focal plane increases from 

half to the total luminance, the apparently perceived depth monotonically shifts from the 

dioptric mid-point to the front focal depth, and vice versa for the back focal plane. The 

ratio of the luminance of the virtual object rendered on either focal plane to the total 

luminance of the same object is defined as the depth filter (see “Eq. 1” in Appendix D). 

In general, the perceived depth is a function of the form of depth filters as well as the 

focal depths of the two image planes (see “Eq. 2” and “Fig. 4” of Appendix D); while the 

inverse relationship of the depth filter versus the rendered depth is referred to the depth-

weighted fusing function (see “Eq. 3” and “Eq. 5” of Appendix D). Recently, Akeley et 

al. [26] demonstrated a proof-of-concept three-focal plane display prototype implemented 

with a linear depth-weighted fusing function. Similar linear depth filters are also applied 

in dual-focal plane displays with either stacked or L-shaped focal plane arrangement. 

Although the linear depth filter can simulate continuous focus cues of a volumetric space, 

there have been relatively few study on evaluating the accuracy of rendered focus cues by 

applying such filter. Hoffman et al. investigated the retinal image quality in a three-focal 

plane DFD displays implemented with a linear depth filter [10]. The quality of rendered 

focus cues was found to be affected by pupil size, ocular aberrations, and spatial 

frequency of the displayed image. 

In summary, none of previous addressable focus displays has the capability of 

incorporating vari-focal plane, multi-focal plane, and depth-fused 3-D methods into a 
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cohesively integrated system, enabling the flexible, precise, and real-time addressability 

of focus cues. 

 

3.2 Optical design of addressable focus displays 

This section presents the optical design of a variable focus display integrated with a vari-

focal optical element. Such design creates the starting point for the hardware 

implementation and development of the focus-cue rendering methods. 

 Motivated by the accommodative capability of the HVS, an active optical 

element—a liquid lens—is incorporated in the design of an optical see-though HMD 

(OST-HMD). Analogous to the crystalline lens in human eyes, the optical power of the 

liquid lens can be modified by applying AC voltages between the fluids’ interface, known 

as the electrowetting phenomenon [47,48]. The liquid lens hence generates variable focal 

distances of the HMD without involving mechanically moving components. Figure 3.1 

shows a photograph of the liquid lens by Varioptic [49]. It has a dioptric range from -5D 

to above 20D, a response speed of ~10msec to ~75msec, and a clear aperture of 2.5mm to 

3mm. Detailed specifications of the selected liquid lenses are listed in Table 3.1. 

 

Figure 3.1 Photograph of the liquid lens with mechanical mount. 
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Table 3.1 Specifications of the liquid lens. 

Specification 
Parameter 

ARCTIC320 ARCTIC314 

Applied voltage range 0Vrms~60Vrms 0Vrms~60Vrms 

Optical power range -5D~20D -5D~20D 

Effective aperture 3mm 2.5mm 

Response time (90% rise time) 75msec 9msec 

Operate wavelength Visible Visible 

Linear range 38Vrms~49Vrms 38Vrms~49Vrms 

Driving frequency 1kHz 1kHz 

Wavefront distortion (RMS) <0.5μm 80nm typ. 

Transmittance (@ 587nm) >90% >97% 

 

The first-order optical design of the variable focus OST-HMD was presented in 

detail in Appendix C (see “Fig. 1” in [31]). In brief, the liquid lens functions as both the 

system stop and the vari-focal element in the OST-HMD. Additionally since the liquid 

lens is optically conjugate to the entrance pupil of the eye, the accommodative change by 

the eyes can be adaptively compensated by the optical power change of the liquid lens. 

With the details of the first-order design outlined in Appendix C, the modeling 

and optimization of the OST-HMD is discussed in details hereby. Two issues related to 

the optimization process are considered. First of all, the optical system needs to be 

optimized such that it compensates the wavefront errors inherent to the liquid lens. It is 

thus essential to model and analyze the wavefront aberrations of the liquid lens at 

different accommodation settings. Secondly, due to the continuous accommodation 

control of focus cues, the optical system needs to be optimized across the entire 
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accommodative range of the display, leveraging the accommodative capability of the 

human eye (e.g. from 5D to 0D), rather than at one fixed focal distance. 

In simulating the imaging properties of the liquid lens in CODE V®, three 

wavelengths of 486nm, 587nm, and 656nm are chosen for an on-axis visual field with the 

object distance set at infinity. Figure 3.2 plots the predicted wavefront aberrations of the 

liquid lens as a function of the applied voltage. Dominant wavefront aberrations include 

spherical aberration (SA) (red circle markers) and axial color (blue square markers). 

Within the available range of the driving voltage, axial color remains a constant of -0.1 

waves, but SA varies with the driving voltage. For instance, when the applied voltage is 

38Vrms, the liquids’ interface is flat (left inset) which in turn yields zero waves of SA; 

when the driving voltage is above 60Vrms, the liquids’ interface becomes strongly 

curved (right inset) which in turn induces a SA over -0.1waves and varying rapidly with 

the applied voltage. 

 

Figure 3.2 Wavefront errors of the liquid lens for an on-axis visual field as a function of 

applied voltage. 
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The above simulation results suggest that in order to maintain consistent good 

image quality throughout the entire focal range of the OST-HMD, the liquid lens should 

be driven under a voltage range within which the wavefront error does not vary 

significantly. Since the variation of SA is slow around the flat liquid’s interface status 

indicated by Fig. 3.2, after a few trials of optimization, applied voltages at 38Vrms, 

41Vrms, and 43Vrms were chosen to address the focal distances of the OST-HMD at 5D, 

3D, and 1D respectively. Table 3.2 lists the general specifications of the OST-HMD 

design with addressable focal distances. 

Table 3.2 Specifications of the OST-HMD design. 

Parameter Specification 

Image source  

    Microdisplay 0.59” OLED microdisplay (eMagin Co.) 

    Size 11.989mm x 8.992mm (H x V) 

    Resolution 800 x 600 pixels 

    Color pixel pitch 15μm x 15μm  

    Wavelengths 486nm, 587nm, 656nm 

Display  

    Field of view 28° x 21° 

    Angular resolution 2.1arcmins x 2.1arcmins 

    Effective focal length 21.7mm 

    Entrance pupil diameter 3.2mm 

    F/# F/6.8 

    Focal distance 5D, 3D, 1D 

Liquid lens  

    Driving voltage 38Vrms (5D), 43Vrms (3D), 45Vrms (1D)

 

The optimized design layout, with a full diagonal FOV of 35-degrees, is shown in 

Fig. 3.3. The optical elements were optimized at three optical zooms with different focal 
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settings of 5D, 3D and 1D, respectively. The liquids’ interfaces corresponding to three 

focal distances are shown as the insets. The modulation transfer functions (MTFs) 

corresponding to the three optimized zooms are shown in Fig. 3.4, which demonstrate 

consistently high performance, i.e. above 50% of contrast at a 40lps/mm spatial 

frequency. Applying a diffractive optical element (DOE) approach in [50], it is possible 

to further simplify the achromat-singlet lens group to a single plastic element to improve 

the system portability, which may be considered for future work. 

 

Figure 3.3 Layout of the variable focus OST-HMD with a liquid lens. Insets: liquids’ 

interface under driving voltages of 38Vrms (top), 41Vrms (middle), and 43Vrms 

(bottom), yielding accommodation cues at 5D, 3D, and 1D respectively. 
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(a)      (b) 

 

(c) 

Figure 3.4 MTF performances of the variable focus OST-HMD at the accommodation 

distances of (a) 5D, (b) 3D, and (c) 1D, respectively. 

 

 Based on the above modeling and optimization, a prototype OST-HMD with 

variable focal distances was built and had been presented in Appendices A and C. A 

photograph of the bench setup can be found in “Fig. 2” of Appendix A. Finally in Fig. 3.5, 

consistent good quality images of the vari-focal plane OST-HMD are demonstrated at the 

focal settings of 6D (Fig. 3.5-a), 3D (Fig. 3.5-b) (33cm), and 1D (Fig. 3.5-c) respectively. 

Since off-the-shelf imaging lenses instead of those in the optimized design were 
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implemented, virtual images in Fig. 3.5 demonstrate a reduced diagonal FOV of ~24° and 

the display prototype has an exit pupil of ~3mm [31]. 

   

 (a)      (b) 

 

(c) 

Figure 3.5 Virtual images of the OST-HMD prototype with the focal settings at (a) 6D, (b) 

3D, and (c) 1D respectively. 

 

3.3 Vari-focal plane display 

In a conventional stereoscopic display, since the 3-D fixation point of the eyes are usually 

unknown, rendered focus cues and focal depth of the display are decoupled with the 

vergence and accommodation responses of the viewer potentially leading to a number of 
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adverse visual artifacts. A novel method to simultaneously address accommodation cue 

and to render retinal blur cues in a vari-focal plane display is proposed in this section. 

The display system, named as variable-focus gaze-contingent display (VF-GCD), 

simulates the projection of a 3-D space on a moving 2-D image plane which is adaptively 

collocated at the convergence depth of the eyes. Compared to conventional stereoscopic 

displays, the discrepancy between accommodation and convergence can be potentially 

reduced and near-correct focus cues of a 3-D space can be rendered. The concept and 

detailed system framework of VF-GCD can be found in “Fig. 1” and “Fig. 2” of 

Appendix B. Major experimental results of VF-GCD were reported in “Section 4” of 

Appendix B [30]. The following three sections discuss the addressable accommodation 

cue (Section 3.3.1), convergence tracking (Section 3.3.2), and blur cues rendering 

(Section 3.3.3) methods respectively. Section 3.2.4 in the end summarizes the 

conclusions from Appendix B. 

 

3.3.1 Addressable accommodation cues 

The liquid lens based OST-HMD prototype is adopted to generate addressable 

accommodation cues in the VF-GCD. As discussed in Section 3.2.1 of the dissertation, 

the addressable accommodation cue enabled by the liquid lens ranges from infinity (0D) 

to as close as 12.5cm (8D), well above the comfortable accommodative range of the eyes 

(e.g. from 0D to 4D). Meanwhile, the response speed of the liquid lens is less than 100ms, 

which guarantees the display can respond to instantaneous accommodation update of the 

eyes, which has an average speed of ~0.37sec [51]. 
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Integrated with a binocular eye tracker, the optical axis of the original OST-HMD 

prototype was modified to be perpendicular to the optical bench (see “Fig. 5” in 

Appendix B) rather than in parallel (see “Fig. 2” in Appendix A). By this way the 

spherical mirror was attached to the viewer’s head underneath both eyes, rather than in 

front of the nose bridge partially blocking the center visual field. 

 

3.3.2 Convergence tracking 

Although the liquid lens can dynamically change the focal depth of the display, the first 

OST-HMD prototype presented in Appendices A and C was not a closed-loop system. In 

a closed-loop system, the focal change by the OST-HMD needs to be synchronized with 

the vergence/accommodation responses of the viewer. In consequence, the focal distance 

of the display always matches with the convergence/accommodation distance of the 

viewer. Corresponding retinal blur cues of the 3-D space thus can be rendered by the 

graphics hardware given the focal depth (or convergence depth) of the eyes. In Appendix 

B of the dissertation, a binocular eye tracker was implemented in the VF-GCD prototype. 

The eye-tracked convergence distance hence was utilized by the liquid lens and graphics 

hardware to address the focal distance (accommodation cue) and to render DOF effect 

(retinal blur cues), respectively. 

The prototype implementation and calibration of the binocular eye tracker were 

discussed in detail in “Section 3.2” of Appendix B. In principle the gaze direction of each 

eye is determined by one of the binocular eye trackers, which outputs 2-D fixation 

coordinate of each eye on a common calibration screen placed at a remote distance from 
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the viewer. Then the convergence distance can be retrieved from the cross of gaze 

directions of left and right eyes, given the relative coordinates between the viewpoints of 

the eyes to the local coordinates of the calibration screen. 

While tracking the convergence distance in real-time, jittering on the eye tracking 

data was reported. The jittering effect may be induced in part by transverse head rotations 

and longitudinal head translations of the viewer relative to the fixed display setup. Based 

on the tracking algorithm proposed in “Eq. 1” and “Fig. 3” of Appendix B, the effects of 

head movements on jittering are investigated. As shown in Fig. 3.6, when the relative 

distance between the calibration screen and the viewer is small (e.g. 25cm), the 

percentage of tracking error on convergence distance is consistently greater than 

when . Therefore in Appendix B, the 2-D calibration screen was setup at 

~78cm away from the viewer. At such distance, not only tracking errors were reduced but 

also the calibration screen (i.e. a 21” LCD monitor) subtended a FOV approximately 

matching with the FOV of the VF-GCD prototype. 

0z

100 cmz0
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(a)     (b) 

Figure 3.6 Percentage of tracking errors of the convergence distance versus (a) transverse 

rotational angle and (b) axial translation of the head with respect to the fixed display 

position. Calibration screen is setup at 100cm (red square markers) and 25cm (blue circle 

markers) respectively from the eyes. 

 

Another technique to reduce jittering was introduced in [52], in which a robust 

tracking is achieved by averaging the presently tracked coordinate with a few previously 

tracked coordinates. A similar method was implemented in the VF-GCD system. 

Averaging 2~3 data points greatly reduced the jittering without noticeable tracking lags. 

Figure 3.7 shows the eye-tracked convergence distances as the viewer alternately shifts 

his convergence distances among four real targets set along the visual axis at 3D, 2.5D, 

2D, and 1.5D, respectively. With averaging 3 data points, the standard deviation of the 

eye-tracked convergence distance within a 2-second time frame (blue window in Fig. 3.7) 

is reduced from 0.035D (a) to 0.014D (b). 
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(a)     (b) 

Figure 3.7 Eye-tracked convergence distances with visual stimuli presented at 1.5D, 2D, 

2.5D, and 3D respectively from the viewer. The standard deviation within the blue 

window is reduced from (a) 0.035D (without jittering reduction) to (b) 0.014D (with 

jittering reduction). 

 

 The robust convergence tracking capability plays a significant role in VF-GCD 

for both real-time focal adjustment and the rendering of DOF effects. With all these 

essential components cohesively synchronized, a VF-GCD can potentially alleviate the 

vergence and accommodation conflict as commonly exist in traditional stereoscopic 

displays and present the viewer with near-correct focus cues. 

 

3.3.3 Blur cue rendering 

Conventional stereoscopic displays lack the capability of correctly rendering focus cues. 

For instance in Fig. 3.8 (a), all virtual objects (bunnies at 3D, 2D, and 1D, and a 

background at 0.5D in depths) rendered by conventional OpenGL techniques are clearly 

in focus, rather than blurred in proportion to the amount of defocus relative to the focal 

distance of the viewer. When this image is displayed on a single and fixed image plane, 

the stereoscopic display presents the viewer with a flattened 2-D surface lacking of 
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correctly rendered focus cues which in turn may induce the conflict among depth cues. It 

has been suggested [53] that by tracking viewer’s 3-D fixation point in real-time, 

computer graphics hardware can dynamically render the DOF effects of the virtual scene 

in accordance with the present focal status of the eyes, thus alleviating the discrepancy 

between focus cues and other pictorial cues. 

In the computer graphics literature, real-time DOF rendering [54] is commonly 

referred to as the capabilities of dynamically rendering the virtual object within the eye’s 

focus as a clear image (e.g. red bunny in Fig. 3.8-d) while those out of focus with the 

appropriate blur (e.g. brown/green bunnies and the background in Fig. 3.8-d). When the 

DOF rendering is synchronized with a binocular convergence tracking, a stereoscopic 

display can present the viewer with pseudo-correct focus cues of a virtual world matching 

with his/er focal status. 

Detailed DOF rendering processes are as the followings. First of all, a pin-hole 

image  of the virtual scene is rendered through conventional OpenGL rendering 

pipelines, as shown in Fig. 3.8 (a). Then the pin-hole image is downsampled and 

Gaussian blurred, as shown by 

0I

'I in Fig. 3.8 (b). Meanwhile a degree-of-blur (DOB) map 

(see “Eq. 2” of Appendix B) is generated by shader programs, such as Graphics Library 

Shading Language (GLSL), as shown by in Fig. 3.8 (c). Finally, a composite image  

is generated by blending with 

NI

0I 'I while interpolating as the alpha channel: NDOB
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where N refers to the number of iterations for the alpha blending. An iteration of 

can smoothly blend with '6~4N 0I I without noticeable artifacts. A final image with 

nearly correct focus cues of the virtual scene is shown in Fig. 3.8 (d), with the assumption 

of a convergence/accommodation distance of the eyes at 2.5D (red bunny). Consistent 

with the focal depth of 2.5D of the viewer, the red bunny at the same distance is in focus 

while other bunnies and the background are blurred in accordance with the amount of 

defocus from 2.5D. 
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(a) Pinhole image (I0)   (b) Blurred image (I’) 

   

(c) DOBN (α)    (d) Final image ( , N=5) NI

Figure 3.8 Iterative alpha blending for rendering near-correct focus cues of a virtual scene. 

From the viewpoint of the viewer, the brown, red, and green bunnies are located at 3D, 

2D, and 1D respectively while the background is located at 0.5D. 

 

The iterative alpha blending technique helps to reduce artifacts in the rendered 

virtual image, such as color leakage [55] and incorrect occlusion edge blur [56]. A review 

on related DOF rendering techniques and the implementation of the DOF rendering 

algorithm in the VF-GCD were presented in “Section 3.3” of Appendix B. 

 

3.3.4 Experiments and results 

The experimental setup and results on the VF-GCD system were reported in “Section 4” 

of Appendix B. In conclusion, the variable focal distance of the VF-GCD system 

consistently matches with the eye-tracked convergence distance of the viewer. 
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Meanwhile virtual scenes with an extended depth range (e.g. from 3D to 0.5D) can be 

rendered with pseudo-correct blur cues by means of GLSL shader programs. Overall the 

VF-GCD approximates the viewing condition of the real world, with reduced conflicts 

between accommodation and convergence as opposed to conventional stereoscopic 

displays. 

 

3.4 Multi-focal plane display 

In a VF-GCD, focus cues are dynamically rendered by the liquid lens and graphics 

hardware, synchronized with the convergence distance of the eyes. However in a multi-

focal plane display, near-correct focus cues can be rendered through multiple focal planes 

placed at discrete distances throughout a volumetric viewing space, without the necessity 

of tracking convergence or accommodation distance. As the axial density of focal planes 

increases, multi-focal plane display approximates a volumetric space with improved 

continuity and depth resolution on rendered focus cues. 

This section summarizes the research efforts for multi-focal displays. In Section 

3.4.1, a novel time-multiplexed multi-focal plane display is presented, with a major 

reference attached in Appendix C; while Section 3.4.2 investigates the method of a 

spatial-multiplexed multi-focal plane display, with potentially higher frame rate than the 

time-multiplexed approach. 
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3.4.1 Time-multiplexed multi-focal plane display 

As discussed in Section 3.2, an active optical element, such as a liquid lens, can 

dynamically change the focal distance of the display from far to near distances and vice 

versa. If driven time-sequentially to create multiple focal distances at a high refresh rate, 

the optical design in Section 3.2 can be adapted into a multi-focal plane display without 

significant hardware modifications. Meanwhile since focus cues are rendered discretely 

throughout the 3-D space, it is unnecessary to track viewer’s accommodation or 

convergence distance under such scenario. 

In designing a time-multiplexed multifocal plane display,, the maximum 

achievable frame rate can be calculated by: 

...3,2,1.min  N
N

f
fN     (2) 

where N is the total number of focal planes to be addressed, and  is the lowest 

response speed (in Hz) among the active optical element, the image source 

(microdisplay), and the graphics rendering hardware. A flicker-free display system 

requires f

minf

N at least 50Hz or better. 

 The liquid lenses have limited response speeds of ~75msec (ARCTIC320) and of 

~10msec (ARCTIC314). Take the faster liquid lens ARCTIC314 as an example. When 

this element is addressed time-sequentially, it takes ~10msec to settle down with a 

stabilized focal power to render the accommodation cue of the multi-focal plane display 

at a designated focal depth. Taking such effect into account, a modified mechanism for 

driving both the liquid lens and the image source is proposed in Appendix C (see “Fig. 
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2”). In principle, the microdisplay is turned off during the settling time of the liquid lens, 

and then turned on when the focal power of the liquid lens is stabilized. Accordingly the 

maximum achievable frame rate is modified to: 


















...3,2.
2

1.

min
1

min1

N
N

f
f

Nff

N

N

    (3) 

Consider a 75Hz graphics hard, 75Hz microdisplay, and 10msec liquid lens as an 

example. When a single focal plane is generated (i.e. conventional stereoscopic display 

scenario), HzfN 751  . However, if a time-multiplexed dual-focal plane is generated 

( ), the maximum frame rate is reduced to2N HzfN 75.182 

HzfN 5.123

, four times slower than 

the single focal plane counterpart. Furthermore, if the display is driven at a tri-focal plane 

mode ( ), the frame rate is further reduced to3N  . Apparently in order to 

generate multiple image planes at flicker-free rate, the time-sequential method requires 

much faster response speed on the active optical element, microdisplay, and graphics 

card, than those of the single-focal plane scenario. A detailed discussion on the speed 

limitation of the time-sequential approach can be found in “Section 3.2” of Appendix A. 

 Although the currently achievable frame rate on a liquid lens based multi-focal 

plane display is limited, near-correct addressable focus cues can be rendered at multiple 

discrete focal depths. Considering the conventional stereoscopic method as shown in Fig. 

3.9, three virtual tori located at 3D, 2D, and 1D respectively are rendered on a single 

image plane. When this image is presented at a fixed focal distance (e.g. 2D) from the 

eyes, all three tori are in focus if the camera is focused at 2D (Fig. 10-b), or equally 
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blurred if the camera is focused at either 3D (Fig. 10-a) or 1D (Fig. 10-c). The display 

images in Fig. 13 prove that a conventional stereoscopic can not render accurate focus 

cues of the 3-D space simply on a single and fixed image plane. 

 

Figure 3.9 Three tori, located at 3D (big torus), 2D (medium torus), and 1D (small torus) 

in depths, are rendered on a single image plane in a conventional stereoscopic display. 

 

   

Figure 3.10 Display images demonstrate incorrect focus cues of the tori, which are all in 

focus if the camera is focused at (b) 2D, while equally blurred if the camera is focused at 

(a) 3D and (c) 1D. 

 

 However in a time-multiplexed dual-focal plane display, two virtual tori, one 

located at 3D while the other at 1D, are rendered separately on the front (Fig. 11-a) and 

back (Fig. 11-b) focal planes. When the two image planes are rendered time-sequentially 
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synchronized with the focal change of the liquid lens, correct focus cues of both tori are 

demonstrated in Figs. 12 (a) and (b) as the camera focuses at 3D and 1D respectively. 

  

(a)    (b) 

Figure 3.11 Two tori, located at 3D and 1D, are rendered on the (a) front and (b) back 

focal planes respectively in a time-multiplexed dual-focal plane display. 

 

  

(a)    (b) 

Figure 3.12 Display images demonstrate correct focus cues of the tori when the camera is 

focused at (a) 3D and (b) 1D respectively. 

  

Similarly a time-multiplexed tri-focal plane display can be generated, by 

rendering three virtual tori located at 3D, 2D, and 1D on the front (Fig. 13-a), middle (Fig. 

13-b), and back (Fig. 13-c) focal planes respectively. Correct focus cues of the tori in the 

tri-focal plane display are demonstrated in Figs. 14 (a), (b), and (c) as the camera focuses 

at 3D, 2D, and 1D respectively. 
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(a)    (b)    (d) 

Figure 3.13 Three tori are rendered separately on the (a) front, (b) middle, and (c) back 

focal planes in a time-multiplexed tri-focal plane display. 

 

   

(a)    (b)    (d) 

Figure 3.14 Display images demonstrate correct focus cues of the tori when the camera is 

focused at (a) 3D, (b) 2D, and (c) 1D respectively. 

 

To conclude, near-correct discrete focus cues of a volumetric space can be 

rendered on a stack of time-multiplexed image planes, by synchronizing the focal 

changes of the active optical element with the rendering of multiple image planes. The 

time sequential method requires fast response speeds on the active optical element, 

microdisplay, and graphics hardware. However, due to the limited response speed of the 
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liquid lens and OLED microdisplay, the maximum achievable frame rate for a dual-focal 

plane mode is up to 18.75Hz and further reduced to 12.5Hz for a tri-focal plane mode. 

 

3.4.2 Spatial-multiplexed multi-focal plane display 

Based on an OST-HMD prototype, a spatial-multiplexed multi-focal plane display is 

implemented, as shown in Fig. 3.15. Instead of fast-switching the optical power of the 

liquid lens, two micordisplays (  and ) are installed and their images are recombined 

by a beam splitter (BS1) to generate two discrete focal planes ( and ) at and  

respectively in the viewing space. Potential advantages of the spatial-multiplexed method 

are the increased frame rate and less driving complexity for the active optical element and 

the image source. However, this method requires a large number of microdisplays to be 

spatially multiplexed as the number of addressable focal planes increases, which imposes 

a significant engineering challenge. 

1I 2I

1'I 2'I 1z 2z

 

Fig. 3.15 Schematic diagram of a spatial-multiplexed dual-focal plane display. 



 58

Different from the time-multiplexed approach in which a single microdisplay 

provides the image sources of multiple image planes, the virtual images of and in a 

spatial-multiplexed approach have to be aligned with each other such that the virtual 

objects rendered on both focal planes are registered along the viewing directions. In order 

to seamlessly fuse the front and back focal plane images in the eye space, the 

homography mappings from  to  by  and from  to  by  are 

objectively determined by: 

1'I 2'I
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where indicate the 2-D coordinates of , indicate the 2-D coordinates 

of the corresponding image features in , and refers to the homography 

transformation matrix from to  determined by the imaging lens group (L and mirror in 

Fig. 3.15), and vice versa of for the back focal plane image. After the homography 

matrices are objectively measured, the following transformation is applied, for instance to 

distort the front focal plane image by Eq. (11), such that is registered with  in the 

viewing space: 
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 Figure 3.16 shows the dual-focal plane images of the spatial-multiplexed dual-

focal plane display before (a) and after (b) the registration calibration. In (a), the mean 

alignment errors between front (red grids, ) and back (green grids, ) focal plane 

images are 15arcmin and 22arcmin in the horizontal and vertical directions, respectively. 

After calibration, the alignment errors are significantly reduced to 0.47arcmin (H) and 

0.55arcmin (V) in (b). The well calibrated registration between front and back focal plane 

images is essential for the implementation of depth-fused 3-D algorithm in the multi-

focal plane displays, as will be discussed in details in Section 3.5. 

1'I 2'I

   

(a)     (b) 

Fig. 3.16 Captured images of a spatial-multiplexed dual-focal plane display. Alignment 

errors between the front (red grids, at 2.9D) and back (green grids, at 1.3D) focal 

plane images are reduced in (b) after the registration calibration. 

1'I 2'I

 

3.5 Depth-fused 3-D displays 

In the multi-focal plane display, a number of 2-D images are presented at discrete focal 

distances from the viewpoint of the display. However, in order to simulate a volumetric 

space with decent accuracy and depth resolution on rendered focus cues, the volumetric 

space has to be sampled with a large number of discrete focal planes, in which the depth 
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separation between any two focal planes shall be imperceptible for the viewer given the 

visual acuity, stereoacuity, and DOF of the eyes [23]. Additionally, as the depth range 

and the number of focal planes increases, both the active optical element and the 

microdisplay have to be addressed at proportionally higher speed for the time-

multiplexed scenario, while for the spatial-multiplexed scenario a large number of image 

sources (e.g. microdisplays) has to be installed at increasing hardware complexities and 

computational costs. 

 Alternatively, a depth-fused 3-D (DFD) algorithm [25,26] can be applied by 

which a continuous volumetric space can be rendered between two or more discrete focal 

planes. By further optimizing the spatial arrangement of multiple discrete focal planes 

along the axial direction as well as the form of the depth-weighted fusing function, a 

virtual scene can be rendered with continuous and near-correct focus cues simulating a 

volumetric 3-D space. 

A linear depth-weighted fusing function, similar to those of [25,26], is firstly 

implemented in a time-multiplexed dual-focal plane HMD prototype. Figure 3.17 shows 

the computer generated dual-focal plane images of a cylinder, with an extended depth 

range from 3D (front-left end) to 1D (back-right end). For the front focal plane image in 

Fig. 3.17 (a), the luminance level of the cylinder linearly decreases from its front end to 

the back end. Vice versa for the back focal plane image in (b), the luminance level 

decreases in the opposite direction. 
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(a)     (b) 

Fig. 3.17 Rendered (a) front and (b) back focal plane images of a slanted cylinder with an 

extended depth range from 3D to 1D. A linear depth filer is applied. 

 

Figure 3.18 shows the experimental results on the rendered focus cues of the 

cylinder presented by the DFD display. Taking Fig. 3.18 (a) as an example, when the 

camera focuses at 3D, the front-left end of the cylinder is in sharp focus while the amount 

of blur, in proportion to the relative distance from the camera focus at 3D, monotonically 

increases towards the back-right end. Vice versa when the camera focuses at 1D in (b), 

the directional variation (in depth) of the degrees of blur is reversed. Figure 3.18 (c) 

shows the cylinder image as the camera focuses at 2D, which is at the dioptric midpoint 

between front (3D) and back (1D) focal planes. The cylinder appears to be equally 

blurred across the entire depth range. In contrast in the same figure, the real target located 

at 2D is in sharp focus while those at other distances are blurred. Overall, the dual-focal 

plane DFD display renders focus cues of a virtual scene with an extended depth range 

from the front to the back focal depths. The DFD prototype, however, is unable to 

correctly render focus cues at the middle focus position, partially due to the large dioptric 

spacing (i.e. 2D) between the two focal planes. It is therefore necessary to investigate the 
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optimal DFD designs and to analyze the quality of rendered focus cues in a multi-focal 

plane DFD display. 

       

(a)      (b) 

   

(c) 

Fig. 3.18 Captured images of the time-multiplexed dual-focal DFD display as the camera 

focuses at (a) 3D, (b) 1D, and (c) 2D, respectively. Front focal plane of the DFD display 

is located at 3D while the back focal plane is at 1D. 

 

In Appendix D of this dissertation, the retinal image quality in a depth-fused 

multi-focal plane display was systematically studied. Two fundamental issues related to 

the DFD designs were addressed. The first refers to the appropriate dioptric spacing 
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between adjacent focal planes, and the other refers to the optimal form of the depth-

weighted fusing function to render a continuous 3-D space with near-correct focus cues. 

A number of factors, including both ocular and display factors, were considered in such 

analysis and their effects on the retinal image quality were quantitatively determined. The 

Arizona eye model with accommodative capability together with the DFD display is 

setup in CODE V®. Based on the modeling of point spread functions (PSF) of a dual-

focal plane DFD display, MTFs of the retinal images were computed from the Fourier 

Transform (FT) of the PSFs. An integrative retinal image quality analysis in Appendix D 

suggested an optimal depth filter in the form of a nonlinear functionality instead of the 

widely reported linear one. Also an optimal depth separation of ~0.6D between adjacent 

focal planes is recommended, compatible with the DOF of average eyes. The image 

simulation results showed that, by implementing the nonlinear depth filter in a 6-focal 

plane display with an equal plane-to-plane separation of 0.6D (see Fig. 3.14 in Section 

3.3.3), a volumetric space with an extended depth range from 0D to 3D can be rendered 

with continuous and near-correct focus cues. Details of the study and the conclusions are 

included in the Appendix D of this dissertation. 

 

3.6 Preliminary depth perception assessment 

To better understand how the depth perception is affected by and how the HVS responds 

to the addressable accommodation cues rendered in a vari-focal plane OST-HMD 

prototype, two studies were conducted: one is a depth judgment experiment in which the 

perceived distance of the virtual display with respect to the variable accommodation cue 
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rendered by the active optical element are determined; the other is an objective 

measurement in which the accommodative response of the viewer to the variable 

accommodation cues were objectively measured by a near infrared autorefractor device. 

For the first experiment, with all depth cues except the accommodation cues 

presented by the display being minimized, the subjects can still perceive the rendered 

depth to some extent of accuracy under the monocular viewing condition. On the other 

hand with the presence of an appropriate real target reference, the perceived depth varies 

linearly with the rendered accommodation cue, recreating a viewing condition similar to 

the real world. The subjective ranking on the sensation of depths is consistently better 

when the real reference target is presented together with the virtual display with variable 

accommodation cues, than when the real reference target is absent. For the second 

experiment, objectively measured accommodative responses of the viewer match well 

with the accommodation stimuli presented by the vari-focal plane display. 

 The preliminary results of the depth perception assessments suggest that, both the 

perceived distance and accommodative responses of the viewer match with the 

addressable accommodation cues presented by the vari-focal plane display, 

approximating the real-world viewing condition. However, further research should be 

conducted to investigate the depth perception in multi-focal plane and depth-fused 3-D 

displays, which will be considered for future work. 
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4 CONCLUSION AND FUTURE WORK 

4.1 Conclusion 

Methods and apparatus for generating addressable focus cues are proposed in this 

dissertation, with the objectives to reduce convergence and accommodation conflict as 

well as other associated visual artifacts in conventional stereoscopic displays for 

improved 3-D depth perception. 

Based on the optical design of variable focus displays, three methods to address 

focus cues are explored, including the vari-focal plane method, multi-focal plane method, 

and depth-fused 3-D method. A comparison of the proposed rendering methods is further 

outlined in Table 3.3, summarizing the differences on the accuracy and hardware 

requirements for rendering near-correct focus cues. 
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Table 3.3 Comparisons of different methodologies to render focus cues 

in a stereoscopic display. 

Display Methods Vari-focal plane method Multi-focal plane method Depth-fused 3-D method 

Focus Cues 
Accuracy 

Accommodation cue is 
dynamically addressed 
through active focal control. 

Accommodation cues are 
rendered at multiple discrete 
focal distances. 

Accommodation cues are 
rendered at multiple discrete 
focal distances. Pseudo-
correct accommodation cues 
can be rendered between 
adjacent focal planes by 
applying DFD depth filters. 

 Retinal blur cues are mainly 
rendered by means of 
graphics hardware. 

Retinal blur cues are optically 
addressed by multiple image 
planes. 

Retinal blur cues are optically 
addressed by multiple image 
planes and graphically 
rendered by DFD depth 
filters. 

 The display presents the 
retinal projection of a 3-D 
space. 

The display presents a 
volumetric space with 
discrete focus cues. 

The display presents a 
continuous volumetric space 
with near-correct focus cues. 

Hardware 
Requirements 

Needs to track viewer’s 
convergence/accommodation. 

Does not need to track eyes. Does not need to track eyes. 

 Frame rate is determined by 
the speed of display 
hardware. 

Frame rate is determined by 
the number of focal planes to 
be generated and the speed of 
display hardware. 

Frame rate is determined by 
the number of focal planes to 
be generated and the speed of 
display hardware. 

 

 Finally, experimental results are reported and nearly-correct focus cues similar to 

those of the real world are demonstrated. Subjective and objective user studies suggested 

that the perceived distance and accommodative response of the user match well with the 

addressable accommodation cues of the virtual display, approximating the real world 

viewing condition. 
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4.2 Future work 

Future work on 3-D displays with addressable focus cues may include the followings: 

(1) Develop a time-multiplexed multi-focus displays with more focal planes at flicker-

free rate. Novel active optical element (e.g. deformable mirror) and novel 

microdisplay technologies (e.g. DMD microdisplay) shall be considered to achieve 

such objectives. 

(2) Implement the optimal depth-weighted fusing function in a multi-focus display to 

render continuous focus cues of a volumetric space from near eye distance to infinity. 

The quality of rendered focus cues can be objectively determined by means of image 

quality tests. 

(3) Develop subjective evaluation and objective measurement methods to investigate 

potential visual artifacts associated with the proposed display scenarios. For the 

objective measurement, the ocular near traid: accommodation, convergence, and pupil 

size should be recorded in real-time as the subject looks at the 3-D displays. The 

experimental results can be compared to those in the stereoscopic environment, to 

evaluate and compare the usability of stereoscopic displays with and without 

addressable focus cues.  
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APPENDIX A: A NOVEL PROTOTYPE FOR AN OPTICAL SEE-THROUGH HEAD 
MOUNTED DISPLAY WITH ADDRESSABLE FOCUS CUES 

 
This paper was published in IEEE Transactions on Visualization and Computer Graphics 
16 (3), 381-393 (2010). The contents within this paper are discussed in Sections 3.2, 3.3, 
3.4, and 3.5 of this dissertation. 
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APPENDIX B: VARIABLE-FOCUS GAZE CONTINGENT DISPLAY WITH REAL-
TIME DEPTH-OF-FIELD RENDERING 

 
This manuscript is in preparation for submitting to Optics Express. The contents within 
this manuscript are discussed in Section 3.2 of the dissertation. 
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Variable focus gaze-contingent display with 
real-time depth-of-field rendering 

Sheng Liu, Leonard Brown, and Hong Hua*  

3D Visualization and Imaging Systems Laboratory, College of Optical Sciences, University of Arizona, 1630 East University 
Boulevard, Tucson, Arizona 85721, USA 

*hhua@optics.arizona.edu  

Abstract: Conventional stereoscopic displays typically present stereoscopic image pairs on fixed 
planar surfaces upon which the eyes need to accommodate to perceive sharp images, while the eyes 
need to dynamically converge at varying distances responding to the encoded depth of the three-
dimensional (3-D) contents. The decoupled actions of accommodation and convergence result in 
incorrectly rendered focus cues (i.e. accommodation depth and retinal blur) and may cause various 
visual artifacts such as eye strain when using stereoscopic displays for extended period of time. We 
present a variable focus gaze-contingent display capable of rendering nearly-correct focus cues in 
real-time for the attended region of interests. The system dynamically addresses the 
accommodation cue through a vari-focal optical element, in synchronization with the graphical 
rendering of retinal blur cues and tracking of the eye convergence distance. This display is able to 
reduce the conflict between convergence and accommodation inherent to stereoscopic displays, 
thus potentially improves depth perception and usability of stereoscopic displays. 

2010 Optical Society of America 

OCIS codes: (120.2040) Displays; (120.2820) Heads-up displays; (330.2210) Eye movements; (120.4820) 
Optical systems. 

References and links 

1. M. Mon-Williams, J. P. Wann, and S. Rushton, “Binocular vision in a virtual world: visual deficits following the wearing of a 
head-mounted display,” Ophthalmic Physiol. Opt. 13, 387-391 (1993). 

2. S. J. Watt, K. Akeley, M. O. Ernst, and M. S. Banks, “Focus cues affect perceived depth,” J. Vision 5, 834-862 (2005). 
3. D. M. Hoffman, A. R. Girshick, K. Akeley, and M. S. Banks, “Vergence-accommodation conflicts hinder visual performance 

and cause visual fatigue,” J. of Vision 8, 1-30 (2008). 
4. G. E. Favalora, J. Napoli, D. M. Hall, R. K. Dorval, M. G. Giovinco, M. J. Richmond, and W. S. Chun, “100 million-voxel 

volumetric dis-play,” Proc. SPIE 4712, 300–312 (2002). 
5. A. Sullivan, “A solid-state multi-planar volumetric display,” Proc. Soc. Information Display (SID) Symp. Digest of Technical 

Papers 34, 1531-1533 (2003). 
6. G. D. Love, D. M. Hoffman, P. J.W. Hands, J. Gao, A. K. Kirby, and M. S. Banks, "High-speed switchable lens enables the 

development of a volumetric stereoscopic display," Opt. Express 17, 15716-15725 (2009), 
http://www.opticsinfobase.org/oe/abstract.cfm?URI=oe-17-18-15716. 

7. S. Liu, H. Hua, and D. W. Cheng. "A novel prototype for an optical see-through head mounted display with addressable focus 
cues," IEEE Trans. Vis. Comput. Graph. 16, 381-393 (2010). 

8. S. Liu, and H. Hua, “Time-multiplexed dual-focal plane head-mounted display with a liquid lens,” Opt. Lett. 34, 1642-1644 
(2009). 

9. S. Hillaire, A. Lecuyer, R. Cozot, and G. Casiez, “Using an eye-tracking system to improve camera motions and depth-of-field 
blur effects in virtual environments,” Proc. IEEE Virtual Reality Conf. 47-50 (2008). 

10. S. Shiwa, K. Omura, and F. Kishino, “Proposal for a 3-D display with accommodative compensation: 3-DDAC,” J. Soc. Inf. 
Disp. 4, 255-261 (1996). 

11. T. Shibata, T. Kawai, K. Ohta, M. Otsuki, N. Miyake, Y. Yoshihara, and T. Iwasaki, “Stereoscopic 3-D display with optical 
correction for the reduction of the discrepancy between accommodation and convergence,” J. Soc. Inf. Disp. 13, 665-671 (2005). 

12. E. M. Reingold, L. C. Loschky, G. W. McConkie, and D. M. Stampe, “Gaze-contingent multi-resolutional displays: an 
integrative review,” Hum. Factors 45, 307–328 (2003). 

13. P. Rokita, “Generating depth-of-field effects in virtual reality applications,” IEEE Comput. Graph. Appl. 16, 18-21 (1996). 
14. A. T. Duchowski, and A. Çöltekin, “Foveated gaze-contingent displays for peripheral LOD management, 3D visualization, and 

stereo imaging,” ACM Trans. Multimed. Comput. Commun. Appl. 3, 24:1-18 (2007). 
15. M. Reddy, “Perceptually optimized 3D graphics,” IEEE Comput. Graph. Appl. 21, 68-75 (2001). 
16. C. W. Hess, R. Muri, and O. Meienberg, “Recording of horizontal saccadic eye movements: methodological comparison 

between electro-oculography and infrared reflection oculography,” Neuro-Ophthalmol. 6, 264-272 (1986).. 
17. A. T. Duchowski, V.Shivashankaraiah, T. Rawls, A. K. Gramopadhye, B. J. Melloy, and B. Kanki, “Binocular eye tracking in 

virtual reality for inspection training,” in Proc. 2000 Symp. Eye Tracking Res. Appl. New York: ACM, pp. 89–96. 

http://www.opticsinfobase.org/oe/abstract.cfm?URI=oe-17-18-15716


 94

18. H. Hua, P. Krishnaswamy, and J. P. Rolland, “Video-based eyetracking methods and algorithms in head-mounted displays,” Opt. 
Express 14, 4328-4350 (2006), http://www.opticsinfobase.org/abstract.cfm?URI=oe-14-10-4328. 

19. C. Hennessey, and P. Lawrence, “Noncontact binocular eye-gaze tracking for point-of-gaze estimation in three dimensions,” 
IEEE Trans. Biomed. Eng. 56, 790-799 (2009). 

20. M. Potmesil, and I. Chakravarty, “A lens and aperture camera model for synthetic image generation,” Proc. ACM SIGGRAPH 
’81, vol. 15, no. 3, pp. 297-305, 1981. 

21. R. L. Cook, T. Porter, and L. Carpenter, “Distributed ray tracing,” Computer Graphics 18, 137-145 (1984). 
22. P. Haeberli, and K. Akeley, “The accumulation buffer: hardware support for high-quality rendering,” Proc. ACM SIGGRAPH 

’90, pp. 309-318, 1990. 
23. G. Riguer, N. Tatarchuk, and J. Isidoro, “Real-time depth of field simulation,” ShaderX2: Shader Programming Tips and Tricks 

with DirectX 9, W.F. Engel, ed., chapter 4, pp. 529-556, Wordware, 2003. 
24. S. Lee, G. J. Kim, and S. Choi, “Real-time depth-of-field rendering using anisotropically filtered mipmap interpolation,” IEEE 

Trans. Vis. Comput. Graph. 15, 453-464 (2009). 
25. B. Barsky, M. Tobias, D. Chu, and D. Horn, “Elimination of artifacts due to occlusion and discretization problems in image 

space blurring techniques,” Graph. Models 67, 584-599 (2005). 
26. F. W. Campbell, “The depth of field of the human eye,” J. Mod. Opt. 4, 157-164 (1957). 

1. Introduction 

Recent advances in computer graphics and display technologies have initiated the growing interests in 
three-dimensional (3-D) stereoscopic displays, with applications spanning the fields of cinema, television, 
gaming, training and education, as well as virtual and augmented reality. Although stereoscopic display 
technologies have great potentials for consumer as well as for scientific applications, they commonly suffer 
from a number of visual artifacts [1].  For example, the most common types of stereoscopic displays work 
by presenting a pair of stereoscopic images on a single and fixed image plane dissociated from the 
changing convergence distance of the viewer. Such a limitation results in the lack of correctly rendered 
focus cues (i.e. accommodation and retinal blur) [2] and conflicts between convergence and 
accommodation of the eyes [3], potentially leading to eye fatigue, diplopic vision, image blur, and 
distortion in perceived depth in stereoscopic displays. 

Numerous 3-D displays [3-8] have been proposed recently which aim to solve the accommodation and 
convergence conflict in stereoscopic displays and to render more accurate focus cues for improved 3-D 
fidelity. Among these technologies, volumetric displays [4-5] can render focus cues with high accuracy 
however at significant hardware complexity and computational expenses, as these displays must render 
millions of discrete voxels in real-time to achieve adequate spatial resolution in three dimensions. More 
recently, a variable focus display prototype [7,8] was demonstrated by using an active optical element to 
continuously change the focal distance through a range of distances between the far and near fields. Such a 
display can potentially render more accurate attention-driven focus cues without the requirement for 
rendering the entire 3-D space as discrete voxels. Therefore it offers an excellent compromise between 
conventional stereoscopic displays and volumetric displays, in terms of improved focus cue accuracy yet at 
significantly reduced hardware complexity and computational expenses. 

In this work, we have developed a variable focus gaze-contingent display (VF-GCD) system which can 
potentially overcome the limitations of incorrect focus-cue presentation and the accommodation-
convergence mismatch, which are typical of traditional stereoscopic displays, yet at significantly less 
computational cost and complexity than that of existing volumetric displays. Adopting a vari-focal plane 
display method [7], we have built a proof-of-concept VF-GCD prototype with a variable focus lens and 
integrated convergence tracking which provides accurate real-time focus cues rendering capabilities. 
Unlike traditional stereoscopic displays, which typically fix the distance of the focal plane in the visual 
space, the VF-GCD system tracks the viewer’s current 3-D point-of-gaze (POG) and adjusts the focal plane 
of the display to match the viewer’s current convergence distance in real-time. In contrast with volumetric 
displays which typically render the whole 3-D scene as a discretized space of voxels, the VF-GCD renders 
only the projected 2-D image of the 3-D scene onto moving image planes, thereby significantly improving 
the rendering efficiency as well as taking full advantages of commodity graphics hardware for focus cues 
rendering. Overall, the VF-GCD system is capable of presenting more accurate focus cues than traditional 
stereoscopic displays, including both optically addressed accommodation cues which are adaptively 
coupled to the convergence depth of the viewer and graphically simulated retinal blur cues which are 
proportional to the dioptric distances of scene elements from the current focal plane of regard. 

http://www.opticsinfobase.org/abstract.cfm?URI=oe-14-10-4328
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The rest of the paper is arranged as follows. In Section 2, we introduce related work. In Section 3, we 
discuss the VF-GCD method, outlining the three major principles of addressable accommodation cue, 
convergence tracking, and blur cues rendering. In Section 4, we describe a prototype implementation and 
present experimental results. Finally in Section 5, we conclude with a brief summary and future work. 

2   Related work 

In a conventional stereoscopic display, the integration of graphically rendered depth-of-field (DOF) effects 
(i.e. retinal blur cues) may enhance the 3-D fidelity of a virtual environment. A recent system by Hillaire et 
al. [9] was able to track the 3-D convergence point of the viewer and to render corresponding DOF effects 
using computer graphics hardware in real-time. It was reported that video game players indeed preferred 
the display with the graphically rendered blur cues, as opposed to displays lacking the synthesized DOF 
effects. Although this graphical approach is visually appealing, it did not solve the fundamental problem of 
having the discrepancy between accommodation and convergence, since the display platform was based on 
a conventional stereoscopic display and its focal plane was fixed in the visual space independent of the 
changing convergence distance of the viewer. 

Previous works by Shiwa et al. [10] and Shibata et al. [11] were perhaps the earlier attempts to 
optically address the focal distance of a stereoscopic display with respect to the viewer’s POG. These 
systems tracked the viewer’s 3-D fixation point and addressed the focal distance of the stereoscopic display 
by mechanically adjusting a lens or a display device  to the corresponding depth of eye convergence. 
However, due to the slow speed of a mechanically-based variable focus mechanism, these systems were 
insufficient for responding to rapidly changing convergence and/or accommodation distances. In addition, 
these systems did not implement graphically-rendered retinal blur effects. 

For the outlined graphical and optical approaches, it is important to accurately track the eye 
convergence distance of the viewer in real-time. Numerous works have adopted eye tracking devices for 
the development of gaze-contingent displays [12-15]. However, a majority of the existing gaze-contingent 
displays has been motivated by the need for high-resolution 2-D graphics under significant bandwidth 
limitations, and thus relies on the principle of rapid degradation in resolution of the human visual system 
from the center of the field-of–view (FOV) towards the periphery. Such display techniques have included 
multi-resolution displays [12], peripheral image foveation [14], and peripheral level-of-detail (LOD) 
rendering [14,15]. Up to the authors’ best knowledge, a gaze contingent display capable of simultaneously 
addressing accommodation and retinal blur cues has not yet been considered. 

3. Method 

The proposed VF-GCD system incorporates three essential principles for rendering near-correct focus cues, 
including addressable accommodation cue, convergence tracking, and real-time retinal blur cues rendering. 
To further illustrate the advantages of a VF-GCD over existing stereoscopic displays, Fig. 1 compares the 
viewing conditions of the real world, a traditional stereoscopic display, and the VF-GCD. For simplicity, 
only two objects located at near (Box A) and far (Box B) distances are considered. As shown in the real 
world condition in (a), as the eyes alternately adjust focus between near and far distances, natural focus 
cues are maintained. The accommodation and convergence distances are always properly coupled, and the 
object out of the current focal distance likely will be observed as blurred, as indicated by the simulated 
retinal images in the right inset. However in a traditional stereoscopic display in (b), assuming the image 
plane (red solid line) is fixed at far distance, converging at the near distance (red dashed line) will cause 
unnatural conflict between convergence and accommodation. In addition, rendered boxes A and B always 
appear in focus or blurred simultaneously as the eyes accommodate at the far or near distance, respectively, 
yielding incorrect blur cues as shown in the corresponding inset images in (b). In contrast, VF-GCD 
approximates the viewing condition of the real world, as illustrated in (c) and (d). When the eyes converge 
at the near distance, the display’s image plane (red solid line) is moved to the near distance accordingly, 
and box A is rendered in focus while box B is rendered with the appropriate blurring; vice versa, as the 
eyes converge on box B, the image plane is translated to the far distance (red solid line in (d)), and box A is 
rendered with blurring. Therefore in the VF-GCD, retinal images as shown in the insets of (c) and (d) 
simulate those of the real world condition by concurrently adjusting the focal distance of the display to 
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match with viewer’s convergence distance and rendering retinal blur cues in the scene in accordance with 
the present focal status of the eyes. 

 

 

Fig. 1. Viewing conditions of (a) the real world, (b) a stereoscopic display, and (c) and (d) a variable focus 
gaze-contingent display as the eyes converge/accommodate (C/A) at (c) near and (d) far distances, respectively. 
Subset images in the red-lined boxes illustrate retinal images under different viewing conditions. 

 
Involving the viewer in the loop, the essential components of the VF-GCD form a closed-loop system 

that is capable of responding to user’s feedback in the form of convergent or divergent eye rotations (Fig. 
2). In particular, by tracking the viewer’s 3-D POG, the convergence distance can be computed, so that the 
accommodation cue rendered by the display can be matched accordingly; likewise, the scene elements can 
be rendered with appropriately simulated DOF effects using the graphics hardware. The combination of eye 
tracking with both active optics and DOF rendering provides visual feedback to the viewer in the form of 
updated focus cues, thus closing the system. The methods for each principle system component are 
discussed in more details below. 

 

Fig. 2. Systematic framework of a variable focus gaze-contingent display with real-time 3-D POG tracking and 
DOF rendering. 

3.1 Addressable accommodation cue 

One of the unique features in VF-GCD is that the focal plane moves in 3-D, matching with the convergence 
depth of the viewer. In practice, addressable accommodation cue is realized by an active optical element 
with varying optical powers. For a practical implementation, the active optical element should satisfy the 
following conditions: (1) it should provide a varying optical power range compatible to the accommodative 
range of the human eye; (2) it should be optically conjugate to the entrance pupil of the viewer, and thus the 
VF-GCD appears to have a fixed FOV independent of focus changes; and (3) it has a sufficient response 
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speed matching with the speed of rapid eye movements. In our system we selected a liquid lens device 
(ARCTIC314, Varioptic Inc.), which has a varying optical power from -5 diopters (5D) (1 diopter = 
1/meter) to 20D, a clear aperture of ~3mm, and a response speed of about 10msec, which nearly qualifies 
for all the above conditions. Detailed discussions on the liquid lens and the optical design of the variable 
focus display can be found in [7,8]. 

3.2 Convergence tracking 

To maintain proper focus cues, the VF-GCD computes changes in the viewer’s convergence distance using 
a binocular eye tracking system adapted from a pair of 2-D monocular eye trackers. In general, monocular 
eye tracking technologies include non-imaging-based tracking [16], image-based tracking [17,18], and 
model-based tracking [19] methods. Among image-based tracking approaches, dark pupil tracking has been 
chosen as the simple, robust, and real-time solution that is suitable for fixed viewpoint displays, such as the 
eye-tracked gaze-contingent display.   

To compute the viewer’s convergence distance in the 3-D space, a pair of monocular trackers is used to 
triangulate the convergence point using the lines of sight of both eyes, via the mechanism illustrated in Fig. 
3.  Through a multi-points calibration process, the 2-D gaze points, (x1’,y1’) and (x2’,y2’) for left (E1) and 
right (E2) eyes, respectively, are determined in the local coordinate system of a calibration plane (bold grey 
line) at an established distance z0 from the eye in the 3-D world space. The frame of reference of the 3-D 
world space has its origin, Oxyz, located at the midpoint between the two eyes. By using the relative position 
(x0’,y0’), which is the orthogonal projection of the world origin onto the calibration plane, the points 
(xi’,yi’) may be transformed into their world space correspondences (xi,yi,z0) so that the convergence point 
(x,y,z) is given by: 
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where IPD is the inter-pupillary distance of the viewer. As shown in Fig. 3, as the eye tracker tracks the 3-
D POG in real-time, the convergence distance z is updated for the display optics and the rendering system, 
such that the image plane (red solid line) is translated to the same depth z for the presentation of correct 
accommodation cue. 

 

 

Fig. 3. Schematic illustration on the tracking mechanism in VF-GCD. 

3.3 Retinal blur cue rendering 

The third key component of the VF-GCD is a rendering system capable of simulating real-time retinal blur 
effects, which are commonly referred to as DOF rendering in the computer graphics literature. Depth-of-
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field effects improve the photorealistic appearance of a 3-D scene by simulating a thin lens camera model 
with a finite aperture, thereby inducing a circle-of-confusion into the rendered image for virtual objects 
outside of the focal plane [20]. Virtual scenes rendered with DOF effects provide a more realistic 
appearance of the scene than images rendered with the more typical pinhole camera model and can 
potentially reduce visual artifacts [3,15]. Indeed real-time DOF has particular relevance in our VF-GCD 
system, since the focal distance of the display changes following the convergence distance of the viewer. 
Maintaining the expected blurring cues is thus crucial to preventing depth confusion as the viewer browses 
objects at varying depths in the scene.  

There are numerous techniques to graphically render DOF effects, which however differ significantly 
in their rendering accuracy and speed. For instance, ray tracing [21] and accumulation buffer [22] methods 
provide good visual results on rendered blur cues but are typically infeasible for real-time systems. Single 
layer [23,24] and multiple-layer [25] post processing methods tend to yield acceptable real-time 
performance with somewhat lesser visual accuracy. The latter methods are made computationally feasible 
due to the highly parallel nature of these algorithms, which is suitable for implementation on the high-
performance graphics processing units (GPUs) now commonly available in commodity graphics hardware. 
In this paper, we have adopted a single layer post-processing DOF method similar to [23,24]. To illustrate 
this DOF algorithm, note the bunnies rendered in Fig. 4. Nearly-correct retinal blur cues can be derived by 
blending the image rendered by the pinhole camera model (Fig. 4 (a)) with another down-sampled and 
post-blurred image (Fig. 4 (b)), using a depth map, also known as a degree-of-blur (DOB) map (Figs. 4 
(c),(e)) [24], to weight the relative contributions of each image, formulated as I’=I0+(I0-I1)×DOB. The final 
blended images are given in Figs. 4 (d) and (f) for the eyes converging at 3D and 1D, respectively. 

A key component of the DOF algorithm is the computation of the DOB map, which is used for 
weighted blending of the pin-hole and blurred images. The DOB map is created by normalizing the depth 
values Z’, which are retrieved from the z-buffer for the image, with respect to the viewer’s current 
convergence distance Z given by the binocular eye tracker: 

.,',
'

nearfar
farnear

ZZZZ
ZZ

ZZ
DOB 




  (2) 

where Znear and Zfar indicate the nearest and furthest dioptric depths of the rendered 3-D space from the 
viewer’s eyes, respectively. Note that all distances in capital letters in Eq. (2) are defined in dioptric space 
rather than in Euclidean space. Taking Fig. 4 (c) as an example, when the eye is focused at near distance of 
Z=Znear=3D, the bunny at Z’=3D appears to be totally black, indicating zero blur, while the bunny at Z’=1D 
appears to be white indicating the maximum of blur. 
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Fig. 4. (a) Rendered image of a virtual scene by using a standard pin-hole camera model; (b) A virtual image 
post-processed applying a blur filter; (c) and (e) Degree of blur maps of the virtual scene with the eye focused at 
3D and 1D, respectively; and (d) and (f) final rendered images of the 3-D scene with corresponding focus cues 
when the eye is focused at 3D and 1D, respectively. 

4. Experiments and results 

As a proof of concept, we have implemented a prototype VF-GCD system which integrates variable focus 
display, convergence tracking, and real-time DOF rendering (Fig. 5). In contrast with prior systems [7,8], 
the optical path for the VF-GCD was setup perpendicularly, mainly due to ergonomic reasons to prevent 
the spherical mirror from blocking the center FOV of both eyes. The key element to control the focal 
distance in real-time is a liquid lens, which is attached to an off-the-shelf imaging lens to provide varying 
and sufficient optical power. As show in Fig. 5, a bright spot is seen overlapping on the viewer’s left eye, 
which indicates the entrance pupil of the viewer is optically conjugated to the aperture of the liquid lens. As 
a result, without affecting the size of the FOV, the focus adjustment of the eye will be optically 
compensated by the optical power change of the liquid lens, thus forming a closed loop system indicated in 
Fig. 2. In addition, two commercial eye trackers (Viewpoint, Arrington Research Inc.) were attached to the 
VF-GCD, one for each eye, by setting up two near-infrared (NIR) cameras with NIR LED illumination 
attached to each camera. The NIR camera has a pixel resolution of 640x480 pixels at 30fps, which is 
capable of tracking 2-D POG in real-time. It is worth mentioning that, since focus cues are monocular 
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depth cues, a monocular bench setup is sufficient for proof-of-concept purposes, while a binocular setup 
would be more intriguing to present binocular disparity and focus cues at the same time. 

 

 

Fig. 5. Experimental setup of a proof-of-concept monocular VF-GCD prototype. 

 
The capabilities of our VF-GCD prototype were demonstrated in a simple experiment as outlined in 

Fig. 6. In order to stimulate the convergence change of the viewer, three bar type resolution targets are 
setup along the visual axis of the VF-GCD at 3D, 2D, and 1D respectively, and three bunnies are 
graphically rendered at these corresponding locations, as shown in Fig. 6 (c) and (d). During the 
experiment, the viewer alternately changed his focus from far (1D) to near (3D) distances and then 
backward. Figure 6 (a) shows the real-time tracking result on the convergence distance of the viewer versus 
time. As shown in Fig. 6 (a), the eye-tracked convergence distances approximately match with the 
distances of the real targets, while the slight mismatch may be explained in part by the about 0.6D depth-
of-field of the eyes [26]. Fig. 6 (b), along with a video (Media 1), demonstrates the synthetic focus-cues 
effects in our VF-GCD prototype. Similar to those images in Fig. 4, as the eye is focused at far distance 
(1D), the bunny at the corresponding distance is rendered clear while the other two being out of focus are 
proportionally blurred with respect to the defocus distance from 1D; vice versa when the eye is focused at 
either 2D or 3D. The rendering program ran on a desktop computer with 3.20GHz Intel Pentium 4 CPU and 
a Geforce 8600GS graphics card, which maintained a frame rate of 37.6fps for retinal blur cues rendering. 

Fig. 6 (c) and (d) further compare the addressable focus cues rendered by the VF-GCD prototype 
against the focus cues of real-world targets. A digital camera was set up at the exit pupil location of the VF-
GCD prototype. The camera was adjusted with an F/4.8, approximately matching with the speed of the 
human eye. As shown in Fig. 6 (c), when the observer focuses at the near distance of 3D, the bunny at 3D 
is rendered clearly while those at 2D and 1D are blurred. Meanwhile, the focal distance of the VF-GCD 
was adjusted to 3D by the liquid lens device matching with viewer’s convergence distance, and vice versa 
in Fig. 6 (d) as the viewer focuses at 1D. The captured images in Fig. 6 (c) and (d) indeed simulate the 
retinal images of looking through the VF-GCD at different convergence conditions. The virtual bunnies 
located at three discrete depths demonstrate nearly-correct focus cues similar to those of the real resolution 
targets. The results indicate a viewing situation in VF-GCD analogous to the real-world with nearly-correct 
focus cues rendered interactively by the display hardware (i.e. liquid lens) and software (i.e. graphics card). 
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Fig. 6. (a) Eye-tracked convergence distances versus time; (b) Real-time rendering of focus cues while tracking 
the convergence distance (Media 1); (c) and (d) Optical see-through images of the VF-GCD prototype captured 
with a camera, placed at the eye pupil position, focused at 3D and 1D, respectively, while the optical power of 
the liquid lens is updated accordingly to match the focal distance of the display with the convergence distance. 

5. Conclusion 

We present a variable focus gaze-contingent display, which is capable of rendering nearly-correct focus 
cues of a volumetric space in real time and in a close-loop fashion. Compared to conventional stereoscopic 
displays, the VF-GCD method improves the accuracy on rendered focus cues and potentially reduces visual 
artifacts such as the conflict between convergence and accommodation; while compared to volumetric 
displays, the VF-GCD method is much simpler and saves hardware and computational resources. 

Our current prototype is a monocular proof-of-concept bench setup. In the future, we plan to upgrade 
to a binocular setup which can provide both binocular and monocular depth cues. The system provides a 
platform for human factor studies on 3-D depth perception, in which real-time monitoring of both focus 
cues and viewer’s convergence is critical. 
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APPENDIX C: TIME-MULTIPLEXED DUAL-FOCAL PLANE HEAD-MOUNTED 
DISPLAY WITH A LIQUID LENS 

 
This paper was published in Optics Letters 34 (11), 1642-1644 (2009). The contents 
within this paper are discussed in Section 3.3 of this dissertation. 
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APPENDIX D: A SYSTEMATIC METHOD FOR DESIGNING DEPTH FUSED 
MULTI-FOCAL PLANE THREE-DIMENSIONAL DISPLAYS 

 
This paper was published in Optics Express 18 (11), 11562-11573 (2010). The contents 
within this paper are discussed in Section 3.4 of this dissertation. 
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