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Effects of ray position sampling on the visual 
responses of 3D light field displays 
HEKUN HUANG AND HONG HUA* 
3D Visualization and Imaging Systems Laboratory, College of Optical Sciences, University of Arizona, 
1630 East University Boulevard, Tucson 85721, Arizona, USA 
*hhua@optics.arizona.edu

Abstract: A 3D light field display typically reconstructs a 3D scene by sampling either the 
projections of the 3D scene at different depths or the directions of the light rays apparently 
emitted by the 3D scene and viewed from different eye positions. These light field display 
methods are potentially capable of rendering correct or nearly correct focus cues and therefore 
addressing the well-known vergence-accommodation conflict problem plaguing the 
conventional stereoscopic displays. However, very limited efforts have been made to 
investigate the effects of light ray sampling on the quality of the rendered focus cues and thus 
the visual responses of a viewer in light field displays. In this paper, by accounting for both the 
specifications of a light field display system and the ocular factors of the human visual system, 
we systematically model and analyze the ray position sampling issue in the reconstruction of 
the light field and characterize its effect on the quality of the rendered retinal image and on the 
accommodative response in viewing a 3D light field display. Using a recently developed 3D 
light field display prototype, we further experimentally validated the effects of ray position 
sampling on the resolution and accommodative response of a light field display, of which the 
result matches with theoretical characterization. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction
In recent years, several three-dimensional (3D) display methods, including holographic 
displays [1], volumetric displays [2], multi-focal plane displays [3–6], and light field displays 
[7–17], have been developed. These methods are potentially capable of rendering correct or 
nearly correct retinal blur effects and stimulating natural eye accommodative response [18], 
and therefore are considered as being less vulnerable to the well-known vergence-
accommodation conflict (VAC) problem than conventional stereoscopic displays which 
stimulate the perception of 3D space and shapes from a pair of two-dimensional (2D) 
perspective images with binocular disparities and other pictorial depth cues of a 3D scene seen 
from two slightly different viewing positions. Among these different 3D display methods, the 
light field 3D (LF-3D) display method is considered as one of the most promising 3D display 
techniques. It renders the perception of a 3D scene by reproducing the directional samples of 
the light rays apparently emitted by each point of the scene. Each of the directional samples 
represents the subtle difference of the 3D scene when viewed from slightly different positions 
and thus is regarded as an elemental view of the scene. Several different architectures have 
been explored to implement LF-3D displays, including super multi-view (SMV) displays [7–
11], integral-imaging (InI) based displays [12–15], and computational multi-layer light field 
displays [16,17]. These implementations are capable of rendering correct motion parallax either 
in horizontal direction only or in both horizontal and vertical directions. Although these 
different architectures for LF-3D displays appear to largely differ from each other, they all 
share the common characteristics of sampling the directions of the light rays apparently emitted 
by a 3D scene and viewed from different eye positions. 

Without loss of generality, in our previous paper [19], the image formation process of a LF-
3D display was simplified into a generalized model adapted from the well-known 4-D light 
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field function, L(s, t, u, v), for representing the ray radiance as a function of ray positions (s, t) 
and directions (u, v). As illustrated in Eq. (1), the generalized model can be divided into two 
main parts: a light field engine and an eye model. The light field engine minimally consists of 
a rendering plane, a modulation plane, a central depth plane, a reconstruction plane, and a 
viewing window. The rendering plane is where the elemental images are displayed and may be 
considered as the source defining the positional information, (s, t), of the light field function. 
The modulation plane refers to where the directional samples of the light rays are produced and 
may be considered as an array of optical components, such as a micro lens array (MLA) in an 
InI-based display [12,14,15], defining the directional information, (u, v), of the light field 
function. The central depth plane (CDP) of the light field engine is an abstract plane of reference 
where the light rays created by point sources in the rendering plane converge after propagating 
through the modulation plane and typically refers to the optical conjugate of the rendering plane 
through the modulation plane. The reconstruction plane is a representation of the depth location 
where a 3D point (e.g. point P) is to be rendered through a LF-3D display, and clearly its 
location varies with the 3D point of interest. Finally, a viewing window defines the area within 
which a viewer observes the reconstructed 3D scene and coincides with the entrance pupil of 
the eye model. The eye model that simulates the optical properties of the human visual system 
is placed so that its entrance pupil matches the location of the viewing window of the light field 
engine. 

 
Fig. 1. The generalized schematic model of a light field 3D display, along with the illustration 
of the retinal response of a reconstructed point when the accommodative distance, A, of the eye 
is (a) the same as, (b) larger than, or (c) smaller than the depth of the reconstructed point. 
Modified from Fig. 2 in [19]. 

As illustrated in Fig. 1, to reconstruct the light field of a 3D point, P, the light rays emitted 
by different pixels on the rendering plane are directed by their corresponding elements on the 
modulation plane such that they intersect at the 3D position of reconstruction, and they are 
projected on the viewing window as spatially separated sources. A true LF-3D display requires 
that multiple different elemental views are seen through each of the eye pupils to approximate 
the visual effects of viewing a natural 3D scene and to stimulate the eye to accommodate at the 
depth of a 3D reconstructed object rather than the elemental images from which the rays are 
actually originated. The perceived retinal image of the reconstructed point is thus formed as the 
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integral of the retinal images of the individual elemental pixels and its visual quality is expected 
to vary with the depth of eye accommodation. When the eye is accommodated at the depth of 
reconstruction, as shown in Fig. 1(a), the rays from its elemental pixels will overlap with each 
other and naturally form a sharply focused image on the retina. Otherwise, the retinal images 
of the individual pixels will be spatially displaced from each other, as shown in Figs. 1(b) and 
1(c), and create a retinal blur varying with the difference between the depths of reconstruction 
and eye accommodation. 

Whether a LF-3D display can correctly stimulate the accommodative responses of the eyes 
depends on the quality of the reconstructed light fields which largely depends on the sampling 
properties of the LF-3D display systems. Unlike a conventional stereoscopic display where its 
sampling property solely depends on the equivalent pixel resolution of the rendered images, the 
sampling properties of a LF-3D display may be characterized by two sampling processes: the 
directional sampling, (u, v), on the modulation plane and the positional sampling, (s, t), on the 
rendering plane. The directional sampling, (u, v), also known as view sampling, is defined by 
the sampling resolution of the optics array and may be characterized by the view density of a 
LF-3D display on the view window, which is defined as the number of views per unit area on 
view window, or equivalently the number of elemental views perceived by the eye pupil [19]. 
The positional sampling, (s, t), is typically defined by the pixel resolution of the rendering plane 
and may be characterized by the pixel density per unit distance or the visual angle subtended 
per pixel. Overall, both the directional sampling and the positional sampling play important 
roles in affecting both the retinal image quality and eye accommodative responses of a LF-3D 
display. 

In our previous paper [19] we modeled and characterized the effects of directional sampling 
(u, v) of the light field function on the retinal image quality and eye accommodative responses. 
To isolate the effects from the positional sampling (s, t) and fully exploit the potential influence 
of the directional sampling (u, v) on the global thresholds, the study in [19] assumed that the 
rendering plane has infinitely high spatial resolution. Consequently, to render the light field 
L(s, t, u, v) of a target object, the ray locations (s, t) are always perfectly sampled with their 
theoretical values for any given directional sampling (u, v) which is subject to the limit of the 
sampling resolution on the modulation plane. However, practically, the positional sampling of 
the light rays is inevitably subject to the sampling resolution of the rendering plane which is 
typically limited by the pixel resolution of a practical display panel. Therefore, the ray 
locations, (s, t), are subject to a process of pixelization and thus the rendered light rays will not 
necessarily match the theoretical light field function of a given target object. What is unique 
for a LF-3D display is that the pixelization of ray positions due to the resolution limit of displays 
will not only affect the image quality of the reconstructed target in ways similar to the aliasing 
issue in conventional 2D display systems, but more importantly, also distort the reconstructed 
light field of the 3D scene and thus induce errors to the visual accommodative response when 
viewing the LF-3D display. 

To some limited extents several prior works have investigated the effects of ray sampling 
in certain types of the LF-3D displays. For instance, Okoshi in [20], Jin et al. in [21], and Kim 
et. al. in [22] have analyzed the effects of a finite pixel resolution on the image quality and the 
depth of focus various direct-view LF-3D systems. These prior works, however, are restricted 
to specific display types and nearly no experiments were conducted to validate their theoretical 
analysis. More importantly, none of the works investigated the effects of the ray positional 
sampling on the accommodative response in viewing the LF-3D display systems, which is the 
key to evaluating the efficacy of a LF-3D for addressing the VAC problem. Although Hiura 
et.al. suggested that the minimum spatial resolution of stimulus for inducing accommodation is 
ought to be better than 1.4 cycles per degree [23], it remains unclear how the sampling 
resolution of the rendering plane is related to the lateral spatial resolution and depth resolution 
of the rendered target and how the eye accommodative response would be if such a spatial 
resolution is satisfied. 
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With the goal of providing generalizable guidelines for engineering LF-3D displays which 
can properly alleviate the VAC problem and create comfortable viewing experiences, in this 
paper, we present a systematic approach to model and analyze the effects of the positional 
sampling of rays on the qualities of the rendered focus cues in the process of reconstructing the 
light field of a 3D scene. Based on the generalized framework of modeling the image formation 
process depicted in Fig. 1, we describe the analytical method for modeling the effects of ray 
sampling processes by quantitatively evaluating the perceived retinal image of light-field 
displays (Secs. 2 and 3). We then characterize the effects of the positional ray sampling on the 
perceived spatial resolution (Sec. 4) and the accommodative responses and longitudinal depth 
resolution (Sec. 5). Finally, using an InI-based HMD prototype built recently [15], we 
experimentally demonstrate and validate these effects (Sec. 6). The experimental results 
confirm the characterization obtained via our analytical simulations. 

2. Modeling ray sampling effects in 3D light field displays 
Based on the generalized schematic model of LF-3D displays [19] depicted in Fig. 1, the retinal 
image properties of the reconstructed light field can be characterized by its normalized, 
accumulated point spread function (PSF), PSFLF-Accu, by integrating the PSFs of the retinal 
images of all the elemental pixels, PSFc, assuming incoherent condition which almost all the 
LF-3D displays satisfy. For the convenience of characterizing the imaging properties of a LF-
3D display and eye accommodative response from the point of view of a viewer, as suggested 
in Fig. 1, the center of the viewing window is set as the origin of the coordinate system OXYZ 
with the Z-axis along the viewing direction and the OXY plane parallel to the viewing window. 
The retinal image plane, O’X’Y’, is parallel to the viewing window but shifted by the distance 
from retina to eye pupil. The accumulated retinal PSF can be modelled as [19] 
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where A is the depth of the eye accommodative state, M and N are the total number of elemental 
views entering the eye pupil along the X- and Y-directions, respectively, K is the number of the 
sampled wavelengths, and PSFCmnk is the retinal PSF of a given elemental view indexed as (m, 
n) at a given wavelength, λk. L, which may be regarded as the normalized luminance value of 
an elemental view indexed as (m, n) received by the eye from the point of reconstruction, 
accounts for the weights of different elemental views to the accumulated PSF. w is the 
weighting function applied to the retinal PSF of an elemental view for the kth sampled 
wavelengths, λk, accounting for the relative luminous response of the human visual system to 
different illumination sources, and s is another weighting function applied to the PSF of a given 
elemental view indexed as (m, n) depending on its entry position, and dcxm and dcyn, on the eye 
pupil, to account for the directional sensitivity of the photoreceptors on the retina, known as the 
Stiles-Crawford effect [24]. 

The footprint of an individual view projected on the viewing window and the distribution 
of all the elemental views on the viewing window depend on the shape and arrangement of the 
modulation elements on the modulation plane. Under the assumption that the elemental views 
are evenly distributed on the viewing window in a rectangular array symmetric to the optical 
axis (z-axis) and their footprints are circular, for an elemental view indexed as (m, n), its entry 
position on the eye pupil, (dcxm, dcyn), is given by 

 (2 1) (2 1);         ,
2 2xm x yn y

m M n Ndc d dc d− − − −
= ∆ = ∆  (2) 
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where Δdx and Δdy characterize the displacements between two adjacent elemental views on 
the viewing window, along the x- and y-directions, respectively, and are expressed as 

 12 ,x y
view

dc dc
πσ

∆ = ∆ =  (3) 

where σview characterizes the view density measured on the viewing window, is defined as the 
number of views per unit area, and dictates the total number of elemental views encircled inside 
the eye pupil. 

Assuming that the light field engine is diffraction-limited and shift-invariant, the pixels 
rendered by the rendering plane and the ray bundles through the modulation planes can be 
equivalently projected onto the CDP and the viewing window, respectively, following the first-
order optics. The retinal PSF, PSFc, of an elemental view can be modelled as [19], 

 

( ) ( )

( ) ( )

2 2 2 2
2

2 2

( 1 exp ' ' exp ' '

2 1 1, exp ', '; , exp (

', ',

)

' '2 ' 'exp ( ) ( )

)C c c
CDP eyeCDP eye

eye eye c c
CDP

c c

CDP eye CDP eye

PSF j x y j x y
z zz z

P x y j W x y x y j x y
z A

x yx y

x y

x
z z

A

j
z z

π π
λ λλ

π π
λ λ

π
λ

∞

−∞

  
= ∆ + ∆ +  

    
   • ∆ ∆ − +        

∆ ∆
• − + + +

∫ ∫

,y dxdy
   

  
    

(4) 

where Δxc’ and Δyc’ are the lateral displacements of an elemental view of a given reconstructed 
point from the z-axis on the CDP, Peye is the footprint function of each elemental view upon 
the pupil of the eye model and thus varies with its entry position determined by dcx and dcy, 
and Weye is the wavefront function characterizing the amount of aberrations in the adopted eye 
model measured at the pupil, which may vary from model to model, and is influenced by 
various ocular factors. The depth of the CDP with respect to the eye pupil is denoted as ZCDP, 
and the image distance from eye pupil to retina as Zeye. 

Under such circumstances, the positional ray sampling (s, t) of the 4D light field function 
on the rendering plane is represented by its projected coordinates (Δxc’, Δyc’) on the CDP, and 
the directional ray sampling (u, v) on the modulation plane is represented by its projected 
coordinate (dcx, dcy) on the view window. The new set of projected coordinates, (Δxc’, Δyc’) 
and (dcx, dcy), in fact directly relates to the spatial resolution of the apparent display in the 
visual space and the view density of the viewing window or exit pupil, respectively. Projecting 
the system-specific sampling parameters (s, t) and (u, v) to their correspondences in the visual 
space makes it more meaningful to evaluate and compare the image quality and characteristics 
of the reconstructed light fields of different LF-3D display platforms. 

When the sampling resolution of the rendering plane is assumed to be infinitely high, the 
ray position coordinates, (Δxc’, Δyc’), are always perfectly matched with their theoretical values 
for each of the elemental views. As shown in Fig. 2(a), the chief rays of the ray bundles from 
all the elemental images, marked by thick red lines, will intersect at the theoretical position of 
the reconstructed point. Specifically, for a reconstructed point that could be treated as a Dirac 
delta function spatially, the ray position coordinates on the CDP for an elemental view indexed 
as (m, n) can be expressed as 

 ' ';     ,yn y CDPxm x CDP
cm cn

CDP CDP

dc z h zdc z h z
x y

z z z z
∆ +∆ +

∆ = ∆ =
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 (5) 

where Δz is the axial displacement of the depth of the reconstruction point from CDP, and hx 
and hy are the heights of the reconstructed point on X- and Y-directions, respectively. 
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However, as discussed in Sec. 1, a practical LF-3D display will inevitably subject to the 
resolution limit of the state-of-the-art display devices. In a conventional 2D display, the 
resolution limits of display devices introduce pixelated effects to the images and thus aliasing 
artifacts. Unique for a LF-3D display, the resolution limits of display devices will have two 
different sampling effects. Firstly, each of the rendered elemental views for a 3D scene will 
subject to pixelization in ways similar to the aliasing effects in conventional 2D display 
systems, which hereby we refer as a downsampling issue. Secondly, the ray position 
coordinates, (Δxc’, Δyc’), are subject to a process of re-sampling such that the ray positions for 
each elemental view may be possibly altered and the rendered light rays will not necessarily 
match the theoretical light field function of a given target object, which we refer as a mis-
sampling issue. As illustrated Fig. 2(b), due to pixilation of the display and so does the CDP, 
the position coordinates for an elemental image of a reconstructed point are rounded to their 
nearest pixel locations from their theoretically calculated coordinates (shift marked by black 
arrows). Consequently, the ray bundles emitted from the shifted pixels, marked by blue lines, 
no longer intersect at the theoretical depth of the reconstruction target, and the actual 
reconstructed depth could be displaced from the theoretical one. Such mis-sampling issue thus 
distorts the reconstructed light field of the 3D scene and induces errors to the visual 
accommodative response when viewing the LF-3D display. 

 

Fig. 2. Schematic illustration and results of ray trace based on setup which has (a) infinitely high 
pixel resolution and (b) limited pixel resolution of the CDP. Not to scale. 

To account for these ray position sampling effects, the accumulated retinal PSF of a LF-3D 
display given by Eq. (1) needs to be modified. It is worth noting that the ray position sampling 
for any specific elemental view of a LF-3D display with a limited pixel resolution is dependent 
on the pixel arrangement of the display. For simplicity, we assume that the pixels of the 
rendering plane and their images on the CDP are square with a 100% fill factor. We further 
assume the pixels for the elemental views of the on-axis point located at the same depth as the 
CDP are perfectly aligned with their theoretical positions so there is no mis-sampling issue for 
that specific point which is utilized as a reference point. The ray position coordinates on the 
CDP given by Eq. (5) for an elemental view indexed as (m, n) for a reconstructed point are 
modified as, 
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where round() is the rounding operator, and pc is the effective pixel pitch of the CDP that can 
be obtained from the pixel pitch of the rendering plane by multiplying it with the geometrical 
lateral magnification of the modulation element. Generally, the modified accumulated retinal 
PSF considering the pixel resolution, PSFLF-Accu-p, is expressed as 
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where rect() represents the 2D rectangular function, and * represents the 2D convolution 
operator. It can thus be observed from Eq. (7) that both of the aforementioned sampling issues 
will have effects on the perceived retinal image and consequently the accommodative response 
as now the pixel pitch will be further included in the calculation, represented by the rectangular 
function, due to the downsampling or ‘pixelation’, and each elemental PSF will also be further 
changed due to the mis-sampling of the light field function as the coordinates of the ray 
sampling are altered from (Δxc’, Δyc’, dcx, dcy) to (Δxcs’, Δycs’, dcx, dcy) for each of the 
elemental views. 

3. Simulation setup and methods 
To simulate and characterize the perceived retinal image of a LF-3D display based on the model 
described in Sec. 2, we created a multi-configuration system in Code V, in which each 
configuration represents the path of an elemental view perceived by a shared eye model. For 
simplicity and without loss of generality, the light field engine was implemented using an InI-
based method similar to the one described in [19]. The modulation plane was modeled as being 
an aberration-free MLA and a circular aperture was assumed for each element of the MLA. The 
lenslet pitch and numerical aperture (NA) of the MLA can be varied accordingly to match a 
given view density specification. The rendering plane was modeled by a fiducial microdisplay 
where its pixel resolution can be varied accordingly to match a given spatial resolution in the 
angular domain on the CDP viewed from the eye. For consistency, the ray position resolution 
in our simulations is expressed by the angular resolution (e.g. arc minutes) subtended by a pixel 
on the CDP in the visual space. The microdisplay in the model was set up with five 
wavelengths, 470nm, 510nm, 555nm, 610nm, and 650nm, respectively, to simulate a full-color 
LF-3D display, of which the relative weights were set according to human eye’s photopic 
response curve [24] and to model the polychromatic responses in Eqs. (1) and (7). With this 
construction of a light field engine, the CDP was the optical conjugate of the microdisplay and 
the MLA was assumed to be diffraction-limited. 

In addition, the Arizona eye model was selected as the schematic eye model, which is 
designed to match clinical levels of aberrations for both on- and off-axis fields. The 
accommodation state, A, of the eye model can be controlled by varying the shape, position, and 
refractive index of the crystalline lens [24]. The entrance pupil diameter of the eye model was 
set to be 3mm, corresponding to the average pupil size when viewing displays of typical 
luminance around 200 cd/m2. A Gaussian apodization filter with an amplitude transmittance 
coefficient of β = −0.116mm−2 was selected as the weighting function, s, in Eqs. (1) and (7) to 
account for Stiles-Crawford effect. Hence the elemental view that passes through the central 
part of the eye pupil would have a larger contribution to the accumulated PSF than a view 
through the edge of the eye pupil. 

Based on the analytical models described in Sec. 2 and the setup above, for a given LF-3D 
display configuration with a given view density and pixel resolution limits, we can compute the 
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pre-sampled pixel locations, (Δxc’, Δyc’) of all the elemental views on the CDP for a given 
depth of a reconstructed point by tracing rays according to the light field functions of the target 
point, and then obtain the re-sampled pixel locations (Δxcs’, Δycs’) using Eq. (6) to account for 
ray position mis-sampling effects. We can then obtain the retinal PSF for each elemental view 
independently using CODE V, which can also be equivalently calculated by Eq. (4) with the 
same parameters as those in the setup above. We can characterize the perceived retinal image 
of the reconstructed point and the accumulated retinal PSF of the LF-3D display by numerically 
integrating the retinal PSFs of all the elemental views passing through the eye pupil given by 
Eq. (7). This process accounts for both downsampling and mis-sampling issues in viewing a 
LF-3D display with limited pixel resolution. By applying Fourier transform followed by 
normalization to the obtained accumulated PSF, we can further obtain the modulation transform 
function (MTF) of the retinal responses of the eye viewing a LF-3D display with a limited pixel 
resolution. Moreover, by repeating the above rendering process to all the points of a 3D target 
scene, we can simulate the perceived retinal images of the target scene through a LF-3D display 
accounting for both view and resolution samplings. Finally, by charactering the changes of the 
accumulated retinal PSF and MTF with targets of different depths and eye accommodation 
states when viewing a LF-3D display with different resolution limit, we can quantify the effects 
of ray sampling on the perceived retinal image quality (Sec. 4) and accommodative responses 
(Sec. 5) by an observer. We can further assess whether the reconstructed light field can properly 
stimulate eye accommodative responses according to the depth of a 3D reconstruction, and 
quantify the accuracy of the resulted focus cues when viewing a LF-3D display (Sec.5). 

4. Effects of ray position sampling on the perceived retinal images 
As illustrated in Fig. 2 and analyzed in Sec. 2, the ray position sampling due to display 
resolution limits can change the form of the accumulated retinal PSF of a reconstructed 3D 
point and thus affect the perceived retinal images when viewing a LF-3D display. Assuming 
that the accommodative depth of the eye, A, coincides with the reconstruction depth, this section 
will focus on characterizing effects of ray position sampling on the perceived retinal images of 
LF-3D displays. 

 
Fig. 3. Accumulated retinal PSFs of viewing LF-3D displays with varying pixel resolutions from 
infinitely high to 12 arcmins of the CDP, and with varying view densities or equivalently 
numbers of views from 2by2 to 4by4 views encircled by a 3mm eye pupil. 
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Figure 3 showed the examples of the polychromatic, accumulated retinal PSFs of LF-3D 
displays with varying pixel resolutions from infinitely high to 12 arc minutes (arcmins) of the 
CDP. The view densities of the displays also varied for each row of the simulations from 0.57, 
1.27 and 2.26mm−2, respectively, or more directly corresponding to the numbers of views of 
2by2, 3by3 and 4by4 encircled by a 3mm eye pupil. The CDPs of the LF-3D displays were 
fixed at 1 diopter with the theoretical reconstruction planes set at 2 diopters which is 1 diopter 
closer from the CDPs. As demonstrated in the first column of Fig. 3, the elemental views 
forming the accumulate retinal PSF always converge well for LF-3D displays of different 
number of views with infinitely high pixel resolution. However, as the pixel resolution 
decreases, both the downsampling and mis-sampling issues as described in Sec. 2 start to 
surface, and not only the dimensions of the accumulated PSFs increase but also the elemental 
views start to separate from each other. Such issues will become more severe and noticeable as 
the view density or evidently the number of views decreases. What is unique in LF-3D displays 
is that the accumulated retinal PSF splits into its corresponding elemental retinal PSFs due to 
the mis-sampling issue of the light field when the pixel resolution of the CDP is getting low as 
clearly demonstrated by the 12-arcmin example. Such artifacts will potentially lead to unnatural 
image appearance and artifacts. 

 

Fig. 4. The MTF plots of the retinal image of LF-3D displays with different pixel resolution on 
CDP ranging from infinitely high to 12 arcmins for reconstructed 3D targets at depth of (a) 1 
diopter and (c) 2 diopters with the depth of CDP at 1 diopter. Simulated accumulated retinal PSF 
and retinal images of a series of Snellen letter ‘E’s corresponding to different pixel resolutions 
on CDP ranging from infinitely high to 12 arcmins for reconstructed 3D targets at depth of (b) 
1 diopter and (d) 2 diopters. PSFs and images not in same scale. 

We further obtained the MTF of the retinal response based on the retinal PSF accounting 
for both downsampling of the elemental images and mis-sampling of the light field in viewing 
a LF-3D display with a limited pixel resolution. To clearly distinguish between the pixel 
resolution and the spatial frequency of the reconstructed light field as in MTF, the former is 
always associated with the unit of arcmin while the latter with the unit of cycle per degree (cpd). 
Figures 4(a) and 4(c) plotted the polychromatic, accumulated retinal MTF curves of an on-axis 
reconstructed target point, set at the depth of 1 and 2 diopters away from the viewing window, 
respectively, by a 3mm eye pupil viewing a LF-3D display with the pixel resolution varying 
from infinitely high to 12 arcmins of the CDP. For both examples, the view density of the LF-
3D displays was set at 0.57mm−2, which is equivalent to totally 2by2 elemental views encircled 
by the eye pupil, and the depth of the CDP was set at 1 diopter. Since there is no mis-sampling 

                                                                    Vol. 27, No. 7 | 1 Apr 2019 | OPTICS EXPRESS 9351 



of the light field for the on-axis point on the CDP according to the assumption, Fig. 4(a) simply 
showed the effects from the downsampling issue only, which is similar to that of the aliasing 
issue in conventional displays. Figure 4(c), however, showed the combined effects from both 
the downsampling and mis-sampling issues for a reconstructed target away from the CDP. As 
indicated, while downsampling effect dominates the drop of the MTFs, the mis-sampling of the 
light field will further lead to more degenerated MTFs in addition to the downsampling, 
especially for displays of low pixel resolutions. Figures 4(b) and 4(d) further showed the 
simulated retinal PSFs and images in viewing the LF-3D displays with the same viewing 
conditions as in Figs. 4(a) and 4(c), respectively, with Snellen letter ‘E’s of varying orientations 
and resolutions as objects placed near-axis. The effects of ‘pixelation’ of the rendering plane 
could be easily observed for both examples. The lower the pixel resolution of the rendering 
plane, the lower the perceived retinal image quality becomes. 

5. Effects of ray position sampling on the accommodative response 
Generally, the contrast gradient and contrast magnitude of the retinal image are the key factors 
that drive and stabilize eye accommodation response. The eye tends to adjust its 
accommodation to maximize these two factors in the focusing process. Through the MTF based 
on the same setup described in Sec. 3, it becomes relatively straightforward to quantify the 
contrast magnitude and gradient of the retinal image with respect to eye accommodation status 
and to characterize the eye accommodative response to a LF-3D display. The change of retinal 
image properties and the accommodative response of a LF-3D display can be characterized by 
varying the accommodation status of the eye model through the depth of interest. The actual 
accommodative distance, Am, that offers the maximum image contrast and gradient is located 
and is considered to be depth at which the eye is likely to accommodate. The image contrast 
and gradient resulted from the actually accommodative distance are considered to be the focus 
cues rendered by the LF-3D displays [19]. 

 

Fig. 5. Plots of (a) accommodative response curve as a function of accommodation shift and (b) 
accommodation error as a function of depth shift of reconstruction through a display with a 
viewing density of 0.57 mm−2 and infinitely high pixel resolution. CDP at 1 diopter. 

Figure 5(a) showed an example of an accommodative response curve to an on-axis 
reconstructed target of mid-frequency located at the depth of 1.5 diopters, 0.5 diopters closer 
from the CDP. The view density of the simulated LF-3D display is equal to 0.57mm−2 with a 
3mm eye pupil, the CDP is 1 diopter away from the viewing window, and the pixel resolution 
of the CDP was set to be infinitely high. The eye accommodation depth was shifted from the 
depth of reconstruction in the range of ± 1.5 diopters with an increment of 0.05 diopters. To 
determine the actual accommodative depth of the eye to the target, we first located the depth at 
which the maximum contrast value (indicated by the blue arrow) was achieved among the 
sampled data points, and then used a polynomial of degree two to best fit the sampled data near 
peak contrast values in a least-squares sense. The depth corresponding to the peak of the fitted 
polynomials (indicated by the red arrow) was determined to be the actual accommodation depth 
of the eye to the given reconstructed target. The polynomial fitting helps to eliminate the 
possible noise and under-sampling issue and could be seen as a more robust way to find the 
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peak of the accommodative curve. The accommodation error, which measures the accuracy of 
focus cues rendered by a LF-3D display in relation to the depth of reconstruction, can then be 
characterized by the axial displacement between the actual accommodative depth of the eye, 
Am, and the theoretical reconstruction depth of the target [19]. With the same display 
configuration as the one used in Fig. 5(a), we repeated the accommodative response simulation 
to on-axis targets at depths varying from 0 to 2.7 diopters, at an increment of 0.05 diopters. 
Figure 5(b) plotted the accommodative errors as a function of depth shift of the reconstructed 
target from CDP. It could be clearly observed that though the data set that the eye tends to over-
accommodate (i.e. accommodate at depths closer than the reconstructed depths; positive depth 
shift) when the reconstructed target is further away than the CDP (i.e. negative rendering depth 
shift) and the eye tends to under-accommodate (i.e. accommodate at depths further than the 
reconstructed depths; negative depth shift) when the reconstructed target is closer to eye than 
the CDP (i.e. positive rendering depth shift). 

To further examine the effects of ray position sampling (i.e. pixel resolution) on the 
accommodative responses, we repeated the above simulation for LF-3D displays of different 
pixel resolutions varying from infinitely high to 6 arcmins for a viewing density of 0.57 mm−2 
(i.e. 2by2 views). All the display configurations except the pixel resolution remained the same 
as those used in Fig. 5. Figures 6(a)-6(c) plotted the accommodation error as a function of the 
depth shift of the reconstructed target from CDP from −1 to 1.5 diopters with a spatial frequency 
of 5, 10 and 15 cpd, respectively. It is worth noting that the Nyquist frequency corresponding 
to a certain pixel resolution needs to be above the spatial frequency of the reconstructed target. 
As a result, Figs. 6(a)-6(c) only showed results for displays with a pixel resolution equal or 
better than the threshold value corresponding to the target frequency. Also, some data in Fig. 
6(c) were not plotted due to the low contrast (<0.05) to accurately extract the accommodation 
error. When the displays have infinitely high pixel resolution, for all three target frequencies, 
the eye always tends to accommodate toward the depth of CDP and the accommodation error 
increases as the reconstruction depth of the target is shifted away from the CDP. It could also 
be observed that the curves of the accommodation error for displays with limited pixel 
resolution are no longer monotonically but oscillating along the curve of infinitely high pixel 
resolution due to mis-sampling. The lower the pixel resolution, the larger the deviation of the 
accommodation error from the one for displays of infinitely high pixel resolution because all 
the points within a certain depth range will be rendered by the same pixel on the display panel. 
Figure 6(d) further summarized the average value of the absolute accommodation error through 
the same depth range for three different target frequencies. It indicates that generally the higher 
the pixel resolution, or the higher the target spatial resolution of the reconstructed light field, 
the smaller the accommodation error. 

                                                                    Vol. 27, No. 7 | 1 Apr 2019 | OPTICS EXPRESS 9353 



 

Fig. 6. Plots of accommodation error as a function of the depth shift of reconstruction from CDP 
from −1 to 1.5 diopters by displays of different pixel resolutions with a target spatial resolution 
of (a) 5, (b) 10 and (c) 15 cpd, respectively. (d) Summarization of average absolute 
accommodation error. CDP at 1 diopter. 

To examine the compound effects of view sampling and ray position sampling on the 
accommodative responses, we repeated the above simulation for LF-3D displays of different 
pixel resolutions, varying from infinitely high to 3 arcmins, and different viewing densities of 
0.57, 1.27 and 2.26mm−2 (i.e. 2by2, 3by3, and 4by4 views). Figures 7(a)-7(c) plotted the 
accommodation error as a function of the depth shift of the reconstructed target from the CDP 
by the amount varying from −1 to 1.5 diopters for a viewing density of 0.57, 1.27 and 2.26mm−2, 
respectively. The spatial frequency of the targets was fixed at 10 cpd. Figure 7(d) further 
summarized the average value of the absolute accommodation error through the same depth 
range for three different viewing densities. Clearly, the higher the pixel resolution, or the higher 
the viewing density, the smaller of the accommodation error. 

 

Fig. 7. Plots of accommodation error as a function of the depth shift of the reconstruction from 
CDP from −1 to 1.5 diopters by displays of different pixel resolutions from infinitely high to 3 
arcmins with their view densities configured at (a) 0.57, (b) 1.27 and (c) 2.26mm−2, respectively. 
(d) Summarization of average absolute accommodation error. CDP at 1 diopter. 

                                                                    Vol. 27, No. 7 | 1 Apr 2019 | OPTICS EXPRESS 9354 



While the average depth of field (DOF) of the human eye is ± 0.2 to 0.3 diopters [24], to 
account for the possible accumulation of the accommodation errors caused by the image quality 
degeneration of a real LF-3D display as well as the misalignment errors due to ray position 
sampling, we hereby set the threshold of 0.1 diopters for acceptable accommodation error in 
the theoretical analysis. It can be observed from both Figs. 6(d) and 7(d) that in order to achieve 
an average absolute accommodation error smaller than 0.1 diopters through the depth range of 
2.5 diopters for contents with modest spatial details of about 10cpd, generally the system needs 
to provide a pixel resolution better than 1 arcmin with a view density of 0.57mm−2 (2by2 views) 
or a pixel resolution better than 3 arcmins with a view density of 1.27mm−2 or more (3by3 views 
or more). For instance, a display panel with a pixel density of ~87 pixels per inch (PPI) viewed 
at 1-meter distance yields an angular resolution of 1 arcmin per pixel, while a display panel 
with a pixel density of ~29PPI viewed at 1-meter distance yields an angular resolution of 3 
arcmins per pixel. Approximately, a 26” 1080p full HD display has a pixel density of about 87 
PPI, while a 78” 1080p full HD display has a pixel density of about 29PPI. In general, displays 
with a high view density can afford to have a lower pixel resolution than displays with a low 
view density. 

6. Experimental assessments of the effects of ray position sampling on visual 
responses 
To validate the results acquired through simulations in Secs. 4 and 5, we carried out a set of 
experiments on a real LF-3D display system we developed recently [15]. Table 1 which was 
modified from the Table 1 in [15] summarized the overall specifications of the LF-3D display 
prototype. Short videos capturing full-color 3D scenes rendered through this LF-3D display 
system can be further referred to Visualizations published along with [15]. 

Table 1. Specifications of the System 

Parameters Value 

Display FOV ~30°(H)*18°(V) 
See-through FOV ~65°(H)*40°(V) 
Size of viewing window 6mm(H)*6mm(V) 
Display DOF ~3 diopters 
Display resolution 3 arcmins 
See-through resolution 0.5 arcmin for central 25°(H)*20°(V); 

3 arcmins for full FOV 
  
Microdisplay Sony 0.7” OLED panel, 8um pixel pitch, 

1920(H)*1080(V) 
MLA F/3.5, 1mm pitch, 17(H)*9(V) 
Magnification of MLA 3 
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Fig. 8. (a) Schematic optical layout of an optical see-through LF-3D display system [15] and 
experimental setup for visual response quantification. (b) Photo of the experimental setup 
arrangement. (c) Captured image of both display and see-through targets through the combiner. 

Figures 8(a) and 8(b) showed the optical layout of the LF-3D display system and the 
schematic layout, as well as the photo of our experimental setup. The LF-3D display system is 
based on the design in [15], which is capable of rendering light filed target over a depth range 
of 3 diopters with a spatial resolution of 3 arcmins and a view density of 0.4mm−2. Instead of 
conducting subjective experiments with human observers as in [22,23], we placed a well-
calibrated camera at the viewing window of the LF-3D system to capture the light field created 
by the display system for quantitative assessment. For better controlling the focus depth of the 
camera, spoke resolution targets, of which each was displaced exactly by 0.1 diopters apart 
from 1.7 diopters to 0.8 diopters, were carefully placed in front of the camera that could be 
imaged through the see-through combiner of the LF-3D display system. The camera was 
equipped with a 2/3” sensor with a pixel pitch of 3.45um and a lens of 16mm focal length, 
which was capable of resolving up to 0.75 arcmins by a single pixel. To fully exploit the 
longitudinal resolving ability of the camera, the aperture of the camera lens was left open as 
F1.4. Therefore for a target around 1 diopter, the DOF of camera is roughly +/−0.018 diopters 
which is of no difficulty in accurately focusing on the real resolution targets for focal depth 
control. On the other hand, the limited view density of 0.4mm−2 of the LF-3D display prototype 
can only render 2by2 elemental views for each LF target for an effective viewing zone with a 
diameter of 3.6mm that is approximately the size of human eye pupil in typically brightness 
condition. Therefore, all the test results in this section reflect the performance of a LF-3D 
display of 2by2 views encircled by a about 3.5mm eye pupil. Figure 8(c) showed the captured 
image of both display and see-through targets through the combiner. 
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Fig. 9. Captured images of the displayed target of Snellen letter ‘E’s rendered at the depth of (a-
c) 1 diopter, same as the CDP; and (d-f) 2 diopters, 1 diopter closer to the camera from the CDP, 
through LF-3D displays corresponding to a pixel resolution of (a, d) 3, (b, e) 6, and (c, f) 12 
arcmins on the CDPs, respectively. The camera focused on the same depth as that of the 
reconstructed target. 

We began to demonstrate the effects of the ray position sampling on the image quality of 
the reconstructed scene of a LF-3D display with limited pixel resolution. Though for a specific 
LF-3D display system the maximal pixel resolution is fixed and usually unchangeable, it is 
always possible to downsample the rendered elemental views for display to simulate systems 
with lower pixel resolutions. More specifically, to simulate the elemental images of a 
reconstructed light field for a given pixel resolution, we firstly rendered the elemental images 
at their original high resolution, then each of the elemental images was downsampled to a target 
resolution with lower pixel count, and then interpolation was applied to the low resolution 
image so that the low resolution contents could be properly displayed on a relatively high 
resolution panel. In the experiments, the CDP of the LF-3D display system was adjusted to be 
located at the depth of 1 diopter. The light fields of two sets of Snellen letter “E” in the same 
pattern as in Fig. 4 were rendered through the LF-3D display one set reconstructed at the same 
depth as the CDP and the other set reconstructed at the depth of 2 diopters (i.e. 1 diopter closer 
to the camera than the CDP), respectively. The Snellen letter ‘E’, as well as the bar target used 
in the following experiments, help to evaluate the contrast of the reconstructed image 
corresponding to a specific spatial frequency up to the resolution limitation of the LF-3D 
display in a standard manner as a 1951 USAF resolution test chart, which could be directly 
compared with the simulation results. The targets were rendered for three different pixel 
resolutions, 3, 6, and 12 arcmins, respectively, where the native resolution of the display is 3 
arcmins. Figures 9(a)-9(c) showed the captured images of the displayed target set reconstructed 
at the depth of 1 diopter, corresponding to a pixel resolution of 3, 6 and 12 arcmins on the CDP, 
respectively, and Figs. 9(d)-9(e) showed the captured images of the displayed target set 
reconstructed at the depth of 2 diopters, corresponding to a pixel resolution of 3, 6 and 12 
arcmins, respectively. The camera was always kept focusing on the reconstructed target. The 
appearance of the captured images makes a good match to the simulation result shown in Fig. 
4. Figures 9(a)-9(c) showed the effects of the downsampling upon the image quality due to the 
limited pixel resolution while Figs. 9(d)-9(f) showed the effects of both the downsampling and 
mis-sampling upon the image quality. Especially, for an extremely low pixel resolution of 12 
arcmins as shown in Fig. 9(f), unnatural visual artifacts as the reconstructed target split into a 
series of elemental images, denoted by the red arrow, could be noticeably observed, which 
suggests the mismatch of rendered light field of the reconstructed target with respect to the 
theoretical one. Such artifacts vary the lateral and longitudinal locations of the reconstructed 
target, contributing to the often-referred appearance of un-naturalness of LF-3D displays. 
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Fig. 10. Captured images of the displayed target with a spatial frequency of 2.5 cycles per degree 
with (a)-(b) the display pixel resolution set at 3 and 6 arcmins, respectively, while both of the 
reconstruction plane and the camera focus depths were located at the CDP (1.7 diopters); (c)-(d) 
the display pixel resolution set at 3 and 6 arcmins, respectively, while both of the reconstruction 
plane and the camera focus depths were located at 1.2 diopters; (e) the display pixel resolution 
set at 3 arcmins while the reconstruction plane at 1.2 diopters and the camera focused at 1.4 
diopters; and (f) the display pixel resolution set at 6 arcmins while the reconstruction plane at 
1.2 diopters and the camera focused at 1.3 diopters. 

To further demonstrate the effects of the ray position sampling on the accommodation error 
of viewing a LF-3D display with limited pixel resolution, we created a relatively small target 
consisting of 3 identical vertical white bars on a black background. The width of the bars is 
equal to the gap between the neighboring bars similar to that in 1951 USAF resolution test 
chart. To avoid the effects of aliasing issue for downsampling elemental images, the bar width 
was chosen to be equal to 12 arcmins or a spatial frequency of 2.5 cpd, which is 4 times of the 
limiting resolution of the display prototype. The depth of the CDP was shifted to 1.7 diopters 
so that the total depth range of the camera focus targets could be fully exploited. Figures 10(a)-
10(d) showed the captured images of the displayed target with the camera focused at the same 
depths as the reconstructed target depths, while Figs. 10(e) and 10(f) showed the captured 
images of the displayed target with the camera focused at different depths from the 
reconstructed depth to gain optimal image contrast and sharpness. In Figs. 10(a) and 10(b), the 
displayed bar targets were rendered at the depth of 1.7 diopters, same as that of the CDP, but 
at different pixel resolution of 3 and 6 arcmins, respectively. In Figs. 10(c) and 10(d), the 
displayed bar targets were rendered at the depth of 1.2 diopters, shifted away from the CDP 
depth by 0.5 diopters, but at different pixel resolutions of 3 and 6 arcmins, respectively. It could 
be observed that when the targets were rendered near the axis on the CDP as shown in Figs. 
10(a) and (b), the effects of 3- and 6- arcmin pixel resolutions were nearly negligible due to the 
relatively low resolution of targets and minimal aliasing issue. However, when the 
reconstruction depth of the targets was shifted from the CDP, as shown in Figs. 10(c) and 10(d), 
the effects of pixel resolutions were clearly noticeable and the resulted images with sampling 
artifacts were not sharply focused when the camera was focused at the depth of reconstruction. 
In contrast, by adjusting the camera focus for optimal image contrast and sharpness, Figs. 10(e) 
and 10(f) further showed the captured images of the same displayed target as those in Figs. 
10(c) and 10(d) but with the camera focused at the depths of 1.4 diopters and 1.3 diopters, 
respectively. Although displays with higher pixel resolutions tend to yield smaller 
accommodation error in average, as shown in Fig. 6(d), it is worth pointing out that the 
accommodation errors for displays of different pixel resolutions fluctuates periodically at 
different depths due to pixilation as predicted in Figs. 6(a)-6(c). Therefore, it can happen that 
at a given depth of rendering a display with a higher pixel resolution may result in larger 
accommodation error than a display with a lower pixel resolution. For instance, comparing 
Figs. 10(c) and 10(d) with 10(e) and 10(f), the accommodation error for the same target is + 
0.2 diopters for a display with a 3-arcmin pixel resolution and is + 0.1 diopters for a display of 
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6-arcmin pixel resolution. The fact that the optimal image sharpness was achieved at different 
focal depths for displays of different pixel resolutions successfully demonstrates the effects of 
ray position sampling on accommodation errors as predicted in Sec. 5. 

We repeated the experiment described above for displayed targets rendered at the depth 
range from 0.8 to 1.7 diopters with a depth increment of 0.1 diopters for displays of three 
different pixel resolutions, 3, 6, and 12 arcmins respectively. The spatial frequency of the 
rendered target was fixed at 2.5 cpd, which is exactly the Nyquist frequency corresponding to 
by the pixel resolution of 12 arcmins. The display CDP was set at the depth of 1.7 diopters, 
thus the displacement of the targets from the CDP varied from 0 up to −0.9 diopters. 
Accommodation error was measured in the same procedure as above by obtaining the 
difference between the rendered target depth and the camera focus depth at which optimal 
image contrast was achieved. Figure 11 summarized the accommodation errors acquired from 
the experiment as a function of the depth shift of the reconstructed target from CDP for different 
pixel resolutions of 3,6, and 12 arcmins, respectively. The arrows indicate the locations where 
the curves of accommodation errors experience discontinuity. As shown in the Fig. 11, we 
observed two points of discontinuity in the curve of the accommodation error for a display with 
a pixel resolution of 3 arcmins within the depth shift range of 0.9 diopters from CDP, while one 
point of discontinuity was observed in the same depth shift range in the curve for a display with 
a pixel resolution of 6 arcmins and no discontinuity but much larger accommodation error in 
the curve for a display with a pixel resolution of 12 arcmins. These experimental results in fact 
matched very well with the theoretical results shown in Figs. 6 and 7 which were obtained via 
simulations using our analytical models. Generally speaking, the higher the pixel resolution, 
the smaller the average accommodation error and also more frequently the curve of 
accommodation errors experience discontinuity. 

 
Fig. 11. Plots of accommodation error as a function of the depth shift of reconstruction from 
CDP with different pixel resolution. CDP at 1.7 diopters. 

7. Conclusion 
We presented a systematic approach to model and analyze the ray position sampling issue in 
the reconstruction of the 3D light field, and we further characterized the effects of ray position 
sampling on the visual responses, including retinal image quality and accommodative 
responses. Our method was based on quantitative evaluation of the MTF of the perceived retinal 
image of LF-3D displays obtained from the model incorporating both the light field engine and 
viewer’s eye. The accommodative responses and accommodation error for different viewing 
conditions and displays of different ray sampling resolution were systematically characterized 
via a comprehensive simulation process. We observed that generally the higher the pixel 
resolution, the higher the spatial frequency of the target or the higher the viewing density, the 
smaller the accommodation error. By setting the threshold of the accommodation error of 0.1 
diopters, we recommended that a LF-3D display system needs to adopt a pixel resolution better 
than 1 arcmin with a view density of 0.57mm−2 (2by2 views) or a pixel resolution better than 3 
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arcmins with a view density of 1.27mm−2 or more (3by3 views or more), assuming the rendered 
target scene has spatial details above 10cpd. Finally, by using a custom-made LF-3D display 
prototype, we further experimentally validated the effects of ray position sampling on both 
image quality and accommodative responses and the measured results matched well with the 
theoretical characterizations. 
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