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ABSTRACT

We address the problem of 3D scene rendering on near-eye
integral imaging displays and evaluation of different rende-
ring methods in terms of human perception. We compare
three rendering techniques in terms of perceived spatial res-
olution at different focused depths, simulating the display in
virtual environment and representing the eye through a thin-
lens camera model.

Index Terms— Integral imaging, light field, 3d display,
sampling, ray tracing.

1. INTRODUCTION

Near-eye displays can provide a highly realistic visual expe-
rience for a wide range of VR/AR solutions. While conven-
tional stereoscopic displays offer acceptable spatial resolution
in a rather wide field of view, they suffer from to the vergence-
accommodation conflict (VAC) [1]. Techniques such as vari-
focal, multi-focal and light field (LF) [2] aim to address the
VAC by enabling additional focus cues. The integral imag-
ing (InIm) technique, being one of LF ones, is of particular
interest due to its relatively simple optical setting [3, 4].

The graphical information for light field (LF) displays is
usually represented as a set of 2D display images. For bet-
ter immersion, they have to be rendered fast and accurately,
which often poses a challenge. Thus, it is critical to have a
reliable tool or framework to assess various LF display rende-
ring methods with respect to the human visual system (HVS).

In this paper, we briefly discuss the principles of InIm
displays and the related near-eye optical setting. Then, we
present the framework and assess different rendering tech-
niques in terms of eye-perceived image for a typical near-eye
InIm display. For now, it utilizes relatively simple eye model,
without considering advanced effects like Stiles-Crawford [5,
6]. This framework is publicly available on GitHub [7].

Related problems of InIm display design have been dis-
cussed in [8]. Visual performance of near-eye and close to
near-eye displays in terms of wave optics has been addressed
in [9] and [10]. More general LF display analysis in terms of
LF atoms has been introduced in [11].

2. INTEGRAL IMAGING

2.1. Overview

InIm provides an efficient way to optically capture and dis-
play 3D visual scenes by use of a microlens (lenslets) array.
As shown in Figure 1a, during capture, each microlens sam-
ples a directional view of the scene, i.e., the angular dimen-
sion of the LF defined on some hypothetical LF parametriza-
tion plane at the scene (e.g., at d where microlenses are fo-
cused). The microlenses sample this directional LF informa-
tion very densely (in an integral manner), and each elemen-
tal image (EI) beneath the microlenses record the perspective
image at the given location. During display stage, the 3D
scene can be reconstructed by mapping the recorded sensor
image onto the 2D display, e.g., LCD. Using the direct re-
construction technique as shown in Figure 1b, where d = dv
and the recorded EIs can be directly used on the LCD (as-
suming that they have the same pixel size), results in pseudo-
scopic perceived 3D images that are reversed in depth. To ob-
tain orthoscopic images with correct relative depth, one needs
to recompute the EIs for the display [12]. In the technique
of virtual image reconstruction behind the scene, as shown
in Figure 1c, the display elemental images can be found by
rotating the captured elemental images 180 degrees around
their centers and setting the microlens-to-LCD distance gv as
gv = g − 2f2/(d − f), where f is the focal length of the
microlenses [8].

2.2. Near-eye InIm display

The InIm display technique has been demonstrated to be an
attractive candidate for near-eye displays, particularly due to
its capability of delivering focus cues and thus addressing the
VAC [3, 4]. The focus cues are basically delivered by provid-
ing multiple view images through the eye pupil [13], which
is satisfied in InIm by sampling the directional information
of LF due to scene by a sufficiently dense set of microlenses.
Figure 1d illustrates the near-eye integral setup. Please note
that in the near-eye use-case the InIm display is used in the
virtual image formation mode as discussed above. As illus-



Sensor

Lenslets

EIs

Capture

𝑑 𝑔

(a) Scene capture.

Display (real) LCD

Eye

𝑑 𝑔

Lenslets

(b) Real pseudoscopic image.

LCD

𝑑𝑣 𝑔𝑣

Lenslets

Display (virtual)

Eye

(c) Virtual orthoscopic image.

LCD

Lenslets CDP 

(lenslets)

𝑧𝑓

Retina
𝑙2 𝑥

Pupil

𝑊

𝑙1

Eye

focus

𝑧0

𝑣0 𝑣1 𝑣2

(d) Integral imaging setup.

Fig. 1. Optical capture and display of a 3D scene through integral imaging.

trated in the figure, the display projects multiple rays within
the pupil evoking the necessary focus cues for the eye so that
the eye is actually focused at the intended object depth, rather
than the conjugate image plane of the LCD or central depth
plane (CDP) as we call here, to achieve a sharp image on the
retina up to the available spatial resolution provided by the
InIm display.

As the number of projected rays within the pupil (l1/W )
increases, the focus cues are created more accurately and cor-
respondingly the depth perception is improved. This can be
achieved by decreasing the microlens aperture size l2. How-
ever, as a trade-off, the delivered spatial resolution is degraded
by up to the same factor (if for the given object depth the
magnified elemental images overlap with subpixel shift, this
degradation can be less due to superresolution effects). So, it
is critical to optimize this trade-off between angular ray den-
sity and spatial resolution mainly based on the intended scene
depth range. Generally speaking, 3× 3 or 4× 4 views within
the pupil are demonstrated to provide desired accommodation
[13]. In this paper we implement the latter case.

2.3. Ray propagation

The simulation of a retinal image basically involves back-
projecting a set of rays from each pixel on the retina through
the eye pupil. Let us consider a thin-lens eye model (planes
P0 and P1), and InIm display (planes P2 and P3), as in Figure
2a. Given a light ray at point x0 on the retina plane with a
particular direction, in can be traced through the correspon-
ding point x1 on the plane P1, point x2 on P2 and point x3 on
P3. Let us denote the optical powers (reciprocal focal length)
of the pupil and lenslets by d1 and d2 respectively, and con-
sider that the central axis of the optical system goes through
the pupil center. Then, the relations between path points are
expressed as

xi+1 = xi + ωivi, i = 0, 1, 2, (1a)

ω1 = ω0 − x1d1, ω2 = ω1 − (x2 − xc)d2, (1b)

where xc is the center of the lenslet that intercepts the ray, and
ωi is the angular direction of the ray segment that starts at xi.

3. DISPLAY IMAGE RENDERING

3.1. Overview

Given a 3D scene to be visualized, one needs to render the
corresponding (spatially multiplexed) display image, which,
in interaction with the lenslet array, generates the correspon-
ding LF. In general, there are two established techniques to
render display image when a synthetic scene is given: rasteri-
zation and ray tracing. We favor ray tracing since it is flexible
and brings higher realism.

In ray tracing, one image pixel corresponds to its own set
of rays, referred to as camera rays (or primary rays), each
of them carrying the light information. These rays are posi-
tioned in a virtual world, together with all the objects of the
synthetic scene (see Figure 2b). Each ray is traversed until it
hits an object, and after this the resulting color of hitpoint is
evaluated and stored as the ray result [14]. After all rays for a
particular pixel are calculated, their averaged value is stored
as a pixel value.

3.2. Camera ray setup

The camera ray setup simulates the physically-based simula-
tion of real-life InIm capturing. Namely, the value of particu-
lar display image pixel is determined as the estimated contri-
bution of all light rays that should come to the corresponding
location on LCD panel. Numerically this can be evaluated by
sampling a discrete number of points on the lenslet surface,
and tracing rays that go through these points towards the pixel
position (see Figure 2c), including lenslet refraction. After
being refracted, rays can be placed in virtual world to cal-
culate the corresponding color contribution (see Figure 2b).
Starting position of each ray may be defined with one degree
of freedom. Usually, it is defined as the intersection with an
imaginary reference plane in the virtual world, which can be
placed arbitrary. Intuitively, the reference plane can be under-
stood as an analogue of the near-clip plane, which is part of
camera model in conventional rendering pipeline.

We consider three alternative ways to generate the set of
sampling points on the lenslet surface:
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• LensletAverage (LA) – samples are placed in regular
grid pattern (see Figure 2c, we take 5x5 grid);

• LensletCenter (LC) – only one sample at lenslet cen-
ter (see Figure 2d, the upper lenslet);

• PupilCenter (PC) – only one sample that corresponds
to the ray which would hit the pupil center (see Figure
2d, the lower lenslet).

There are two main reasons to apply the LA technique:
first, it simulates the real-life InIm capture (see Figure 1a);
where many rays are integrated to form a pixel point; se-
cond, it models the LF formation and the resulting angular
anti-aliasing effect of the lenslet. However, this technique is
comparably slow, which may impose burdens when it comes
to real-time rendering. Both LC and PC techniques are more
efficient, as they assume only on one ray per sample.

The LC technique assumes that during the capturing
phase, the lenslet array is replaced by the corresponding pin-
hole array. Another argument for using this technique is the
assumption that the center-most ray that goes through the
lenslet center makes the strongest light contribution among
the others, and can be considered as a (rough) estimation of
the mean value of all contributing rays.

The LC and LA techniques require no knowledge about
the expected eye position. If the eye position is known (e.g.,
by eye-tracking), one can apply the PC technique. It is based
on the assumption that the most important ray is the one that
goes through the pupil center. In practice, it does not take the
pupil size into account assuming it is infinitely small.

4. EXPERIMENTAL RESULTS

4.1. System setup

We test the three candidate rendering techniques in a simu-
lated virtual environment with the following settings: pupil
diameter l1 = 5 mm, pupil-to-retina dist. v0 = 17 mm, pupil-
to-lenslets dist. v1 = 20 mm, lenslets-to-LCD dist. v2 = 6.32
mm, lenslet size l2 = 1.2 mm, EI size l3 = 1.58 mm. The
CPD of such setup is thus placed at z0 = 400 mm, for a point
at which there are 4×4 rays are projected within the eye pupil.

The virtual scene is composed of three square-shaped pla-
nar objects, placed perpendicular to the eye main direction, at
different depths (see Figure 3). Each object contains vector-
graphics texture of USAF 1951 resolution test charts. To si-
mulate focusing, we place these objects at three depths, re-
lative to the pupil, as follows: near focus at 300 mm, centre
focus at 400 mm, far focus at 600 mm.

We use two camera models: Pinhole (conventional per-
spective camera) and Realistic (thin-lens camera simulating
the human eye). The ground-truth (GT) images are generated
by directly capturing the scene image with the realistic cam-
era model. The ray sampling of the realistic cameras is done
through an 8×8 regular grid on the pupil surface, taking into
account only those samples that fall into the circle inscribed
into 5×5 mm square, which represents the pupil sampling.
This is in line with the assumed ray density for evoking focus
cues, as discussed in Section 2.2. The pinhole camera rep-
resents the whole scene in focus and is used to represent the
limit condition of the pupil size, which is of particular impor-
tance for the PC technique. The realistic camera is focused at
near, centre, and far object during each test case, as shown in
Figure 3a, 3e, 3i). For the sake of space we do not show the
all-in-focus pinhole images.

4.2. Simulation results

Results of the simulation are shown in Figure 3 and tabulated
in Table 1 in terms of PSNR in dB and SSIM [15]. The two
metrics are calculated for the corresponding image pairs: a
differently focused perceived GT image and a retinal image
formed by sampled at the pupil LF generated by a display
image, rendered by one of the tested techniques.

LC PC LA LC PC LA
Pin. 21.48 22.31 22.87 0.958 0.961 0.954
Near 24.08 20.85 24.13 0.915 0.902 0.914
Cen. 24.06 22.17 24.36 0.909 0.898 0.908
Far 24.77 21.54 24.90 0.917 0.903 0.917

Table 1. PSNR (left part) and SSIM (right part).
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Fig. 3. Rendered images. The GT (ground-truth) designates images obtained directly from the synthetic scene, without display
interaction. Near-, Center-, and Far-focus designates the plane at which the simulated eye is focusing.

First of all, in all rendering methods, the focus cues de-
livered by the near-eye InIm display are observed. That is,
the image of the object at the intended depth appears to be
sharper when the eye is focused on it. As expected, for the re-
alistic camera models, the LA technique outperforms the two
others in all test cases. However, the numbers are pretty close
to the ones obtained by LC. For the same realistic camera
cases, the PC technique shows inferior performance, which
justifies the role of the lenslet in forming the correct LF. For
the case of infinitely small pupil, represented by the pinhole
camera model, as expected, PC slightly outperforms LC, and
even LA in terms of SSIM. Based on the perceived images,
a more rigorous analysis can be carried out, e.g., by Fourier
domain analysis, to better characterize the capabilities of ren-
dering methods at different spatial frequencies. Furthermore,

such analysis would also enable to profile the capabilities of
the given display itself.

5. CONCLUSION

The proposed framework [7] is instrumental for assessing and
comparing different display designs and LF imaging methods,
aimed at visualization on near-eye InIm displays. Our ex-
periments in simulated environment demonstrate that the LC
technique is quite competitive with respect to the more elab-
orated LA one. The performance of the PC technique is com-
parable to the other two for the case of infinitely small pupil.
Further analysis of the perceived images generated by differ-
ent displays or processing methods by employing Fourier do-
main methods is part of our future work.
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