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ABSTRACT

Foveation is an extremely powerful tool for reducing computa-
tional burden in near-eye displays. Applying such methods for dis-
plays capable of producing the majority of 3D visual cues, how-
ever, requires accurate models and knowledge of the human visual
perception to exploit its weaknesses effectively. Spatial resolution
is the main concern in regular 2D displays, whereas in the case
of 3D displays additional visual cues, such as accommodation, re-
quire attention. This paper analyzes such cues for near-eye holo-
graphic displays by considering the perceptual properties of the
human vision, particularly the visual acuity relative to the gaze di-
rection. We develop a numerical wave optics based reconstruction
tool incorporating a perceptual model of the human eye to simu-
late the natural viewing process with high accuracy. Based on our
analysis, general guidelines are found regarding the accuracy of
the accommodation cues relative to the gaze of the viewer. More
importantly, the developed method can be included into the de-
sign process of near-eye holographic displays to computationally
optimize their parameters and the foveated rendering techniques.

Index Terms — Holography, near-eye displays, foveation,
perceptual modeling, wave optics

1. INTRODUCTION

Holographic displays, despite their ability to replicate 3D content
highly realistically, have not yet seen widespread use due to the
extremely demanding computational requirements to achieve full
parallax and a wide viewing angle. By restricting the position
of the viewer near to the display, as done in near-eye displays
[1, 2, 3], the limitations of the human visual system in addition
to the restricted position can be exploited to relieve the display re-
quirements, such as viewing angle. Moreover, in such displays the
gaze of the viewer can be more easily tracked, thus allowing for
foveated rendering methods to further optimize the computations.
For this purpose, it is important not only to know the perceptual
limits of human vision, such as the spatial resolution and accom-
modation response, but also to be able to accurately simulate the
viewing process of the human eye.

Previous research on characterizing the properties of 3D dis-
plays in relation to visual perception mainly considered ray-based
light field (LF) displays [4]. In an effort to extend the analysis to
holographic stereograms (HS), our previous work [5] employed
wave optics based numerical viewing simulations. In these simu-
lations the human eye is considered as a camera with a thin lens
for the pupil and a flat uniformly sampled sensor for the retina.
However, more accurate analysis and models are needed specifi-
cally for near-eye applications. A more precise model of the hu-
man visual system (HVS) was utilized in [6], where an importance
sampling model was developed based on the spatial resolution de-
crease away from the visual axis. However, the eye was still ap-
proximated by a flat two-plane parametrization. Moreover, the

analysis considered only ray-based optics. As a result, there is
an apparent need for accurate analysis and simulation of human
vision for wave optics based applications.

In this paper, we analyze the accommodation response of the
HVS for a near-eye holographic display. To improve the accuracy
of the HVS model, a non-uniform sampling scheme is adopted,
based on the density of the human retinal ganglion cell receptive
field [7]. Additionally, the simulations include the curvature of the
retina. The approach for simulating the viewing process of the hu-
man eye utilizes numerical wavefield propagation. We analyze the
accommodation response via point spread functions (PSF) as well
as the modulation transfer functions (MTF) from the perceived
retinal images. The response is evaluated as a function of eccen-
tricity by changing the position of the displayed content relative
to the gaze horizontally. Thus, we find the accuracy of the ac-
commodation cues needed to be provided by the hologram in the
peripheral vision.

2. METHOD
2.1. Computational human eye model

Near-eye foveated displays take advantage of the shortcomings of
the HVS and rely on models to provide the necessary information
regarding e.g. sampling and rendering budget. Such models can
also be incorporated into simulation tools designed to mimic the
visual process of a human eye. In general, these simulation tools
consider the human eye as a camera with a thin lens, where the
lens is equivalent to the pupil and the sensor to the retina. This
configuration defines three parallel planes: display (or hologram),
lens and sensor. Each plane needs to be discretely sampled ac-
cording their corresponding sampling requirements for numerical
simulations, which is typically done in a uniform fashion. Here
we will describe how to improve the human eye model, specifi-
cally targeting the sampling of the sensor plane.

A key part of an accurate perceptual model of the human vi-
sion is the decrease of visual acuity (away from gaze). Here we
adopt the model proposed in [7] describing the density of the reti-
nal ganglion cell receptive field as a function of retinal eccentricity
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The constants pcone, @m, 7'2,m, Te,m fit the model along the four
different meridians (temporal, superior, nasal, inferior) [7]. The
sampling of the retina (in angle) is then defined from the density

as [7]
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Thus, the visual acuity drop-off is modeled by non-uniformly sam-
pling the retinal surface in further steps of the analysis.

Another often overlooked property of the HVS in numerical
simulations is the curvature of the retina. Though the conventional
flat two-plane parametrization is an acceptable approximation, the
accuracy of the eye model is improved to some extent by includ-
ing the curved parametrization. In this paper, we parametrize the
retina on a spherical surface with a diameter of [. As a result, the
retina is sampled at different z-coordinates based on the eccen-
tricity. Specifically, a sample at the eccentricity ¢ on the retina is
located at distance z,, in z-direction from the pupil:

Zy = é—k%cosqﬁ. 3)
Thus, each sample on the retina has both a horizontal and a depth
coordinate.
The final part of the computational model is the pupil, which is
modelled as a thin lens of width D. The 1D transmittance function
T'(s) of a thin lens is defined as
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where )\ is the wavelength of the monochromatic light and f is
the focal length of the lens. By changing f, the lens can be set
to focus at varying distances, thus providing the ability to evalu-
ate the accommodative properties of the human eye in numerical
simulations.

2.2. Numerical simulation via scalar field diffraction

In addition to the perceptually accurate eye model, the propagation
of light from the display to the eye needs to be modeled. A wave
optics based approach is adopted here to study the perceived vi-
sual properties through numerical simulations. For simplicity, let
us consider the equations in 1D. The scalar optical field U (&; zo0)
is propagated utilizing plane wave decomposition, i.e. for each
spatial frequency component f¢ in the field, a plane wave is prop-
agated with its corresponding complex amplitude and sampled at
the desired secondary positions (z, z). The contributions of each
plane wave are combined to obtain the total field U (x; z) as
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The fields are discretely sampled in the numerical simulations,
thus the integral in Eq. 5 can be replaced with a summation and a
discrete Fourier transform is utilized to obtain the complex ampli-
tudes for each plane wave.

The field at the hologram plane is generated based on the con-
tent to-be-recorded on the hologram. As our simulation setup
models the content as point source(s) of light, the field is obtained
as a summation of contributions from each point source p. Utiliz-
ing the Fresnel kernel, the 1D field O(z;0) is defined for a single
point source as
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where a, is the amplitude of the point source, ¢, is the rela-
tive phase, A is the wavelength of the monochromatic light and

where
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k = 2m /X is the wave number. Due to the viewing conditions of
the near-eye display setup, i.e. short viewing distance and station-
ary position of the eye, spherical illumination for the hologram is
beneficial to use; it reduces the size of the viewing zone to extend
the field-of-view [8].

3. RESULTS AND DISCUSSION

The numerical reconstruction setup for the analysis is presented in
Fig. 1. That is, a single point source is placed at coordinates (zp,
zp) and a hologram of it is produced. The hologram is then prop-
agated towards the simulated eye at distance zeye, first passing
through the lens with a transmittance function 7'(s). The trans-
mittance function can be modified to focus the eye at different
distances. Finally, the intensity values are retrieved from the retina
at the positions defined by Eq. 2 and 3. These intensities compose
the perceived PSF for the human eye, from which the MTF is ob-
tained as the magnitude of its spectrum. The MTF describes the
contrast magnitude across different spatial frequencies.
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Figure 1. Numerical reconstruction setup for the analysis.

Let us first consider the behaviour of the MTFs as a function
of spatial frequency. For this purpose, the presented numerical
simulation tool is utilized with the following parameters: the point
is set at 2z, = —50 cm (i.e. 50 cm behind the hologram) and a
Fresnel hologram of it is generated with a sampling step Az = 2
pm, number of samples N = 8192 and wavelength A = 534 nm.
The location of the eye and the pupil size are fixed to zeye = 2 cm
and D = 5 mm, respectively. The simulated eye is set to focus
at the exact distance of the point source, as well as around it at
various shifted depths. We define the accommodation shift Az in
diopters relative to the location of the point, i.e.
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where zy is the distance the eye is set to focus. The focus distance
zy is related to the focal length of the thin lens in the eye model
according to the imaging equation
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Furthermore, the foveated aspect of the model is taken into ac-
count by changing the horizontal position of the point. The dis-
tance from the gaze is described as an eccentricity angle (see ¢
in Fig. 1). As shown in Fig. 2, the MTF decays towards higher
frequencies regardless of the accommodation shift and eccentric-
ity. The relative magnitude between the different MTFs is crucial,
as contrast magnitude is one of the factors driving the accommo-
dation response of the eye [4]. Consequently, the likeliest accom-
modation distance Z; is estimated here as the accommodation shift
with the largest MTF magnitude at a given spatial frequency.
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Figure 2. MTFs for different accommodation shifts as a function of spatial
frequency. The point is placed 50 cm behind the hologram and horizon-
tally at the center of the gaze (top) or deviated 10 degrees from the gaze
(bottom).

Eccentricity = 0 degrees

MTF

02t x\L y
%
x x * \\
0 y_—‘/\ L i L L L L L L J
1 08 06 04 02 0 02 04 06 08 1

Accommodation shift (diopters)

Eccentricity = 10 degrees

0.8
0.6
MTF
0.4
0.2
I
o ) | | | | | ) | | )
-1 -08 -06 -04 -02 0 02 04 06 08 1
Accommodation shift (diopters)
1 Eccentricity = 20 degrees
MTF

0 I I I I I I I
-1 -08 -06 -04 -02 0 02 04 06 08 1

Accommodation shift (diopters)

Figure 3. MTF values and a Gaussian fit as a function of accommodation
shift. The point is placed 50 cm behind the hologram and horizontally at
the center of the gaze (top), deviated 10 degrees (center) or 20 degrees
(bottom) from the gaze. The diamond marker denotes the peak of the
Gaussian.
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Figure 4. Peak location and variance of the Gaussian functions fitted to the
MTF data points at different eccentricity angles.

A representative set of spatial frequencies (for the HVS) is
chosen to further illustrate the differences in MTF magnitude be-
tween different accommodation shifts. The choice of frequencies
is motivated by the neural transfer function, according to which
the human eye is most sensitive to frequencies around 10-15 cy-
cles per degree (cpd) [9]. Therefore, the MTF is evaluated at five
different spatial frequencies (1, 2.5, 5, 10 and 15 cpd) and at Az
between -1 and +1 diopters (0.1 diopter steps) around the position
of the point. As a result, we obtain 21 data points for each spa-
tial frequency. In order to minimize the effect of possible outliers,
a unimodal Gaussian is fitted to the data points, from which the
maximum value is estimated as Zy. The results shown in Fig. 3
illustrate changes in the contrast magnitude and gradient across
different spatial frequencies and point eccentricities. Certain fac-
tors are maintained across different eccentricities: the higher spa-
tial frequencies have larger contrast gradient, but lower contrast
magnitude. The estimated accommodation distance Z; changes
slightly as the distance from the gaze changes, though in general
remains within the HVS depth-of-field of 0.3 diopters [10]. In-
terestingly, at 0 degree retinal eccentricity Z; is estimated to be
slightly behind the actual point. Previous studies have observed
that such accommodation lag is present even under natural view-
ing conditions [11, 12].

Finally, let us examine the width of the MTF peak in more
detail. The width of the peak (or contrast gradient) is relative to
the amount of observed blur: shallow gradient indicates similar
levels of blur across a wider range of depth values. The vari-
ances of the Gaussian functions fitted to the MTF data points,
shown in Fig. 4, indicate that the peak width slightly increases
at larger eccentricity angles. Based on the assumption that the
accommodation response is driven by the contrast gradient, in ad-
dition to the magnitude, the strength of the response trigger can
be expected to decrease as the distance from the gaze increases.
Our findings are supported by previous research [13], where it was
found that peripheral vision can trigger accommodation response,
however, at a decreased magnitude as the retinal eccentricity in-
creases. As a consequence, content in the peripheral vision could



be thus described by more ambiguous depth values, which would
simplify hologram generation at such regions. It is important to
note, though, that other factors may contribute to the accommoda-
tion response. Furthermore, it is expected that the accommodation
cue is most relevant in the direction of the gaze due to the natu-
ral tendency to gaze towards the region-of-interest. i.e. where the
focused content is. Nevertheless, other means of accurate repro-
duction of depth are required for proper focus cues in the periph-
eral vision. Retinal blur, in particular, contributes to the sense of
depth as well as motion estimation for moving targets [14, 15].
Moreover, estimating depth from blur in the peripheral vision can
be expected to help drive the accommodation (as the gaze moves)
towards the correct distance. Further research on introducing psy-
chophysical limits of human vision to the analysis and model (e.g.
blur and contrast discrimination [16]) is left for future work in this
topic.

4. CONCLUSIONS

We have presented in this paper preliminary analysis of accommo-
dation response in foveated near-eye holographic displays. The
main focus has been on the effects of visual acuity across the
retina which is taken into account by the presented computational
eye model. Our initial results from the numerical wavefield sim-
ulations have suggested that the strength of the accommodation
trigger decreases away from the central gaze. Thus, the content
recorded on the hologram at such positions can have varying posi-
tions in depth and still be accommodated similarly by the human
eye. Importantly, this suggests that at the peripheral vision it is
feasible to use a fixed set of depth planes for generating holo-
grams, thus permitting the use of pre-calculated patterns and sim-
plifying the calculations significantly. However, further analysis
is still required to combine the results of numerical simulations
with known psychophysical quantities related to human vision.
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