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Abstract—Light fields capture both the spatial and angular rays, thus enabling free-viewpoint rendering and custom selection of the focal
plane. Scientists can interactively explore pre-recorded microscopic light fields of organs, microbes, and neurons using virtual reality

headsets. However, rendering high-resolution light fields at interactive frame rates requires a very high rate of texture sampling, which is
challenging as the resolutions of light fields and displays continue to increase. In this paper, we present an efficient algorithm to visualize
4D light fields with 3D-kernel foveated rendering (3D-KFR). The 3D-KFR scheme coupled with eye-tracking has the potential to accelerate
the rendering of 4D depth-cued light fields dramatically. We have developed a perceptual model for foveated light fields by extending the
KFR for the rendering of 3D meshes. On datasets of high-resolution microscopic light fields, we observe 3.47 x —7.28 x speedup in light
field rendering with minimal perceptual loss of detail. We envision that 3D-KFR will reconcile the mutually conflicting goals of visual fidelity

and rendering speed for interactive visualization of light fields.

Index Terms—Ilight fields, foveated rendering, microscopic light fields, eye tracking, visualization.

1 INTRODUCTION

Classic light field rendering is limited to low-resolution images
because the rendering process of large-scale, high-resolution light
field image arrays requires a great amount of texture sampling, thus
increasing the latency of rendering and streaming.

With the rapid advances in optical microscopy imaging, several
technologies have been developed for interactively visualizing or
reconstructing microscopy volumes [[1]]-[3]]. Recently, light field
microscopy [4] has emerged, which allows one to capture light
fields of biological specimens in a single shot. Afterwards, one
could interactively explore the microscopic specimens with a light-
field-renderer, which automatically generates novel perspectives
and focal stacks from the microscopy data [35]. Unlike regular im-
ages, light field microscopy enables natural-to-senses stereoscopic
visualization. Users may examine the high-resolution microscopy
light fields with the inexpensive commodity virtual reality head-
mounted displays (HMDs) as a natural stereoscopic tool. The
method of rendering light field microscopy can be applicable to
high-resolution light fields from other sources.

To the best of our knowledge, the interactive visualization
of high-resolution light fields with low latency and high-quality
remains a challenging problem.

Human vision spans 135° vertically and 160° horizontally, but
the highest-resolution foveal vision only covers a 5° central region
of the vision [6]. The peripheral vision are fast in perception 7] but
has lower visual acuity. As estimated by Patney et al. [8]], only 4%
of the pixels in a modern HMD are mapped on the fovea. Therefore,
foveated rendering techniques that allocate more computational
resources for the foveal pixels and fewer resources elsewhere can
dramatically speed up light field visualization.

In this paper, we present 3D-kernel foveated rendering (3D-
KFR), a novel approach to extend the kernel foveated rendering
(KFR) [9] framework to light fields. In 3D-KFR, we parameterize
the foveation of light fields by embedding polynomial kernel
functions in the classic log-polar mapping [[10], [11]] for each
slice. This formulation allows us to alter both the sampling density
and distribution, and match the perceptual acuity of virtual reality
HMDs. Next, we optimize 3D-KFR by adjusting the weight of
each slice in the light fields, so that it automatically selects the

optimal foveation parameters for different images according to the
gaze position and achieves higher speedup. In this way, 3D-KFR
further accelerates the rendering process of high-resolution light
fields while preserving the perceptually accurate foveal detail.

We validated our approach on the rendering of light fields by
carrying out both quantitative experiments and user studies. Our
method achieves speedups of 3.47 x —7.28 x on different levels of
foveation and different rendering resolutions. Moreover, our user
studies suggest optimal parameters for rendering of foveated light
fields on modern HMDs.

In summary, our contributions include:

1)  designing 3D-KFR, a new visualization method to observe
the light fields, which provides similar visual results as
the original light fields, but at a higher rendering frame
rate;

2)  conducting user studies to identify the 3D-KFR parameters
governing the density of sampling to maximize perceptual
realism and minimize computation for foveated light fields
in HMDs;

3) implementing the 3D-KFR light fields pipeline on a GPU,
and achieving speedups of up to 7.28x for the light
fields with a resolution of 25 x 25 x 1024 x 1024 px with
minimal perceptual loss of detail.

We organize the paper as follows: summarizes the
development of foveated 3D graphics and light field rendering.
The detailed algorithm for kernel foveated rendering for light

fields follows in[Section 3|and the user study follows in[Section 4]

Results of the user study, performance evaluation for the rendering
acceleration, and discussions are presented in We

conclude the paper and propose future work in

2 RELATED WORK

Our work is inspired by the prior art in foveated 3D graphics and
light field microscopy.



IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS 2

2.1 Foveated 3D Graphics mathematical model for multilayer-multiframe compressive light

Approaches for foveated rendering, including mesh simpli catiorf!d displays that signi cantly reduces artifacts compared with
in the areas of lower acuity [12]=[L4], are reviewed by Weier attenuation-based m.ultllaye.r-mult!frame dlsplayg. eeal. [36]

al. [15]. Texture sampling and shading have gradually come B50POS€ foveated ret!nal optlmlzatlon.(FRO)., Whlgh h.as. toI.erance
dominate the costs of rendering sophisticated scenes on mod@FPupil movement without gaze tracking while maintaining Image
rendering pipelines| [16],[ [17]. Ragan-Kellest al. [I8] use de nition a}nd accurate focus cues. The system achi@gss 19
decoupled sampling for stochastic super-sampling of motion afi@V: continuous focus cues, low aberration, small form factor,
defocus blur at a reduced shading cost. Gueettet. [6] present and clear see-through property. However, FRO adopts the idea
a three-pass pipeline for foveated 3D rendering by using thrgkfoveation to improve the display performance of the multi-
eccentricity layers around the tracked gaze point. VaidyanatharfaYer displays rather than the rendering speed of 3D content.
al. [17] perform foveated rendering by sampling coarse IDixe{%unet_al.[\?ﬂ] design a rea_l-tlme foveated 4D light eld r_enderlng

(2 2pixels and4 4 pixels) in the peripheral regions. Clarbesty and d|spl_ay system. Their work analyzes the band\_/wdth bound
al. [19] propose a modi cation to the current hardware architecturl’ Perceiving 4D light elds and proposes a rendering method
which enables exible control of shading rates and automatilth importance sampling and a sparse reconstruction scheme.
shading reuse between triangles in tessellated primitivesstHe! Neir prototype renders onl§6% 30% of the rays without

al. [16] introduce multi-rate GPU shading to support more Shadi,g:?mpromlsmg the perceptual quality. The a!gonthm is designed for
samples near regions of specular highlights, shadows, edges, Ei§iesktop screen. In contrast to the previous work, our approach
motion blur regions, helping achieve8a to5 speedup. Bektaat focused on foveated visualization of large light elds in virtual
al. [20] present a testbed featuring gaze-contingent displays, whi§®!ity HMDs. Mildenhallet al.[38] propose an algorithm to render

is able to manage the visual level of detail. With multiple modeROVel views from an irregular grid of sampled views by expanding
of the human visual system combined, the system can resp&@¢h sampled view into a local light eld via a multiplane image
to the viewer's gaze in real-time and rendering a space-variéMPl) scene representation and blending adjacent local light elds.

visualization. Patnegt al. [8], [21] optimize foveated rendering

[17] by addres§in_g temporal artifacts through pre- Iters an_g,3 Light Field Microscopy
temporal antl-allasmg. They alsp show that_ contrast pre_servatminstein and Descour [39] use lens arrays for single-view-point
greatly enhances the 'mage quallt_y by reducing the tunneling eﬁ%crtray microscope with ultra-wide FOV instead of light elds with
Swaffordet al. [22] implement four independent foveated rendererﬁ'erspective views. Levogt al. [4] propose using light elds to
The rst method reduces peripheral resolution. The second varies . . et .

er-pixel depth-buffer samples in the fovea and periphery for screBrgduce microscopy with perspective views and focal stacks.etvilt

P ap'[40] con rm the importance of observing cellular properties by

space ambient occlusion. The third implements a terrain rendere . . S .
. . .-usSing light microscopy for neuroscientists. The advances include
using GPU-level tessellation for the fovea. The nal method varies__ " . e . .
Ezabllng new experimental capabilities and permitting functional

the per-pixel ray-casting steps across the eld of view (FoV; aging at faster speeds. Prevedelal. [5] implement a light
Stengelet al. [23] use adaptive sampling from fovea to periphera : . . et
eld deconvolution microscopy and demonstrate its ability to

regions in a gaze-contingent deferred shading pipeline. Mitng imultaneously capture the neuronal activity of the entire nervous
al. [9] present kernel foveated rendering (KFR) for meshes, WhiC%Ftem ycap y

parameterizes foveated rendering by embedding polynomial kerﬁX
functions in the classic log-polar mapping, thus allowing users to
vary the sampling density and distribution that matches hum@n 3D-KERNEL FOVEATED RENDERING FOR 4D
perception. Ritschedt al. [24] also rasterize the rendered imagg 4T FIELDS

with spatially varying pixel density to produce foveated images. . . . .
Turneret al. [25] propose an algorithm to reduce motion artifacts iff? this section, we rst introduce KFR for 4D light eld rendering.
the periphery of foveated rendering by aligning the rendered piafXt: we generalize KFR to 3D-KFR. Finally, we discuss the
grid to the virtual scene content during rasterization and upsamplifgSuIting rendering acceleration that 3D-KFR achieves over KFR.
In addition to the application of rendering, the foveation technique

could also be applied to accelerate video streanfing [26], p@hl KFR for 4D Light Field Rendering

tracing [27], and depth-of- eld ltering[[28]. Inthek klight elds with image resolution oW H, the total

number of texture samples for rendering the original light elds
2.2 Light Field Rendering Noriginal iS:

4D light elds [29], [30] represent an object or a scene from Noriginal = k* WH (1)

multiple camera positions. Chat al. [31] determine the minimum . . .
. : e : FR accelerates the rendering process of light elds by reducing
sampling rate for light eld rendering by spectral analysis o .
exture sampling. In the rst pass, we perform kernel log-polar

I|ght eld signals using thg samplllng theorem. .N.g [32] O ansformation for each slice and render to a reduced resolution
tributes to a Fourier-domain algorithm for fast digital focusin

. . . buffer with dimensions ok k w h. In the second pass, we
for light elds. Lanman and Luebke [33] propose near-eye ligh . . .
. . . . erform the inverse log-polar transformation to map the pixels back
eld displays supporting continuous accommodation of the eye . .
: o 0 the screen. As de ned in Mengt al. [9], the kernel function
throughout a nite depth of eld, thus providing a means t . - h . . _
. . . (X) can be any monotonically increasing function wit{0) = 0
address the accommodation-convergence con ict occurring wgude (1) = 1, such as a polynomial
existing stereoscopic displays. Huasigal. [34] analyze the lens- ' poly '
distortion in light eld rendering and correct it, thus improving

¥ ¥
— 2 - S h = 1
the resolution and blur quality. Zharg al. [35] propose a uni ed K= a bix;  whereq bi = 1. @

i=0 i=0
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Fig. 1. The pipeline of the foveated light eld. Part (a) represents the light elds image array, the region with dark-green mask represents the foveal
region that the local center camera position of the frames are around fovea. The peripheral region masked by light-green are the regions that the local
center camera position of the frames is far from the fovea. We apply kernel log-polar transformation for each image with different s (s is determined
by the gaze position) to get the image sub-arrays as shown in the left part of (b). Then we average the image sub-arrays to get textures as shown in
the right part of (b). Finally, we apply the inverse log-polar transformation for each sub-array, calculate the weighted sum of pixel values and perform
anti-aliasing to get the nal image displayed on-screen as shown in part (c).

We next present the two passes of the KFR algorithm. then the inverse transformation can be formulated as Equation 9,
In the rst pass, we transform the image from Cartesian o0
coordinates to kernel log-polar coordinates. For each pixel in screen X"= exp(A K(u)) cos(BY)+ x ©)
space with coordinategx;y), foveal pointF (x;y) in Cartesian L exp(A K (u)) sin(Bv)+y
coordinates, we de ne®, y’as
Y’ The number of texture samples for the second Pag® pass 2
=x x5 Y=y vy @3) is
Then, we transform poinfx®y9 to (u;v) in kernel log-polar NkFR pass 2= WH (10)

coordinates using Equation 4, The total number of texture samples for rendering the light

logk ) . .
u= K 1 99 XL,yq<2 W elds with KFR is:
o (4) NkrFr = NkFR pass & NKFR pass 2
= — k2 11
v= arctan g +1y’<0 2p 2 = zt1 WH (D

K 1() is the inverse of the kernel function, ahds the log of

. - The parametes controls the total number of pixels of the
the maximum distance from fovea to one of the four corners of the . . .

. . reduced-resolution buffer, thus controlling the foveation rate and
screen as shown in Equation 5,

the amount of sampling. Comparing Equations 1 and 11, the

L = log(max(max(ly;12) ;max(ls;14))) : (5) number of texture samples can be greatly reduced in KFR with

Here, s > 1.0. Kernel function controls the distribution of pixels in the
li=  kxyko whole image. By adjusting kernel functions, we can determine the
b= KW xH vk pixel distribution and choose one that mimics the photo-receptor

_ ] (6) distribution of human eyes. The kernel log-polar mapping algorithm
ls=kaH ke allows us to mimic the fall-off of photo-receptor density of human
la= KW  xyko visual system with differerg and different kernel functions.

We de nes = W = H 35 the ratio between the full-resolution

screen width (or height) and the reduced-resolution buffer width (8r2 3D-KFR for 4D Light Fields
height). The number of texture samples for the rst pigsr pass 1 The rendering of 4D light elds is different from the rendering
can be theoretically inferred as: of 3D meshes because the center camera position of each slice
> W H K WH 7 is different. Since the foveation level of a pixel is affected by
s s g2 ™ the distance to the center camera, the foveation parameter can
In the second pass, a pixel with kernel log-polar coordinat®¢ different for different slices in a light- eld image array. We
(u;Vv) is transformed back t(%%° in Cartesian coordinates. Let optimize the KFR algorithm into 3D-KFR by adjusting the weight
L 2p of each slice in the light elds, so that it automatically selects the
A= V—V; B= T; (8) optimal foveation parameters for different images according to the

NKFR pass 1= k
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Fig. 2. The result comparison of the foveated light elds with fovea on the center of the screen. (b) - (d) are the application of 3D-KFR on light elds
with (b) so = 1:2, (c) sp = 2:0, (d) sp = 3:0. The left zoomed-in views show that the application of 3D-KFR doesn't make changes in the fovea; the

middle zoomed-in views and the right zoomed-in views show that larger s causes detail loss in the peripheral region.

Fig. 3. The result comparison of the foveated light elds with fovea on the peripheral region of the screen. (b) - (d) are the application of 3D-KFR on
light elds with (b) sg= 1:2, (c) so = 2:0, (d) so = 3:0. The left zoomed-in views show that the application of 3D-KFR doesn't make changes in the

fovea; the middle zoomed-in views and the right zoomed-in views show that larger s causes detail loss in the peripheral region.

gaze position, thereby achieving greater speedup. Our algoritheixshown in Equation 13.

consists of two passes as shown in Figure 1. foveal region & o
We de ned as the distance between the local center camera of % peripheral region 1 6§ d<rg
the frameXcamij (Xij; ¥ij) and the gaze positioXcam o Xo; Vo), lij 2 _ peripheral region 2 r d<r, (13)

" peripheralregion N g 1 d<ry
d= Xeamo Xeamij , (12) In the rst pass, assume tHeveal regioncoversky frames and
the peripheral region icoversk; frames. Our approach reduces
the framebuffer size for théoveal regionby sg, and reduces
the framebuffer size for theeripheral region iby s?2,..., s 3,
We partition the original dataset into multiple progressiveespectively. Then the number of total texture samples in the rst
regions: the innefoveal region(highlighted in dark green) indicates PassNap-krr pass 1¢an be theoretically inferred as:

the foveaj.e., where the user is currently looking at; décreases, 1 1 1
the peripheral regionghighlighted in lighter green and white) areNap-kFR pass 1= ko WH ?‘* ki WH ?J' nit kv WH s2
rendered in smaller framebuffers with less texture sampling. — 0 ” 1 N
_ 1, ..., KN
We classify the frame of thith row andj-th columnl;; to B S?J' ?f+ e % WH
(14)

foveal regionor peripheral regionwith different framebuffers byl
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