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Foveated rendering coupled with eye-tracking has the potential to dramatically

accelerate interactive 3D graphics with minimal loss of perceptual detail. I have

developed a new foveated rendering technique: Kernel Foveated Rendering (KFR),

which parameterizes foveated rendering by embedding polynomial kernel functions

in log-polar mapping. This GPU-driven technique uses parameterized foveation

that mimics the distribution of photoreceptors in the human retina. I present a

two-pass kernel foveated rendering pipeline that maps well onto modern GPUs.

In the first pass, I compute the kernel log-polar transformation and render to a

reduced-resolution buffer. In the second pass, I have carried out the inverse-log-polar

transformation with anti-aliasing to map the reduced-resolution rendering to the

full-resolution screen. I carry out user studies to empirically identify the KFR

parameters and observe a 2.8X − 3.2X speedup in rendering on 4K UHD (2160p)

displays. The eye-tracking-guided kernel foveated rendering can resolve the mutually

conflicting goals of interactive rendering and perceptual realism.
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Chapter 1: Introduction

1.1 Overview

Human vision spans a �eld of view of 135° � 160°, but the highest-resolution

foveal vision covers only the central 1:5° � 2° [3]. Patney et al. [5] have estimated

that in modern virtual reality head-mounted displays (HMD) only 4% of the pixels

are mapped onto the fovea. Therefore, foveated rendering techniques that allocate

more computational resources for foveal pixels and fewer resources elsewhere can

dramatically speed up rendering [13] for large displays, especially for virtual and

augmented reality headsets equipped with eye trackers.

Araujo and Dias [14] use a log-polar mapping to approximate the excitation

of the cortex in the human vision system. The classic log-polar transformation has

been used for foveating 2D images on the GPU [15]. However, to the best of my

knowledge, direct use of the log-polar mapping for 3D graphics has not yet been

attempted on GPUs.

In my thesis, I present a kernel foveated rendering pipeline for modern GPUs

that parameterizes foveated rendering by embedding polynomial kernel functions

in the classic log-polar mapping. This allows us to easily vary the sampling density

and distribution, and match them to human perception in virtual reality HMDs. In
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contrast to adaptive sampling in Cartesian coordinates, which requires a complex

interpolation process [10] and the classic three-pass foveated rendering pipeline [3],

KFR just needs a two-pass algorithm. In the �rst pass, I carry out the kernel log-

polar transformation and render to a reduced-resolution framebu�er using deferred

shading [16,17]. In the second pass, I apply the inverse kernel log-polar transformation

to the reduced-resolution framebu�er to map the �nal foveated rendering to the

full-resolution display.

I have built several foveated renderings with varying sampling density and

distribution and evaluate them via pilot and �nal user studies. I have found the

optimal parameters with minimal perceptual errors that correspond to the distribution

of photoreceptors in the retina. This algorithm is designed to achieve a high frame

rate by shading fewer pixels in the peripheral vision. Finally, I have validated my

approach on 3D rendering of textured meshes as well as ray-marching scenes.

The KFR pipeline is broadly applicable for eye-tracking devices, and e�ciently

testing, or previewing real-time rendering results with global lighting and physically

based rendering.

In summary, my contributions include:

1. designing the kernel log-polar mapping algorithm to enable a parameterized

trade-o� of visual quality and rendering speed for foveated rendering,

2. conducting user studies to identify the kernel foveated rendering parameters

governing the sampling distribution and density to maximize perceptual realism

and minimize computation,
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3. mapping kernel foveated rendering onto the GPU to achieve speedups of 2:8X

for textured 3D meshes and 3:2X for ray-casting scenes for 3840� 2160 displays

with minimal perceived loss of detail.

1.2 Human Vision System

There is a large research literature that documents the fallo� of accuracy in

visual periphery. Most of the previous research on foveated perception has been

surveyed in [18]. Recent research has also addressed the issue of perception time for

depicting information in the far peripheral �eld [19].

A commonly used model is thelinear acuity model, which measures the mini-

mum angle of resolution (MAR). A linear model matches both anatomical data and

is applicable for many low-level vision tasks [18]. However, the model only works

for the \central" vision (with angular radius � 8°), after which MAR rises more

steeply [3]. In the periphery, receptors become increasingly sparse relative to the

eyes' optical system Nyquist limit.

Another model is thelog acuity model. It has been found that the excitation of

the cortex can be approximated by a log-polar mapping of the eye's retinal image [20].

The calculation of this model is cheap and fast, thus being used in many practical

applications such as computer vision, robotics, and other �elds.

Curcio [1,2] proposed the mixed acuity model. As shown in Figure 1.1, the

Ganglion cell (orange) density tends to match the photoreceptor density in the fovea

(left), but many photoreceptors map to the same Ganglion cell away from the fovea.

3



Figure 1.1: Spatial distribution of various retinal components, using data from [1]

and [2]. Ganglion cell (orange) density tends to match photoreceptor density in the

fovea (left), but away from the fovea many photoreceptors map to the same Ganglion

cell. `Nasal', `Temp', `Sup' and `Inf' indicate the four directions (nasal, temporal,

superior, inferior) away from the fovea.
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`Nasal', `Temp', `Sup' and `Inf' indicate the four directions (nasal, temporal, superior,

inferior) away from the fovea.

Most of the foveated rendering algorithms are inspired by the acuity models

mentioned above. However, it is not easy to quantify the pixel density rate by using

the models mentioned above. Previous research has addressed the issue of adjusting

visual acuity by conducting user studies with eye tracking technologies.

Kortum et al. [21] invented a foveated imaging system and validate their

system using eye tracking. Minimal perceptual artifacts are reported with bandwidth

reductions of up to 94.7%. Guenteret al. [3] conducted user study by letting the users

compare the foveated image and non-foveated image. They found a more aggressive

mean threshold and a more conservative threshold, which achieved speedups of 5.7

and 4.8 compared to non-foveated rendering. Patneyet al. [6] conducted user study

by �tting a psychometric function to the user performance for di�erent shading

strategies, and found a satisfactory shading rate which provides the most speedup.

1.3 Foveation Techniques

1.3.1 Foveated Images and Videos

The last few decades have seen signi�cant advances in foveated rendering for

2D images and videos.

Burt [22] has generated foveated images with multi-resolution Gaussian pyra-

mids. He takes advantage of a coarse-to-�ne scheme to adaptively select the critical

information for constructing the foveated image. Kortum and Geisler [21] have
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developed one of the earliest eye-tracking-based foveated imaging systems with

space-variant degradation. The structure of their image foveation system is shown in

Figure 1.2. Using 256� 256 8-bit gray-scale images, they have achieved bandwidth

reduction of up to 94:7% with minimal perceptual artifacts. Other image foveation

techniques include embedded zero-tree wavelets [23], set partitioning in hierarchical

trees [24], wavelet-based image foveation [25], embedded foveation image coding [26],

and gigapixel displays [27].

Figure 1.2: General 
ow diagram of the operation of the foveated imaging system.

Video foveation has also been explored [28{ 30]. The �lter bank method is used

for video preprocessing before using standard video compression algorithms (e.g.

MPEG and H.26x) [29,31,32]. Foveation �ltering has been implemented with the

quantization processes in standard MPEG and H.26x compression [33,34]. Video

foveation coupled with eye tracking could reduce overall system latency, including

network latency, processing latency, and display latency [35]. An overview of video

foveation is shown in Figure 1.3.
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Figure 1.3: Overview of the envisioned end-to-end architecture for supporting gaze-

aware streaming solutions for VR.

While previous work in foveation for images and videos provides strong founda-

tions, most of these methods cannot be easily generalized for interactive 3D graphics

rendering on modern GPUs. A notable exception is the work by Antonelliet al. [15],

which uses log-polar mapping to speed-up 2D image rendering on modern GPUs.

However, their approach does not directly work with 3D graphics primitives and

does not use kernel functions.

1.3.2 Foveated 3D Graphics

Weier et al. [36] have reviewed several approaches for foveated rendering

including mesh simpli�cation in the areas of lower acuity [37{ 39]. However, these

days shading has often been found to dominate the cost for rendering sophisticated

scenes on modern graphics pipelines [4,8].

Ragan-Kelleyet al. [40] use decoupled sampling for stochastic super-sampling
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of motion and defocus blur at a reduced shading cost. Guenteret al. [3] present

a three-pass pipeline for foveated 3D rendering by using three eccentricity layers

around the tracked gaze point. As shown in Figure 1.4, the innermost layer is

rendered at the highest resolution (native display), while the successively outer

peripheral layers are rendered with progressively lower resolution and coarser level

of detail (LOD). They interpolate and blend between the layers and use frame jitter

and temporal re-projection to reduce spatial and temporal artifacts. However, this

approach renders the scene three times, which requires lots of rendering resources.

Vaidyanathan et al. [4] present a novel approach using a generalization of

multi-sample anti-aliasing (MSAA). They perform foveated rendering by sampling

coarse pixels (2� 2 pixels and 4� 4 pixels) in the peripheral regions as shown in

Figure 1.5. This approach targets small-form-factor devices with high resolution,

such as phones and tablets rather than HMDs. It therefore presents two challenges

for HMDs: the e�ective pixel size in current HMDs is too large for MSAA, and

gaze-dependent motions exaggerate the artifacts.

Patney et al. [5,6] address temporal artifacts in foveated rendering by using

pre-�lters and temporal anti-aliasing. Because human eyes are sensitive to edges,

they add contrast preservation for the foveated image, which greatly enhances the

image quality by reducing the tunneling e�ect as shown in Figure 1.6. They tested

the foveated rendering e�ect on both Desktop and VR headset.

Clarberg et al. [7] propose a modi�cation to the current hardware architecture,

which enables 
exible control of shading rates and automatic shading reuse between

triangles in tessellated primitives as shown in Figure 1.7.
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Figure 1.4: Guenteret al. [3] render three eccentricity layers (red border = inner

layer, green = middle layer, blue = outer layer) around the tracked gaze point (pink

dot), shown at their correct relative sizes in the top row. These are interpolated to

native display resolution and smoothly composited to yield the �nal image at the

bottom. Foveated rendering greatly reduces the number of pixels shaded and overall

graphics computation.
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Figure 1.5: Vaidyanathanet al. [4] perform foveated rendering by sampling coarse

pixels (2� 2 pixels and 4� 4 pixels) in the peripheral regions.
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