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Ground truth Acuity-only [0.5 ms] Metamer (Ours) [0.7 ms]

Fig. 1. Three images to be compared at a viewing distance of 30 cm in A4 print by fixating (foveating) on the location indicated by the arrows. The first image

is a reference (left). The second image is simulating peripheral vision using a Gaussian blur with bandwidth proportional to acuity (middle). Third, our
real-time ventral metamer where the periphery matches the reference in terms of statistics of multi-orientation and multi-scale feature activations (right).
Both can be computed in real-time frame rates, yet the metamer appears much closer to the reference. Timing for 512×512 on a Nvidia 2080 GPU.

To peripheral vision, a pair of physically different images can look the same.

Such pairs are metamers relative to each other, just as physically-different

spectra of light are perceived as the same color. We propose a real-time

method to compute such ventral metamers for foveated rendering where,

in particular for near-eye displays, the largest part of the framebuffer maps

to the periphery. This improves in quality over state-of-the-art foveation

methods which blur the periphery. Work in Vision Science has established

how peripheral stimuli are ventral metamers if their statistics are similar.

Existing methods, however, require a costly optimization process to find

such metamers. To this end, we propose a novel type of statistics particularly

well-suited for practical real-time rendering: smooth moments of steerable

filter responses. These can be extracted from images in time constant in

the number of pixels and in parallel over all pixels using a GPU. Further,

we show that they can be compressed effectively and transmitted at low

bandwidth. Finally, computing realizations of those statistics can again be

performed in constant time and in parallel. This enables a new level of quality

for foveated applications such as such as remote rendering, level-of-detail

and Monte-Carlo denoising. In a user study, we finally show how human

task performance increases and foveation artifacts are less suspicious, when

using our method compared to common blurring.

CCS Concepts: •Computingmethodologies→ Perception; Image com-
pression; Ray tracing.

Additional Key Words and Phrases: Foveated Rendering; Head-mounted

displays; Texture synthesis; Human Visual perception

1 INTRODUCTION

In order to create a rich visual experience Virtual Reality (VR) often

employs Near-Eye Displays (NEDs) or light projection systems such

as VR caves to cover a large proportion of the user’s visual field.
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Doing so at a high enough resolution to match the human vision

in the fovea requires substantial compute and bandwidth resources.
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Fig. 2. Classic color (top) and

ventral (bottom) metamers.

A screen size of 4,000 pix-

els or higher would be re-

quired if a traditional screen

and rendering pipeline were to

be used. The Human Visual Sys-

tem (HVS) however, only re-

solves fine spatial details in its

fovea but not in the periphery

[Rosenholtz 2016; Strasburger

et al. 2011]. The idea of Foveated
Rendering [Albert et al. 2017;

Friston et al. 2019; Guenter et al.

2012; Meng et al. 2018; Patney

et al. 2016] is to focus compute

effort to the fovea. Typically, foveated rendering shows a band-

limited (i.e., blurry) version of the image in its periphery [Guenter

et al. 2012; Patney et al. 2016], computed from fewer samples. Un-

fortunately, such blur can be perceived as unnatural and does not

match well to what the HVS actually perceives: the periphery is not

just blurry [Bouma 1970; Rosenholtz 2016].

In this work, we seek to improve upon the fidelity of blurring,

while retaining its efficiency. We propose a real-time method to

compute images that appear identical to other images when ob-

served in the periphery. Such images are called Ventral Metamers
[Freeman and Simoncelli 2011] (Fig. 2). A stimulus is a metamer to

another one if they are physically different but perceived identically.

A well-known instance of metamerism is that different color spectra

can map to the same color perception [Fairchild 2013]. But what is

a good way to realize a peripheral metamer of another image?
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The Vision Science literature has shown how an image is a pe-

ripheral metamer to another one if certain image statistics in their

periphery are identical. Statistics here refers to “soft counting”, i.e.,

how often a feature, such as an edge, appears in a spatial pooling
region of the visual field. Many different statistics, features and

pooling regions have been proposed, leading to different models

of peripheral metamerism in the literature [Greenwood et al. 2009;

Rosenholtz et al. 2012; Schmid et al. 2009]. These models aim at

understanding physiological processes and hence are often slow

to compute, difficult to implement or hard to control. We aim for

a simple-to-implement model with computational efficiency as re-

quired in real-time rendering. The key difficulty is the choice of

statistics that match human perception.

We propose a form of statistics that is suitable for real-time analy-

sis and synthesis of metamers: smooth steerable moments. These are

applied in three steps: First, the method can analyze an input image

in constant per-pixel time (O(1)). This is performed in parallel over

all pixels. This step in inspired by variance shadow maps [Donnelly

and Lauritzen 2006]. Second, the resulting statistics are processed,

compressed and transmitted, depending on the application. Finally,

random realizations of the metamer in accordance to the statistics

can be generated, again in O(1) time, by a process inspired by classic

texture synthesis [Heeger and Bergen 1995].

After devising our theory, wewill show a system that canmetamer-

ize any (stereo) image stream in real-time for VR. Our idea further

enables a new level of peripheral quality which we demonstrate

for three examples. First, foveated metameric image compression
where the peripheral statistics are computed at a server and trans-

mitted to a client that generates a metamer. While classic foveated

compression is blurry in the periphery, our approach results in cor-

rect statistics. Second, foveated metameric textures where instead
of storing means in MIP maps, we store the moments, allowing the

generation of plausible peripheral texture details at low bandwidth.

Third, foveated Monte-Carlo denoising, where a Convolutional Neu-
ral Network (CNN) maps noisy images to their reference statistics

in the periphery instead of attempting the harder task of generating

a correct noise-free image that cannot be perceived in the first place.

We evaluate how metamers generated with our method are per-

ceived by human observers in a set of perceptual studies to confirm

that (1) it improves task performance when recognizing patterns (2)

it is preferred over other methods and (3) participants are more likely

to classify an image metamerized using our method as consistent

than images produced using blur.

2 PREVIOUS WORK

The aim of our work is to improve foveated rendering (Sec. 2.1) using

findings from Vision Science on peripheral processing (Sec. 2.2) that

relate to texture perception and synthesis (Sec. 2.3). We review the

relevant work in the literature accordingly. Closely related but not

in the scope of this research, foveated display hardware [Akşit et al.

2019; Kim et al. 2019] offer a non-uniform distribution of pixels to

avoid rendering high resolution images at all eccentricities within a

visual field of view, we refer our curious readers to the survey by

Spjut et al. [2019] for more on foveated displays.

2.1 Foveated Rendering

Foveated rendering is motivated by the variation in acuity of the

HVS. Uniform sampling in conventional displays means that the

entire frame must be rendered and drawn at the highest resolu-

tion even though only a small region is visible at any time. Since

the fovea has a high resolution, and as displays subsume more of

the visual field - as with NED - the computational load increases

quadratically or more. Foveated rendering aims to reduce this by

targeting compute effort to where the HVS will resolve it.

This principle was first applied to video by Geisler and Perry

[1998], who encoded frames as foveated multi-resolution pyramids

to reduce bandwidth. Since then a number of gaze-contingent meth-

ods were proposed [Duchowski et al. 2004; Reingold et al. 2003].

For real-time rendering, a challenge has been to work around

the assumed uniform sampling of the traditional pipeline. Meth-

ods have included drawing multiple passes at different resolutions

[Guenter et al. 2012], using object Level-of-Detail (LoD) [Murphy

and Duchowski 2001; Ohshima et al. 1996], and finding ways to

support non-uniform rasterization [Friston et al. 2019; Meng et al.

2018] or multi-resolution rasterization [Vaidyanathan et al. 2014].

For ray-tracing [Fujita and Harada 2014; Levoy and Whitaker

1990; Weier et al. 2016; Zhang et al. 2011], foveation itself is trivial

because a ray-tracer can sen rays in any layout. Though there are

many practical difficulties in building immersive, real-time ray-

tracing systems (e.g., eye-tracking and latency).

Other works have focused on reducing shading cost. He et al.

[2014] adaptively evaluated different parts of the shading function

over time and space, while Stengel et al. [2016] placed samples

according to foveation. One of the latest developments is that of

Kaplanyan et al. [2019], who use a neural network to reconstruct

an image from samples that are dense in the fovea and sparse in

the periphery. The method works with high temporal-resolution

video, so every pixel is covered by a sample after a few frames. The

method therefore solves a temporal in-painting problem. This is

highly practical, though the loss is the same in periphery and fovea,

and does not consider their different perceptual characteristics.

The periphery is not simply a lower resolution version of the fovea

however, so it is important to consider how artifacts introduced by

foveationmethodsmay be perceived. Hoffman et al. [2018] examined

image degradation in near-eye displays. Patney et al. [2016] inves-

tigated aliasing in practical foveation techniques, and presented

improvements based on contrast sensitivity.

2.2 Peripheral Perception
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Fig. 3. Acuity and

pooling (~) as function

of eccentricity (G ).

Perception of the central and peripheral

visuals differs in many intriguing and

complex ways as detailed in surveys by

Strasburger et al. [2011] and Rosenholtz

[2016]. What can be said with certainty,

is that recognition of patterns in the pe-

riphery becomes increasingly difficult. In

part, this is due to a loss in acuity. Often,

peripheral vision is described as “blurry",

with the blur matching the density of re-

ceptors.
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This e�ect is shown in the linear �t of
acuity fall-o� in Fig. 3 as orange: at an
eccentricity of 50 degree, letters of a size around 2 degree are no
longer discernible [Anstis 1974]. A similar relation is also found
for contrast sensitivity: the contrast towards the periphery has to
increase to make gratings discernible [Legge and Kersten 1987]. This
acuity is commonly used to represent the foveal regions in foveated
rendering [Guenter et al. 2012; Patney et al. 2016]. In this work, we
will show it is bene�cial to think beyond an acuity or blur-based
model of peripheral vision and that real-time practical applications
are already feasible.

Objects in the periphery do not simply appear blurry. For cen-
turies it has been noted that objects appear �di�erent� and �hard
to see�, but not blurry [Aubert and Förster 1857]. The reduction
in acuity rather is attributed to an e�ect calledpoolingor crowd-
ing [Strasburger 2020]. Pooling means that the spatial location of
features is irrelevant, and only their aggregate statistics matter.

Fig. 4. Two equivalent
pooling regions.

This is shown in Fig. 4, where the two
large circles depict apooling regionwith
di�erent features in each, depicted as
dots. The statistics of those features are
identical in the sense that the number
of dots in each circle is nine. It becomes
irrelevant where the dots are and only
matters that they are present. Hence, the
regions will be perceived equivalently; they are �simple� metamers
to each other. The key to getting this e�ect right in images is to
ask three main questions: First,how largethe pooling regions are.
Second,whichstatistics are to be represented. Third,what features
are we to compute statistics on.

Size.The size of the pooling regions is described by Bouma [1970]
as to depend linearly on eccentricity, shown as a blue line in Fig. 3.
Remarkably, pooling region size increases much faster than acuity is
decreasing. In other words, patterns turn into statistics much faster
than acuity fails to resolve them. Depending on what features we
consider, this function might look di�erent, corresponding to the
blue corridor of values in Fig. 3. Our model will follow the slope in
the middle of the corridor which would mimic the e�ect of Visual
Cortex area 1 (V1).

Statistics.In this work, we will assume the statistics in a pooling
region are well described by their moments (mean and variance)
because they can be e�ciently analyzed and synthesized. More
re�ned models further consider the correlation between features
[Freeman et al. 1991; Tanaka 1996]. Correlation captures e�ects such
as the probability that a vertical edge at a certain scale co-occurs
with a horizontal edge at some other scale. The Gram matrix in
style transfer serves the same purpose [Gatys et al. 2016]. Capturing
correlation however comes at the expense of additional processing
and storage. At the same time its visual importance can be called
into question e.g., it is ignored in popular texture synthesis methods
such as Heeger and Bergen [1995]. Storing correlation matrices
needs memory quadratic in the number of features while moment
vectors have storage requirements linear in the number features.
Also the matrix can be made to tend to diagonal-dominant by using

a decorrelated feature space like YCrCB for color. Hence, using
moment vectors seems adequate for the real-time setting we target.

Features.We assume the features to build statistics from to be
those used in the di�erent areas of the visual cortex, in particular, the
ventral stream [Ungerleider and Haxby 1994]. The early levels are
scale- and orientation-sensitive linear �lters [Carandini et al. 2005;
Hubel 1982] while higher levels are concerned with their correlation.
In this work, we assume all �lters to be linear and do not look at
higher-order correlations [Tanaka 1996].

The main inspiration of this work is the results of Freeman and
Simoncelli [2011], who show that with a sophisticated model of
human perception one can compute two images that are metamers.
However, their optimization procedure computes a large number of
statistics and complex features which are not amendable to real-time
processing. Despite using gradient descent with custom gradients,
this is orders of magnitude away (hours per image) from being
applicable toVR in a real-time context (milliseconds per image).
We seek to emulate their procedure, using minimal features and
without the need to perform an optimization.

In this light, the step of Patney et al. [2016] which adjusts contrast
to match a target after blurring [Kim et al. 2011] is the most basic
version of the system by Freeman and Simoncelli [2011]: pixel color
statistics are matched. We show that for a re�ned e�ect, features will
need to be perceptual (scale and orientation-selective), and not just
pixel colors. We also con�rm this in our study showing improved
performance of metamers in classi�cation and discrimination tasks.

We note that according to Vision Science models, the Deep Fovea
work Kaplanyan et al. [2019] solves important tasks, but might not
be computing a metamer. Their method is trained to reproduce
the value of sparse samples, which are increasingly sparse in the
periphery. Instead of matching the speci�c peripheral statistics of a
target, their adversarial term will seek to match the general statistics
of natural images. Their network has access to several frames of
a high frame-rate animation, while we work form a single image.
We provide evidence that fooling the periphery might need less
computational e�ort than a neural network and that a simpler real-
time method is applicable to their and several other related problems.

In an attempt to speed up the work of Freeman and Simoncelli
[2011], Deza et al. [2017] and Feather et al. [2019] use an AdaIN-
based [Huang and Belongie 2017; Ulyanov et al. 2016] style trans-
fer to generate metamers. It requires executing a neural network
both for analysis and two networks (VGG inversion and pix2pix
[Isola et al. 2017]) for synthesis. Foveation is addressed by blending
style and content. However we were unable to produce plausible
metamers using these methods and it was not computationally ef-
�cient enough for real-time applications i.e., performing within a
few milliseconds on a typical frame.

In practical rendering, Tursun et al. [2019] combine a foveated ren-
dering system with adaptive sampling where areas of low contrast
are sampled less. The combination is attractive, as the thresholds
for di�erent channels in the periphery are di�erent from the fovea.
Their model accounts for acuity, but not for pooling. Swa�ord et al.
[2016] have proposed a metric for foveated rendering. It is based
on VDP [Mantiuk et al. 2011], but adapts the contrast thresholds
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