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Figure 1: Left: neighborhood clipping with an AABB often allows colors which don’t fit in the color neighborhood; this results in
“ghosting” behind moving objects. Right: our k-DOP clipping more accurately rectifies invalid colors, thus mitigating ghosting.

Abstract

Temporal antialiasing is one of the most common methods for
removing aliasing artifacts in contemporary real-time rendering,
based on utilizing reprojected color data from previous frames. One
typical issue with the method is ghosting: moving objects leaving a
wake of visual trails. To mitigate this, a common technique is to val-
idate and rectify reused history colors by comparing and clipping
them to the color neighborhoods of the current frame’s pixels. Pre-
vious, bounding box based methods are only situationally effective
and cause significant ghosting in less favorable circumstances. We
propose using k-Discrete Oriented Polytopes (“k-DOPs”) for more
robust neighborhood clipping. For a 0.2 ms performance overhead,
our method more reliably mitigates ghosting across scenes where
previous methods have inconsistent results.
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1 Introduction

While Temporal Antialiasing (TAA) has become a mainstay in real-
time graphics, its various issues have also become a common point
of contention. TAA works by reprojecting pixel data from the previ-
ous frame to the current one, while applying small offsets (“jitter”)
to the image plane on each frame. This process supersamples the
image over a few frames, but also causes a major issue: ghosting,
where visual trails are left behind disocclusions. These artifacts
cannot be easily removed with regular disocclusion detection algo-
rithms, as they can simply re-introduce aliasing [Yang et al. 2020].
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One common way to reduce this ghosting is by rectifying repro-
jected colors to fit within the neighborhood of the current frame’s
pixel. To do this, one constructs a bounding volume (typically an
Axis-Aligned Bounding Box, AABB) in color space, over the colors
of the current pixel’s neighborhood. Then, reprojected colors are
either clamped inside the bounding volume’s range, or clipped to
the bounding volume’s shell with a ray casting operation between
the reprojected color and current pixel color. In this paper, we dis-
cuss the latter approach, but the method should be applicable to
clamping as well.

We propose using Discrete Oriented Polytopes (DOPs) [Klosowski
et al. 1998] in neighborhood clipping to form tighter approxima-
tions around the convex hull of the color neighborhood. This greatly
diminishes many visually obvious ghosting artifacts with only mi-
nor added complexity over AABB tests, and doesn’t have major
negative effects on performance or temporal stability.

2 Related work

The basis for TAA, “Amortized supersampling”, was introduced in
[Yang et al. 2009]. Its difficulties with spatio-temporal blurring were
later improved by rectifying reprojected colors with neighborhood
clamping in [Lottes 2011], and later with neighborhood clipping
and using the YCoCg color space [Karis 2014]. These methods
implement clamping/clipping with AABB bounding volumes, and
are able to reduce ghosting for a very low performance cost. As
temporal upsampling can be implemented as an extension of TAA
[Yang et al. 2020], neighborhood clamping based on colors has been
found useful in that context as well [Riley and Arcila 2022].

Variance clipping was introduced as an alternative that creates
more compact AABBs based on the color variance of the neighbor-
hood [Salvi 2016]. This method allows tradeoffs between ghosting
and temporal stability with an adjustable parameter, y, which the
presentation recommends setting to 1.

There are various other methods for ghosting mitigation, but
each has its own issues. Methods based on disocclusion detection
are often prone to re-introducing aliasing [Yang et al. 2020]. A
method based on ray tracing has been proposed [Marrs et al. 2018],
but it has a steep performance cost even with hardware-accelerated
ray tracing. Neural networks have also been used for adjusting
weighting of temporal reuse [Herveau et al. 2023], but this is at
least an order of magnitude slower than color clipping. As TAA is
often reached for as a real-time AA solution, such multi-millisecond
performance costs may be unacceptable. For further details of TAA,
we refer to a survey of TAA techniques [Yang et al. 2020].

In contrast to RGB or YCoCg clipping, our method presents
adjustable and less coarse clipping boundaries. This allows for
mitigating ghosting in a more robust, less scene-dependent fashion,
but also permits tuning for specific scenes as well.

3 Method

Ideally, neighborhood clipping rectifies colors which are not achiev-
able with a weighted average over the neighborhood’s colors. In
geometric terms, the gamut of acceptable colors is the convex hull
around the neighborhood’s color. Unfortunately, convex hull con-
struction algorithms are too inefficient to be used in practice [Yang
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Figure 2: Visualization of various bounding volumes around
a 3x3 pixel neighborhood, as used in TAA neighborhood

clipping.

et al. 2020]. Instead, TAA implementations typically use an AABB
as the bounding volume, either in RGB or YCoCg color space.

Looser bounding volumes can lead to invalid colors passing as
valid. Figure 2 displays various bounding volumes over one 3x3
pixel neighborhood from Figure 1. For example, the RGB AABB
approach is accepting some magenta colors in this case, despite the
neighborhood not containing any similar tones.

To achieve tighter bounds for the neighborhood’s color gamut,
we propose to use discrete oriented polytopes. DOPs can be thought
of as a generalization of AABBs: k-DOPs define extents over %
arbitrarily selected axes, instead of just the X, Y and Z axes. A k-
DOP with more than three axes can achieve much tighter bounding
volumes than AABBs (which is itself a 6-DOP).

The k-DOP construction and ray casting algorithms are similar
to their AABB counterparts. For construction, we compute extents
covering all points along each axis. For an axis A;, the extents are
mingec ¢-A; and maxcec - A;, where C is the set of neighborhood
colors. With AABBs, this dot product is implicitly done by accessing
the R, G or B component. In practice, we dilate the ranges by € =
107> to avoid floating point precision issues. Variance-based bounds
can also be implemented similarly, by replacing component accesses
with dot products and operating with more axes.

As our rays always start from inside the volume and k-DOPs
are convex, the ray casting algorithm is simplified into finding the
nearest ray intersection with axis-aligned planes positioned at the
min/max extents of each k-DOP axis.

The number of axes has an impact on both clipping quality
and performance: more axes allow tighter bounds but cause more
computation. In practice, we found that around 16 axes provides a
generally satisfying result in most cases. We propose two alterna-
tive approaches for selecting the k-DOP axes. As a general-purpose
approach, we include the X, Y and Z axes and optimize the rest
of the axes to achieve tightest bounds around a unit sphere. This
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approach should never be looser than an AABB and is not scene-
dependent. We also propose a scene-specific approach: axes can
be optimized for tightness around neighborhoods in aliased repre-
sentative screenshots. This allows fewer axes to be used for similar
anti-ghosting quality, which results in a slight performance benefit.

4 Experimental setup and results

To compare our method, we evaluate it against several common
TAA neighborhood clipping approaches. Methods “RGB” and “YCoCg”
are AABB neighborhood clipping in their respective color spaces,
while “32-DOP” and “16-DOP” are our proposed k-DOP methods.
“+Var” means that variance clipping (with y = 1) is used, and “+Opt”
means that the k-DOP axes were optimized for that specific scene.

We measure the performance of the TAA pass, amount of tem-
poral instability, and amount of ghosting. In all cases, we let the
renderer accumulate a history of 100 frames before starting the
measurement, in order to make sure that full temporal history is
available. We measure performance over 1000 frames with a fixed
animation delta-time between frames on a GTX 1080 Ti. While
relative performance differences are similar with an RTX 3090 as
well, we highlight an older GPU to show the performance impact
on less powerful hardware. The jitter pattern used is 10 entries long
and generated with the R2 sequence [Roberts 2018].

Temporal instability or “shimmer” is measured over 100 frames,
by averaging the mean ILIP metric [Andersson et al. 2020] between
successive frames without animation. This way, differences between
frames are caused by the TAA algorithm’s potentially overeager
discarding of history, which is affected by neighborhood clipping.

For ghosting measurements, we disable camera jittering. This
causes TAA to no longer antialias, but still preserves ghosting
caused by motion. We do it this way, because we cannot get a
perfectly ghosting-free TAA ground truth sequence, but we can
easily compute an aliased set of reference images. Comparing to
(non-temporally) supersampled reference images would introduce a
constant error by also comparing general TAA quality to supersam-
pling. We compare 100 frames of animation to the aliased ground
truth by using the average value of the mean ILIP over all frames.

High-frequency color variation makes color gamuts in the neigh-
borhoods large, thereby emphasizing clipping errors and thereby
ghosting. We use two scenes to represent the kinds of color varia-
tion that are typical failure cases of TAA:

e Grass (Figure 4): a character kicking in front of a plain of
grass. The background has high-frequency chromaticity and
luminance variation, as well as lots of geometric edges prone
to temporal instability. Results are shown in Table 1.

o Asphalt (Figure 3): a car driving on asphalt, with relatively
few geometric edges. The asphalt has high-frequency lu-
minance variation, causing ghosting. Results are shown in
Table 2.

In all cases, the 32-DOP version is roughly 200 ps slower than the
AABB methods, while the 16-DOP method is only 60-80 ps slower
than the YCoCg variants. On an RTX 3090, the AABB methods take
around 160 ps and 32-DOP takes 210 ps. Variance clipping seems
to not majorly impact performance, but it always increases tempo-
ral instability and reduces ghosting. This is expected, as variance
clipping can produce bounding volumes that don’t encompass the
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Table 1: Measurement results for the “Grass” scene.

Method ‘ Time (ms) ‘ Shimmer (ILIP) ‘ Ghosting (LIP)
RGB 0.449 0.0346 0.0499
YCoCg 0.452 0.0344 0.0538
32-DOP 0.662 0.0433 0.0399
16-DOP+Opt 0.538 0.0491 0.0374
RGB+Var 0.465 0.0406 0.0417
YCocCg+Var 0.451 0.0411 0.0448
32-DOP+Var 0.665 0.0568 0.0336

Table 2: Measurement results for the “Asphalt” scene.

Method | Time (ms) | Shimmer (ILIP) | Ghosting (ILIP)
RGB 0.428 0.0111 0.0520
YCoCg 0.465 0.0117 0.0319
32-DOP 0.635 0.0120 0.0321
16-DOP+Opt |  0.528 0.0130 0.0300
RGB+Var 0.466 0.0116 0.0439
YCocCg+Var |  0.466 0.0134 0.0289
32-DOP+Var 0.653 0.0144 0.0286

neighborhood, thereby rejecting more valid colors as well. While
RGB performs decently in one context and YCoCg in another, our
methods mitigate ghosting as well or better in both scenes.
Temporal stability and minimal ghosting are often contradictory
goals [Yang et al. 2020]. Our measurements reflect this, as the least
shimmering method ghosts the most and the most shimmering
method ghosts the least in both tables. While our method with vari-
ance clipping produces the least ghosting in both scenes, it is less
temporally stable than the other methods. Where this is unaccept-
able, we suggest using 32-DOPs without variance clipping, which
provides a better tradeoff between anti-ghosting and shimmering.

5 Limitations

Neighborhood clipping on its own is not enough to completely
remove all ghosting; even if a convex hull were to be used, the
ghosting color may lie inside the neighborhood’s color gamut and
go undetected. In practice, this manifests as antialiasing choices
that bias towards the ghosting color. As the bias occurs over a large
area, it can be noticeable, although less objectionable than colors
completely outside of the neighborhood’s gamut. In the test scenes,
this occurs with the character’s shadow and the car’s tires; both
backgrounds have many dark pixels, which then allow black objects
to leave ghosting. Methods that do not rely on the current frame’s
color neighborhood may be necessary to mitigate these.

6 Conclusions

We introduce k-DOP clipping, a robust alternative to existing neigh-
borhood clipping methods for mitigating ghosting in temporal an-
tialiasing. We believe that it can have a major practical impact on
TAA implementations in the wild. It allows a significant reduction
in ghosting for a minor performance cost. To aid in implementa-
tions, we provide various sets of precalculated k-DOP axes and
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Figure 4: The “Grass” scene. The ghosting measurement’s output images and ILIP images are shown.

example shader code in supplemental material. Assuming a base-
line TAA implementation with AABB-based neighborhood clipping,
our method does not require any additional hardware capabilities
or input data from the renderer.
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