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(a) Russian Roulette (2.42 ms) (b) Ours (2.51 ms) (¢) Reference (3.35 ms)
Figure 1: Animated boss fight scene rendered using russian roulette for transparency vs our dithered approach vs a ray-traced reference.
The output is temporally accumulated with DLSS.

Abstract

Efficient rendering of many transparent surfaces is a challenging problem in real-time ray tracing. We introduce an alternative
approach to conventional order-independent transparency (OIT) techniques: our method interprets the alpha channel as cover-
age and uses state-of-the-art temporal anti-aliasing techniques to accumulate transparency over multiple frames. By efficiently
utilizing ray tracing hardware and its early ray termination capabilities, our method reduces computational costs compared
to conventional OIT methods. Furthermore, our approach shades only one fragment per pixel, significantly lowering the shad-
ing workload and improving frame rate stability. Despite relying on temporal accumulation, our technique performs well in

dynamic scenes.
CCS Concepts

¢ Computing methodologies — Ray tracing; Rasterization; Visibility; Antialiasing;

1. Introduction

Real-time rendering of transparency is a well-researched topic in
computer graphics, and various proposals for rasterization hard-
ware have been developed over the last decades. In most real-time
applications, transparent materials occur only in small quantities.
However, in certain scenarios, the occurrence of transparent frag-
ments can drastically increase: for example, during explosions or
massive battles in games (see Fig. 1). In such cases, the sudden
increase in transparent particles can cause significant performance
drops. This is primarily due to two factors: First, rendering exact
transparency requires sorting transparent fragments before com-
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positing, which introduces additional overhead. Second, shading
multiple transparent fragments per pixel drastically increases the
computational workload, especially when some effects, such as
smoke or fog, require tracing shadow rays for each fragment.

Before the availability of programmable shaders, transparent ge-
ometry had to be pre-sorted on the CPU to ensure it was drawn
in back-to-front order. Programmable hardware enabled the imple-
mentation of order-independent transparency (OIT) techniques,
eliminating the need for pre-sorting transparent geometry.

Exact methods may utilize linked lists [YHGTI10] or ar-
rays [MCTBI12] to record transparent fragments on the fly and
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then sort them before composing the final image. Several faster,
but approximate methods have been introduced, including various
k-buffer and other bounded memory approaches [BCL*07;
VVPM17; SMLI1; SV14; MKKP18], weighted blended
OIT [MBI13], and stochastic transparency [ESSL10]. The lat-
ter is based on the idea of interpreting the alpha channel as a
coverage mask and leveraging the hardware’s multi-sample
anti-aliasing (MSAA) capabilities to approximate transparency.

With the rise of deferred rendering and the introduction of real-
time ray tracing, hardware-accelerated MSAA has become less
relevant. It is largely being replaced by temporal anti-aliasing
(TAA) techniques [YLS20] or its machine learning-based counter-
parts [NVI25; AMD24; Int25], as they are computationally less ex-
pensive and allow for anti-aliasing over time, which reduces flick-
ering between frames.

In this paper, we propose a novel approach to transparent ren-
dering that combines the principles of stochastic transparency with
temporal anti-aliasing techniques. Our method not only provides
OIT but also addresses the shading workload by limiting the shad-
ing budget to one fragment per pixel, even in the presence of mul-
tiple transparent layers. This results in a unified GBuffer/VBuffer
that stores both transparent and opaque fragments in a single buffer,
which is beneficial for post-processing effects that are limited by
the lack of transparency information (e.g., ambient occlusion or
depth of field). Furthermore, our approach enables limiting ray-
traced shadow rays to one ray per pixel.

The idea of combining TAA with stochastic transparency was
initially proposed by Salvi [Sall6], but the results at the time were
not satisfactory. We demonstrate that, with a more optimized dither-
ing pattern and the use of machine learning-based anti-aliasing
techniques, we can achieve a more stable and visually appealing
result, even in dynamic scenes. Furthermore, by utilizing the early
ray termination capabilities of ray tracing hardware, we can reduce
the computational cost of our method compared to conventional
rasterization-based OIT techniques.

Our contributions are:

e A reformulation of stochastic transparency as a temporal anti-
aliasing problem, that only shades a single fragment per pixel,
specifically optimized for ray tracing (Sec. 3.2).

e Alpha-to-coverage adjustments for DLSS (Sec. 3.2.1).

e A novel spatio-temporal dithering pattern (Sec. 3.3).

e A stochastic motion vector rectification technique required for
screen-space dither patterns (Sec. 3.3.1).

2. Related Work

We define a transparent fragment by its color ¢ and opacity o. Two
consecutive fragments can be blended using the OVER operator as
follows [PD84]:

(co,00) OVER (cq,011) := 0gco + (1 — o) iy ¢ )]

where (cg,0o) must be in front of (cy,0 ). The transmittance of
the merged fragment is given by (1 — a)(1 — aj). This formula
dictates the need for sorted composition in transparency rendering.

OIT techniques eliminate the need for sorting geometry on the

CPU and instead use the GPU to composite transparent fragments.
For a comprehensive overview of OIT techniques, we refer to the
surveys by Wyman [Wym16] and Vasilakis et al. [VVP20].

A few techniques that combine ray tracing with OIT have been
proposed, primarily implementing k-buffer approaches and lever-
aging the new flexibility of tracing a continuation ray when neces-
sary [BG20; MMP#*24].

2.1. Temporal Anti-Aliasing

We follow the TAA implementation by Salvi [Sal16]. The core idea
is to combine the aliased color from the current frame C, with the
anti-aliased color from the previous frame F;,_;:

Fi=wCp+(1—w)F,_; with w=0.1 )

This exponentially weighted average ensures responsiveness to
changes while maintaining temporal stability.

Salvi employs motion vectors to properly retrieve the color from
the previous frame. However, to handle disocclusions and drastic
illumination changes, the previous frame’s color must be rectified
to prevent major ghosting artifacts. Salvi’s method achieves color
rectification by inspecting a 3 x 3 neighborhood around the cur-
rent pixel, computing its average color and variance. The previous
frame’s color is then clipped to the resulting ellipse before being
used in the exponential averaging process.

DLSS [NVI25] avoids handcrafted color rectification methods
by leveraging a machine learning model to predict the correct color.
This typically results in sharper images while mitigating ghosting
artifacts. Like TAA, it takes the aliased color and motion vectors
as input, but unlike TAA, it also requires the depth buffer. Unfortu-
nately, NVIDIA has not disclosed the detailed workings of DLSS.
FSR and XeSS are similar techniques developed by AMD and Intel,
respectively [AMD24; Int25].

2.2. Dithering

Ordered dithering [Bay73] is a technique that can be used to cre-
ate the illusion of grayscale images by only using black and white
pixels. An ordered dithering matrix serves as a screen-space thresh-
old map to determine whether a pixel should be rendered as black
or white. Below is an example of a 2 X 2 and a 4 X 4 dithering
matrix:

0 8 2 10
1o 2 112 4 14 6
DZ*ZL 1}’ Damigls 11 1 o )

15 7 135

To emulate a grayscale image with 30% intensity, all pixels corre-
sponding to a dither matrix value below 0.3 are rendered as white,
while the rest are rendered as black.

This technique can also be applied to transparency rendering,
where it is known as screen-door transparency. Transparent frag-
ments are interpreted as either opaque or invisible based on the
alpha test against the corresponding dither matrix value. To allow
rendering of multiple transparent objects, each object requires a dif-
ferent screen-space dither matrix. Otherwise, objects with the same
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Listing 1: Dither Temporal AA threshold computation:

uint2 p = pixel + uint2 (framelIndex);

uint stratify = (p.x + p.y * 2) % 5;//10,4]
float blue=BlueNoise6t4x64Tex[pixel % 64]1;//10,1]
float threshold = (stratify + blue) / 5.0;

transparency will mask each other out. The generation of suitable
matrices, with visually pleasant spatial properties, is discussed by
Mulder et al. [MGVW9S].

Stochastic transparency implements screen-door transparency on
a sub-pixel level by using MSAA hardware [ESSL10]. In their
implementation, the coverage mask emulates the visibility of a
transparent fragment, similar to hardware-accelerated alpha-to-
coverage, but they extend it with randomized coverage masks for
each fragment:

Unlike screen-door transparency, the spatial distribution of cov-
erage bits is not important, since composition occurs at the sub-
pixel level. Nevertheless, the coverage mask must exhibit good
stratification properties. For example, with 8x MSAA and o0 =
60%, the mask should contain either 4 or 5 active bits, representing
4/8 =50% or 5/8 = 62.5% coverage, respectively.

Because this method inherently produces a discretized trans-
parency appearance, the authors propose an additional Alpha Cor-
rection. They accumulate the transparency of all fragments within
a pixel to compute the correct occlusion factor for the background.
While this improves visual quality, it requires an additional pass
over the transparent geometry, which is not feasible in our case, as
we aim to terminate rays early.

Error diffusion [FS75], another widely used dithering technique,
is preferred for image dithering as it distributes the quantization er-
ror more effectively. However, it is unsuitable for animated content,
as a small change in a single pixel can affect the entire image.

One application of temporal dithering is extending the displayed
color range of monitors from 6-bit to 8-bit or 8-bit to 10-bit [DF03].
This is achieved by alternating between two colors to create inter-
mediate shades.

Dither Temporal AA (DTAA) is a material shader in Unreal En-
gine 4 that implements spatio-temporal dithering for transparency
[Epi25]. It uses a 5 x 5 screen-space threshold map in combination
with a 64 x 64 blue noise mask. The 5 x 5 map is shifted vertically
by one pixel each frame to vary the thresholds over time, while the
blue noise mask remains static and helps to distribute the quanti-
zation error spatially. The exact computation is shown in Listing 1,
and the 5 x 5 threshold map for the first frame is illustrated below:

01 2 3 4
2340
sl401 23 @)
1 23 40
340 1 2

This implementation has a major issue: It uses the same thresh-
old map for all objects, causing objects with similar transparency
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to mask each other out. This can be resolved by using a random
permutation of the numbers O to 4 for each object.

Wolfe et al. describe a method for generating spatiotemporal
blue noise [WMAR22]. They extend classical 2D blue noise al-
gorithms by incorporating a temporal component. Their approach
demonstrates improved spatial and temporal characteristics when
compared to 3D blue noise.

3. Our Method

We begin by describing our baseline renderer, which renders all
transparent fragments in front-to-back order using ray tracing
(Sec. 3.1). This renderer is comparatively slow, as it traces multiple
rays and shades all fragments along the ray’s path.

In Sec. 3.2, we introduce a minimal stochastic transparency
method that traces only a single ray and shades a single fragment
using classical Russian roulette.

In Sec. 3.3, we present our novel spatio-temporal dithering tech-
nique, that works on top of the Russian roulette method.

In Sec. 3.4, we describe a hybrid approach that seamlessly com-
bines the baseline renderer with the stochastic methods, enabling
fine-grained control between performance and quality.

In Sec. 3.5, we explain how to implement our method on raster-
ization hardware.

Sec. 4 presents an extensive comparison of the different methods.

3.1. Baseline Renderer

Our baseline renderer traces one primary ray per pixel and evalu-
ates shading in the closest-hit shader (Listing 2). The accumulated
color and remaining visibility are tracked in the ray payload. If the
remaining visibility is above a small threshold (0.001) after return-
ing from the closest-hit shader, a continuation ray is traced. The
process is repeated until the accumulated visibility falls below the
threshold.

The closest-hit shader evaluates the material’s BRDF and traces
a deep shadow ray to connect with the light source. The deep
shadow ray accounts for transparency by accumulating transmit-
tance in the any-hit shader, resulting in scalar shadow values.

As a post-processing anti-aliasing solution, we apply
TAA [Sall6], DLSS [NVI25], or FSR [AMD24]. To support
these techniques, the baseline renderer outputs motion vectors
and depth values from the last shaded fragments, typically
corresponding to opaque surfaces.

3.2. Russian Roulette

Our efficient Russian roulette transparency implementation traces a
single ray per pixel from the ray generation shader (Listing 3). The
Russian roulette decision is handled in the any-hit shader, which
evaluates the intersection opacity o and compares it against a ran-
dom threshold ¢. If o < ¢, the intersection is ignored.

The random threshold 7 is deterministically derived from a hash
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(a) 500 SPP Russian roulette (RR)

(b) RR + DLSS
Figure 2: Russian roulette transparency on a semi-transparent plane with 10 opacity levels. The top half of the plane is a white material with
varying opacity levels, while the bottom half is an opaque material with varying shades of gray for calibration purposes. The background
is black. (a) 500 samples per pixel of Russian roulette show that the method converges to the correct result. (b) Applying DLSS to Russian
roulette transparency yields results that are darker than the reference. (c) Based on the measurements in (b), we derived a calibration function
that adjusts the material opacity to produce correct results with DLSS. (d) The calibration graph plots the measured opacity values from (b)
and shows how our polynomial fit approximates the measurements.

Listing 2: Shader for baseline renderer:

#define MIN_VISIBILITY 0.001
#define MIN_ALPHA 0.01

void rayGen () {
RayPayload p;
p.color = float4(0, 0, 0, 1);
RayDesc ray = GetCameraRay();
while(p.color.a > MIN_VISIBILITY) {
TraceRay (ray, p);
ray.TMin = p.nextT;

}
}
void anyHit (inout RayPayload p) {
if (getMaterialAlpha () < MIN_ALPHA)
IgnoreHit () ;
}
void closestHit (inout RayPayload p) {
float alpha = getMaterialAlpha();
float3 ¢ = shadeMaterial(); // +shadow ray
p.color.rgb += p.color.a % alpha * c;
p.color.a = (1 - alpha);
p.nextT = RayTCurrent ();
if(p.color.a <= MIN_VISIBILITY)
WriteColorAndDepthAndMotionVector (p);

of the intersection’s 3D position and the frame index, using the 4D
hash function by McGuire [McG16] (see Appendix).

The closest-hit shader only shades the fragment that survives
Russian roulette, treating it as fully opaque. Consequently, only
one fragment per pixel is shaded, significantly improving perfor-
mance over the baseline renderer. Motion vectors and depth values
for post-processing are derived from this fragment.

To better accumulate the stochastic noise, we adjust TAA follow-
ing Salvi [Sall6], using a 7 x 7 neighborhood for color rectification
when transparent fragments are present.
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Listing 3: Shader for Russian roulette renderer:

void rayGen () {
RayDesc ray = GetCameraRay () ;

TraceRay (ray);

}

void anyHit (inout RayPayload p) {

float alpha = getMaterialAlpha();

float t = hash4D(getPos3D(), framelndex);
if (alpha < t) IgnoreHit();

}

void closestHit (inout RayPayload p) {
float3 ¢ = shadeMaterial(); // +shadow ray
WriteColorAndDepthAndMotionVector (c);

}

3.2.1. Alpha-to-coverage for DLSS

We verified the Russian roulette method by comparing the accu-
mulated result against the baseline renderer. The method produces
correct results for simple sample accumulation and TAA. However,
when used together with DLSS or FSR, we observed more aggres-
sive accumulation, resulting in overly transparent outcomes.

DLSS often makes fast-moving transparent effects, like rain-
drops, appear too faint. We believe this happens because DLSS
tries to suppress flickering, which may cause it to mistakenly tone
down these effects. Since our method can produce color varia-
tions that resemble flicker, DLSS reduces their intensity, resulting
in unintended transparency. In the case of FSR, we attribute the
overly transparent appearance to its luminance instability module
and other flicker suppression mechanisms like color clamping.

To address this, we conducted an experiment with a transparent
plane featuring 10 opacity levels, as shown in Fig. 2. Based on this
setup, we derived a correction function that converts material opac-

ity a into DLSS-adjusted coverage values Opy ss:
aprss = 0.0113 + 1.6560.— 0.8210> +0.1560 5)

Although the correction function works well in the experimental
setup, as shown in Fig. 2c, it produces slight deviations in other
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Figure 3: Overview of our STD method for an any-hit intersection:
During an intersection, the alpha value and object ID are used to
evaluate a modified alpha test against a dithered threshold 0.
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Figure 4 Exponennally moving average (Eq. 2) of two binary se-

quences after a few iterations. The first binary sequence exhibits
significantly higher variance in the averaged value, as all the ones
are clumped together. Higher variance results in more noticeable
flicker and, in the context of TAA, causes more aggressive color
clamping.

scenarios. Nevertheless, the approximation is sufficiently accurate
for most cases. As FSR exhibits similar behavior to DLSS in this
regard, we apply the same correction function to both methods.

We also tested a simple gamma correction, but it did not fit the
measurements as well as the polynomial function.

3.3. Our Spatio-Temporal Dithering (STD)

The initial results of the Russian roulette method exhibit signif-
icant noise, as shown in Fig. 1. To mitigate this, we introduce a
spatio-temporal dithering pattern that distributes thresholds more
evenly across space and time, as depicted in Fig. 3.

‘We propose a novel spatio-temporal dithering approach, concep-
tually similar to DTAA [Epi25], but designed to produce a much
smoother surface appearance. Our method employs a 3 x 3 screen-
space threshold map with nine unique thresholds, which are shifted
in a serpentine pattern each frame. Increasing the number of thresh-
olds from five to nine results in a more polished appearance. Addi-
tionally, we overlay a 64 X 64 blue noise mask, similar to DTAA,
but reduce its contribution to 1/9.

Threshold Map Generation: To prevent objects from mask-
ing each other out, we precompute multiple 3 x 3 threshold maps.

© 2025 The Author(s).
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Listing 4: Threshold computation for our spatio-temporal dither:

float threshold(uint2 pixel, uint frameIndex) {
uint2 p = shift (pixel, framelIndex) %
uint3x3 map = getRandom3x3Map () ;
uint stratify = mapl[pl;//[0,8]
float blue=BlueNoiseb6t4x64Tex[pixel%64]
return (stratify + blue) / 9.0;
}
// serpentine raster shift
uint2 shift (uint2 pixel, uint framelIndex) {

3u;

i//10,1]

uint xoff = framelIndex % 3;
uint yoff = (frameIndex / 3);
if (yoff % 2) xoff = 2 - xoff;

return pixel + uint2(xoff, yoff);

}

// select 1 out of 288 precomputed maps
uint3x3 getRandom3x3Map () {

float rng =
hash3D (InstancelID(),GeometryIndex (), HitKind());
return get3x3Map (uint (rng * 288)); //buffer

}

These maps require good spatial and temporal properties. Tempo-
ral properties are particularly important, as TAA accumulates color
values using an exponentially moving average (Eq. 2). For ex-
ample, consider the threshold sequences [0,1,2,3,4,5,6,7,8] and
[0,3,6,1,4,7,2,5,8]. After applying an alpha test with 7 < 3, we
obtain [1,1,1,0,0,0,0,0,0] and [1,0,0,1,0,0,1,0,0], respectively.
Although both sequences have the same average value of 0.33, the
first sequence exhibits worse temporal properties due to the clump-
ing of similar thresholds, as illustrated in Fig. 4. Therefore, se-
quences with well-distributed thresholds should be preferred.

For this, we follow the principles of ordered dithering, ensur-
ing that neighboring thresholds differ as much as possible. Specif-
ically, we generate all 9! = 362880 permutations of the sequence
{0,1,...,8} and filter out configurations C where any direct ma-
trix neighbor differs by only one, considering wraparound edges.
This filtering process reduces the set to 1512 configurations, which
are then ranked based on the sum of squared differences between
neighboring thresholds:

score = Y (C(i, j) = C(i+1,/)) +(C(i, j) — C(i, j+ 1))
(i.4)
We select 288 of the highest scoring configurations, as they provide

visually pleasing threshold distributions. Below are a few examples
of the generated matrices:

Q]

0 6 3 6 2 4 1 4 7
8 4 1 1 5 8 8 25 @)
5 2 7 37 0 36 0

Each object selects a different threshold map by choosing a ran-
domly determined configuration based on a hash of the object’s ID
and front-facing flag. The full threshold computation is provided in
Listing 4.

To summarize the changes compared to DTAA:
1. We use a 3 x 3 threshold map with 9 different thresholds instead
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Figure 5: Our 3 x 3 dithering pattern rendered with TAA. Moving
the camera in (b) causes visible artifacts: the color of the bush in
the middle changes significantly. By aligning the motion vectors to
multiples of three pixels, the artifacts are mitigated, as shown in
(c). The effect is best visible in the supplemental video.

Listing 5: Stochastic Bilinear Interpolation: mvec represents the
2D motion vector in uv-coordinates, and frameDim denotes the
screen resolution in pixels.

float align = 3.0; // set to 5 for 5x5 grid
float2 pixelMvec = mvec » frameDim;
float2 pixelMin = floor (pixelMvec/align)*align;

float2 pixelMax = ceil (pixelMvec/align)xalign;
float2 f = frac(pixelMvec / align);
float rng = hash3D(float3(pixel, framelIndex));

if (rng > f.x) {

if ((rng-f.x)/(1-f.x)>f.y) pixelMvec = pixelMin;
else pixelMvec= float2 (pixelMin.x, pixelMax.y);
} else { // rng <= f.x

if(rng/f.x <= f.y) pixelMvec = pixelMax;

else pixelMvec= float2 (pixelMax.x, pixelMin.y);
}

mvec = pixelMvec / frameDim;

of a 5 x 5 threshold map with 5 thresholds. A smaller region
with more thresholds provides better stratification and reduces
surface noise.

2. We shift the map in a serpentine pattern instead of a vertical
pattern. A vertical shift would only cycle through 3 thresh-
olds, whereas a serpentine shift ensures that all 9 thresholds are
used. Furthermore, the serpentine shift ensures that consecutive
thresholds differ by more than one between frames.

3. We use unique threshold maps for each object instead of a com-
mon map for all objects.

4. Our blue noise mask contributes only 1/9 to the final threshold,
reducing the visibility of the static blue noise mask.

3.3.1. Motion Vectors for Screen-Space Dithering

Screen-space aligned dithering patterns introduce visible ar-
tifacts during subpixel motion when combined with TAA (see
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Fig. 5). This occurs because the expected temporal sequence of the
dithering thresholds will be disrupted by camera motion:

Consider DTAA, where each pixel cycles through a fixed thresh-
old sequence (0.1 - 0.5 —+0.9 - 03 — 0.7 — 0.1 — ...). If the
camera does not move, TAA will use the same pixel from last frame
for reprojection. In that case the temporal threshold sequence will
be sampled as intended. However, with camera motion, reprojec-
tion may sample a pixel that used a different threshold. This dis-
rupts the expected temporal sequence and results in some pixels
moving faster or slower through the sequence, causing visible flick-
ering, as seen in our video. In the worst case, a pixel may repeatedly
sample the same threshold.

To prevent this issue, we align the motion vectors with the dither-
ing pattern size. For DTAA, motion vectors are quantized to multi-
ples of 5 pixels, while for STD, they are quantized to multiples of
3 pixels.

Rounding motion vectors to the nearest quantized value may
cause visible lag in the background. Therefore, we use stochastic
bilinear interpolation instead [FP23], which is shown in Listing 5.

Motion vector adjustment is necessary when using our dithering
pattern with TAA. We also recommend applying it with FSR, as
it causes similar but less severe artifacts. Using the motion vector
adjustment with DLSS slightly reduces temporal lag during sponta-
neous motion but also slightly increases noise for low-transparency
borders. Aside from that, DLSS does not exhibit the same artifacts
as TAA and FSR. Therefore, we do not use the motion vector ad-
justment with DLSS.

3.4. Hybrid Approach

While our stochastic methods improve performance, they introduce
noise that can degrade visual quality. To balance performance and
quality, we propose a hybrid approach that combines the baseline
renderer with stochastic methods (Russian roulette or dithering).

The implementation is straightforward: We trace rays and accu-
mulate visibility in the closest-hit shader until the accumulated vis-
ibility falls below a threshold (e.g. 50%). Beyond this threshold, we
switch to the stochastic method and trace only one final ray. If the
accumulated visibility reaches zero before the stochastic method is
applied, the stochastic method is skipped entirely.

The threshold is dynamically adjustable based on the rendering
budget. A threshold of 0% corresponds to the baseline renderer,
while 100% corresponds to the pure stochastic method.

As a threshold can be problematic for scenes containing many
low-transparency objects, we suggest falling back to a k-buffer in
such cases.

3.5. Raster Implementation

The implementation of our STD (Sec. 3.3) for rasterization works
as follows: First, we perform a single pass over all geometry by ren-
dering a VBuffer [BH13] with default depth testing into a texture.
The VBuffer stores 16 bytes of geometric information, including
the instance ID, primitive index, and barycentric coordinates.

© 2025 The Author(s).
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For transparent materials, we apply the STD threshold test (List-
ing 4) and discard the fragment if the test fails. This ensures that
we obtain identical hit points as in the ray tracing implementation.

Next, we use the VBuffer to shade each pixel. In our implemen-
tation, we use ray-traced deep shadows for simplicity. However, in
a practical rasterization-based implementation, this should be re-
placed with (deep) shadow maps [LVOO]. The shading pass also
generates motion vectors, which, along with the depth bufter, serve
as inputs for the temporal anti-aliasing techniques.

Notably, implementing a hybrid version of the rasterized method
proves difficult, as we do not have in-order traversal of the trans-
parent fragments. One possible implementation could utilize a k-
buffer to obtain the first fragments in sorted order, but this does not
ensure a fixed visibility threshold. Another possibility would be to
use a linked list [YHGT10] to record and sort all fragments. After
accumulating the foremost fragments, until the visibility threshold
is reached, we could switch our STD method and select one final
fragment from the remainder of the list.

4. Results
In this section, we compare the following methods:

e Baseline (Base): A full ray tracing renderer that shades all frag-
ments (Sec. 3.1).

e Russian Roulette (RR): A minimal stochastic transparency
method that shades only one fragment per pixel (Sec. 3.2).

e Our Spatio-Temporal Dithering (STD): Our novel spatio-
temporal dithering method (Sec. 3.3).

e Hybrid X% Our hybrid with a threshold of X% (Sec. 3.4).

e STD Raster: Our STD implemented for rasterization (Sec. 3.5).

e Dither Temporal AA (DTAA): The Unreal Engine 4 dithering
method (Sec. 2.2), implemented within our framework.

e DTAA*: A modified version of DTAA that employs unique
threshold maps for each object, as described in Sec. 2.2.

We implemented all methods in the Falcor framework [KCK*22]
and conducted our experiments on an NVIDIA RTX 4090 GPU at
a resolution of 1920 x 1080 pixels. We used DLSS version 310.1.0
and FSR version 3.1.3, evaluating both methods at native resolu-
tion. The convolutional DLSS preset was chosen over the newer
transformer-based preset, as the latter introduces significant ghost-
ing with our methods.

Rendering times reflect the full ray tracing pass, including accel-
eration structure rebuilds, but exclude post-processing anti-aliasing
techniques (TAA, DLSS, FSR).

For a fair comparison, alpha testing is applied to cutout materials
such as grass and leaves, rather than treating them as transparent.

We report SSIM [WBSS04] values for each method, which are
computed by comparing the rendered image against the baseline.
An SSIM value of 1.0 indicates a perfect match, while lower values
indicate less similarity.

We begin with a comparison of the visual quality of the different
methods (Sec. 4.1), evaluating them in a static scene, under camera
movement, and with object movement. Next, we present a perfor-
mance comparison between the baseline renderer, our STD and the

© 2025 The Author(s).
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hybrid variant (Sec. 4.2). Finally, we analyze the quality and per-
formance trade-offs of the hybrid renderer across various threshold
settings (Sec. 4.3).

Additionally, we show a small comparison of our STD with
spatiotemporal blue noise masks [WMAR22] in the appendix
(Sec. 7.2).

4.1. Quality

We begin by comparing Base, RR, STD, and DTAA in a synthetic
scenario to analyze their temporal behavior with DLSS in a static
scene and under camera motion. For this purpose, we inserted a
semi-transparent plane into the Emerald Square [NB17].

As shown in Fig. 6, our STD produces a clearer surface than the
other stochastic techniques. The blue noise pattern of DTAA re-
mains distinctly visible, whereas RR results in a highly noisy sur-
face. During camera motion, as illustrated in Fig. 7, our technique
becomes noisier but still delivers the best results.

Fig. 8 shows the results under object movement. DTAA skips
many transparent objects due to its use of a single threshold map for
all objects. This issue is significantly improved in DTAA*. While
our STD generally shows slight improvements over DTAA*, these
differences are less noticeable in motion. For example, our cloud
appears less noisy on the left side, and the area indicated by the
blue arrow is closer to the reference.

We also tested our methods with smoke particles, as shown in
Fig. 9. RR remains quite noisy, while STD and DTAA* produce
similar results, as most of the noise is masked by the inherent nois-
iness of the smoke particles. Near the edges of the smoke cloud,
our STD is slightly noisier than DTAA, but the opaque background
appears sharper.

Fig. 10 shows our STD in the fight scene with different post-
processing anti-aliasing techniques. DLSS produces the best re-
sults, followed by FSR and then TAA. TAA results in significant
blurring during object motion, while FSR is sharper but still ap-
pears blurry compared to DLSS.

4.2. Performance

Since all stochastic methods exhibit similar performance, we com-
pare only the baseline renderer with our STD and the hybrid ren-
derer variations. Hybrid 95% refers to the variant that uses the
baseline renderer until visibility falls below 95%, at which point
it switches to our STD.

Fig. 11 presents the performance breakdown in the fight scene,
while Fig. 12 shows the results in Emerald Square with smoke par-
ticles.

In the fight scene, we observed that our STD is consistently faster
than the baseline renderer, with the performance gain depending
on the number of transparent particles on screen. As expected, the
hybrid versions fall between our STD and the baseline renderer, but
thresholds below 75% do not provide speedups due to the relatively
low number of transparent objects in the scene.

The Emerald Square demonstrates that the baseline renderer and
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0.5 0.6 0.7 0.8

STD RR Base
0.89 SSIM 0.89 SSIM

DTAA
0.85 SSIM

Figure 6: Algorithms in a static scene with DLSS.
T z - —
F

N

0.5 0.6 0.7 0.8

0.9

0.9

Base

RR
0.71 SSIM

STD
0.78 SSIM

DTAA
0.72 SSIM

Figure 7: Algorithms under left to right camera movement.

Base
3.15 ms

STD
2.20 ms 0.68 SSIM

DTAA*
2.20 ms 0.61 SSIM

DTAA
2.30 ms 0.63 SSIM

Figure 8: Algorithms in fully animated fight scene. The red arrow
shows that DTAA masks out too many transparent objects, com-
pared to the other methods.

our STD have similar rendering times when no transparent particles
are present. However, when smoke particles appear, the baseline
renderer becomes significantly slower. Here, our STD is more than
three times faster due to the large number of transparent particles
in the smoke cloud. One contributing factor is that shading smoke
particles becomes increasingly expensive as they are deeper in the
cloud. This occurs because the shadow rays must traverse a larger
portion of the cloud when connecting to the light source.

Notably, the rendering time of our STD remains almost constant
when passing through the smoke cloud.

© 2025 The Author(s).
Proceedings published by Eurographics - The European Association for Computer Graphics.
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(a) Base 4.28 ms (b) RR 1.48 ms 0.85 SSIM

(¢) STD 1.50 ms 0.87 SSIM (d) DTAA* 1.51 ms 0.88 SSIi
Figure 9: Algorithms with smoke particles in the Emerald Square.
The shadow of the lamp post can be seen on the smoke particle
layers. The camera is moving from right to left.

(a) Base (4.10) + DLS (0.34)

(¢) STD (.72) + FSR (0.37) (d) STD (2.72) + DLSS (0.35)
Figure 10: Our STD in the fight scene with TAA, DLSS and FSR.
The green arrow highlights severe ghosting in TAA and FSR. The
red and blue arrows indicate notable regions of transparency accu-
mulation. The numbers in parentheses represent rendering times in
milliseconds.

Our ray-traced STD and rasterized STD exhibit similar perfor-
mance in the fight scene. However, in the Emerald Square, our ray-
traced STD is approximately 30% faster than the rasterized STD,
despite utilizing frustum culling for the rasterizer. For larger scenes,
ray tracing is generally more efficient due to its logarithmic time
complexity with respect to the number of objects.

4.3. Hybrid Quality

Fig. 13 shows the visual results of varying the thresholds. At 50%,
the hybrid renderer produces results that are nearly indistinguish-
able from the baseline renderer, but the runtime improvements are
less significant. Switching from pure STD to the hybrid renderer at

© 2025 The Author(s).
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Figure 11: Performance comparison of the baseline renderer, our

STD and the hybrids in the fight scene.
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Figure 12: Performance comparison of the baseline renderer, our

STD and the hybrids in the Emerald Square with smoke particles.

95% results in a noticeable improvement in visual quality for the
first intersection but also leads to a significant drop in performance.

Ultimately, the threshold can be dynamically adjusted to fit the
current frame budget. The decline in visual quality should be less
noticeable to users when many transparent objects are present
during large-scale object movement, where stable frame rates are
likely more important.

5. Conclusion

We presented a novel spatio-temporal dithering technique (STD)
that produces stable and visually pleasing results. Our method is
significantly faster than naive transparency rendering, as it shades
only a single fragment per pixel and does not require evaluating
all possible fragments per pixel. This gives our technique a clear
performance advantage over existing OIT techniques.

We demonstrated how our technique can be integrated with ex-
isting anti-aliasing methods. By thoroughly investigating its inter-
action with DLSS, we discovered that transparency accumulation
is too aggressive and proposed a correction function to mitigate
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(a) Base (b) 50% (¢) 75% (d) 95% (e) STD
Figure 13: Quality of the hybrid renderer in the fight scene (top)
and Emerald Square (bottom).

this issue. Additionally, we identified potential motion vector is-
sues that cause major artifacts in TAA and FSR and introduced a
motion vector alignment technique to address this problem.

In scenes with only a few transparent surfaces, the baseline ren-
derer is usually sufficient, as our method offers minimal perfor-
mance gains while introducing visible artifacts. However, when
transparency becomes more prevalent, our STD helps maintain sta-
ble frame rates. The hybrid renderer serves as a flexible framework,
seamlessly adjusting the rendering method to balance performance
and visual fidelity in real time.

We believe our technique will become even more relevant in the
future, as higher pixel densities and refresh rates will make its noise
less perceptible. Furthermore, our method integrates well with pop-
ular screen-space effects, as it shades only one fragment per pixel
per frame. This simplifies the application of effects such as depth-
of-field and makes it more feasible to fully rely on ray-traced shad-
ows.

6. Future Work

Since our technique relies on dither masks, there is a risk of objects
masking each other out. Developing a technique with similar qual-
ity that avoids systematically masking out objects would be highly
beneficial. Currently, we select object masks based on the object
ID and front-facing flag, which prevents proper rendering of ob-
jects with more than two intersections.

One possible solution is to pin the noise pattern to the UV
coordinates of objects, similar to the approach of Wyman and
McGuire [WM17], rather than using screen-space coordinates. We
conducted initial experiments in this direction, but the results were
generally noisier than our current technique.

The visual quality of our method is still noticeably different from
that of the baseline renderer. Further improvements to overall qual-
ity would be desirable. It would also be interesting to explore the

F. Briill & R. Kern & T.Grosch / Spatio-Temporal Dithering for Order-Independent Transparency

potential of using outputs from our stochastic method to train ma-
chine learning-based anti-aliasing techniques.

Currently, our technique is applied only to primary rays. In the-
ory, similar techniques could be developed for shadow rays, reflec-
tions, and refractions.

We also tested our STD with NVIDIA’s RayReconstruction, a
combined denoising and anti-aliasing technique. While the results
for smoke particles were acceptable, flat surfaces were challenging
to render. Further investigation is needed to adapt our technique for
compatibility with RayReconstruction.

Our technique can also be adapted for interactive rendering of
Gaussian splats.

Supplementary Material

The source code can be found on our Github project page:
https://github.com/TU-Clausthal-Rendering/
SpatioTemporalDithering.
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Figure 14: STBN (blue noise) and STD in the animated fight scene.
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7. Appendix
7.1. Hash Function

Hash function by McGuire [McG16], that is used for Russian
roulette (Sec. 3.2) and threshold map selection (Sec. 3.3). We also
tested a variety of other hash functions, but found no significant
differences.

Listing 6: Hash by McGuire

float hash(float2 v) { // [McGl6]

return frac(l.0e4 x sin(17.0 *x v.x + 0.1 % v.y)<+
* (0.1 + abs(sin(13.0 * v.y + v.x))));

}

float hash3D (float3 v) {

return hash (float2 (hash(v.xy), v.z));
}
float hash4D (float4d v) {
return hash (float2 (hash(v.xy), hash(v.zw)));

}

7.2. Spatio-Temporal Blue Noise

We also implemented a screen-space spatio-temporal blue noise
(STBN) technique, based on the spatio-temporal blue noise masks
by Wolfe et al. [WMAR22]. To prevent objects from masking each
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other out, we use a different offset into the blue noise texture, sim-
ilar to our STD method.

Overall, STBN produces similar results when viewed from a dis-
tance, but the pattern appears noisier than our STD, as shown in
Fig. 14. While our STD produces a more pixelated appearance dur-
ing motion, STBN resembles white noise.

Another disadvantage of STBN is its incompatibility with our
motion vector alignment technique (Sec. 3.3.1), as the blue noise
texture is 128 x 128 in size, which is too large for stochastic bilin-
ear interpolation. Although this works well with DLSS, it causes
flickering when used with TAA.
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