Chunked Caching for Disocclusion Computation and Frame Extrapolation

Fig. 1. The images on the left and in the middle show two views extrapolated from the same chunked cache. The cache contains the shading for a potentially
visible set computed for an extremely large viewcell with a diameter of more than two meters. The orange arrows show how the tree and the lantern move in
the image plane, leading to strong disocclusions successfully filled in from our cache. The image on the right visualizes the cache layers without reprojection.
The inset (bottom-left) demonstrates the high quality of frame extrapolation by comparing the extrapolated image to the ground truth with the FLIP metric [2].

We introduce a chunked caching architecture that replaces a conventional
linear buffer (e.g., a framebuffer, G-buffer or visibility buffer) with a set of
chunks, i.e., sparse “pixel tiles” organized in a layered image space. The
cache can represent arbitrary portions of the scene. Consequently, we can
use chunked caching for efficient scene processing algorithms without using
the original complex scene geometry. We demonstrate how this approach can
be used to generate a from-region potentially visible set (PVS) by explicitly
computing disocclusions (rather than occlusions) in the scene. Our PVS
algorithm is order-independent and 6.9 faster than the state of the art at the
same level of accuracy. Shading needs to be computed only for the PVS and
can be directly used for frame extrapolation without having to worry about
disocclusions. Chunked caching runs as a pure software implementation on
the GPU without requiring any hardware extensions. We demonstrate how
our work outperforms previous PVS and frame extrapolation methods in
speed and extrapolation range without compromising quality.
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1080p/30 Hz. GPU improvements face cost and power constraints
and cannot trivially keep up with this increase in demand. Exploit-
ing spatiotemporal coherence is a possible way out of this dilemma.
Therefore, various forms of spatiotemporal upsampling, such as
DLSS [38], are now commonly used in practice.

As a conceptual model for exploiting spatiotemporal coherence,
Ragan-Kelly et al. [39] proposed choosing separate sampling fre-
quencies [33] for visibility and shading. Shading sampling is by
far the most expensive task, but visibility sampling needs to be
determined at much higher spatial and temporal rates. For exam-
ple, deferred rendering [41] restricts shading computations to only
visible samples of a frame, and reverse reprojection caching [36]
combines the previous frame buffer with the current one to amor-
tize supersampled shading computations. Both methods rely on a
conventional linear (i.e., flat and dense) buffer to cache the visibil-
ity/shading computations for later reuse.

Unfortunately, a conventional framebuffer does not store enough
information about the scene geometry to support more demand-
ing applications, such as extrapolation over multiple frames. With
novel viewpoints located at increasing distances from the reference
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1 Introduction

The demand for graphics throughput rises continuously. For ex-
ample, current-generation game consoles operating at 4K/60 Hz
require 8X more pixels than the previous generation operating at
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increase to the point that image quality becomes unacceptable.

Almost 30 years ago, Talisman [50] proposed the radical idea of
replacing the linear framebuffer with a cache of layered framebuffer
“chunks” and creating target images by warping and compositing
chunks on the fly. Talisman hardware was never built, and using
linear buffers for caching between graphics pipeline invocations is
still the dominant approach today. This preference for linear buffers
may be attributed to their importance for the fixed-function stages of
the GPU, especially the raster operations. However, entire graphics
pipelines, such as Nanite [23], are increasingly created entirely with
compute shaders, as many previous dependencies on fixed-function
units have been relaxed or removed.

In this paper, we explore how a chunked cache in the vein of Talis-
man can be implemented in software using modern GPU techniques
(Figure 1). We make the following contributions:

Chunked cache for visibility and shading. We describe a chun-
ked cache implemented entirely in GPU shaders. It can be built,
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refreshed and queried with a similar level of efficiency as found in a
standard deferred rendering system. Our cache has several desirable
properties: All samples on or near a view ray are retrievable in
constant time and without having to refer back to the (potentially
complex) scene geometry. The memory footprint is proportional to
the set of samples considered relevant for downstream applications,
rather than to the overall size of the scene. No precomputation is
required; hence, cache refreshes work with fully dynamic scenes.

Potentially visible set via disocclusion computation. As a first appli-
cation, we show how to generate a from-region potentially visible
set (PVS) 6.9x faster on average than the previously fastest method.
This improvement is possible because the PVS is computed on the
chunked cache rather than on the geometric scene description. Con-
sequently, we can generate a conservative PVS by considering per-
chunk disocclusions, rather than geometric occlusions as used in
previous work. Moreover, the use of layers makes our method order-
independent, avoiding costly synchronization and sorting.

Frame extrapolation with extended range. As a second application,
we demonstrate frame extrapolation with extended range compared
to traditional framebuffer extrapolation. After the samples contained
in the PVS are shaded, new frames can be extrapolated by repro-
jecting the shading cache at a rate that depends only on the target
resolution but not on the geometric scene complexity. Since the PVS
anticipates disocclusions, extrapolation is possible over more frames
than is feasible with methods that work only with linear buffers.
We demonstrate extrapolation of novel views at 4K resolution in
2-6 ms without the need for costly inpainting or neural networks.

2 Related work

We discuss related relevant work in the three areas of visibility
computation, upsampling and shading caching.

2.1 Visibility computation

Deferred rendering improves over traditional forward rendering by
resolving from-point visibility before entering the shading pass. At
minimum, it suffices to generate a visibility buffer [9] with depth
and primitive ID information to capture visible pixels. However, for
scenes with high geometric complexity, it may pay off to prepend
a from-point PVS generation [6] to the visibility buffer generation.
The PVS should be conservative — it should report only too much
to be visible (false positives), but never too little (false negatives).
Identifying significant occluders can help prune the scene to be
considered for visibility sampling. Determining such an occlusion re-
quires fusion of many small and medium-sized occluders [13, 43, 55].
Usually, from-point occluder fusion is implemented by aggregating
occluders into a hierarchical shadow volume [5] or a depth pyra-
mid [15]. Various enhancements have been proposed for using the
depth buffer for occlusion queries, but they either require careful
scheduling of scene traversal [30] or GPU hardware extensions [1].
A key technique in all these PVS generation methods is traversing
the scene front to back, so that the shadow volumes of occluders
close to the camera lead to early culling of occluded parts of the
scene. Durand et al. [13] use rasterization to reproject an occlusion
mask oriented parallel to the image plane to successively increasing
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Fig. 2. (left) Object A maps to three chunks of layer N — 1 and two chunks
of layer N, whereas objects B and C are fused into two chunks of layer N.
(right) If we allow a viewpoint movement by up to A, the area marked in
orange is disoccluded in layer 1, while the area marked in blue is disoccluded
in layer 2. In layer 3, only the area disoccluded both by layer 1 and layer
2 must be included in the PVS. In particular, we can determine that B is
disoccluded, but A is occluded because it is not visible from layer 1.

distances from the viewpoint. Voglreiter et al. [53] traverse the scene
by peeling layers off an octree and retain the current visibility mask
as a k-buffer. Our technique is inspired by these works but differs
in two important ways: First, it explicitly considers disocclusion
rather than occlusion. Second, it is order-independent, avoiding the
synchronization costs that limited previous methods.

Unfortunately, a from-point PVS is not sufficient for frame extrap-
olation over large distances or multi-fragment effects [51]. These
applications require a from-region PVS operating in a 4D or even
5D ray-space [12]. Naturally, the algorithmic complexity of from-
region visibility is significantly higher than the one of from-point
visibility with its 2D ray-space. Hence, the computation of from-
region visibility tends to be costly, often in the range of hundreds
of milliseconds [19, 25], with the fastest method to date [53] still re-
quiring 20 ms on a recent GPU. As a consequence, the PVS is either
precomputed for a scene partitioned into discrete regions [14], or
a from-point PVS is computed from one or more predicted future
viewpoints [22, 27, 34, 40] as a substitute for the from-region PVS.
The former limits the benefits to a static scene, whereas the latter
depends on correct prediction and is potentially error-prone if not
all visible primitives are caught in the sample views.

2.2 Spatiotemporal upsampling

Spatiotemporal upsampling can help amortize the shading load by
exploiting spatial and temporal coherence [17]. If we want to synthe-
size entirely novel views, the classic approach is 3D warping [29] of
a conventional framebuffer or G-buffer. Reprojecting via a depth or
motion vector buffer inevitably leads to undesirable disocclusions,
limiting the possible extent of extrapolation. Even with sophisticated
strategies for warping [7] or adaptive refresh [47], disocclusions are
hard to hide for ultra-high resolutions and framerates.

One way to mitigate the disocclusion problem is by frame interpo-
lation, where additional upsampled frames are inserted to stabilize
framerates between a previous and predicted frame, usually with
the help of motion vectors [58]. Better image quality can be obtained
by predicting or refining motion vectors with neural networks [8].
A similar form of frame interpolation based on neural networks is
now available through commercial solutions such as DLSS3 [38],
although technical details are not revealed. Despite its popularity,
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Fig. 3. (left) A grid of 4x4 chunks partially covered by scene geometry (in
gray). We consider the occupation status of neighboring chunks (gray/white
pixels in cross) for disocclusion computations in the scene. Partially filled
or empty chunks are classified as “open,” whereas chunks completely filled
with samples (gray) are “full” (right) Patterns of edges between open and
closed chunks lead to unique disocclusion frusta (up to rotation).

frame interpolation suffers from additional latency, making it un-
suitable for longer predictions or streaming applications that require
keeping strict temporal bounds.

In contrast, frame extrapolation methods generate novel views
purely from past frames. Extrapolation thereby avoids the additional
latency, but it must handle disocclusions without the ability to peek
into future frames. This lack of disocclusion information can be
compensated for to some extent by careful processing of motion
vectors and additional G-buffer channels [59], possibly with the
help of neural networks [16, 56].

A shading cache in the form of a single 2.5D framebuffer can
never provide all the samples needed to fill in disocclusions revealed
from a sufficiently displaced viewpoint. Therefore, some frame ex-
trapolation schemes try to opportunistically collect samples from a
cache consisting of multiple past frames [57]. However, without ex-
plicitly seeking for future changes in visibility, cache misses caused
by disocclusions can never be avoided. Our approach improves over
this work by using a PVS to reliably avoid cache misses.

2.3 Shading caching in 3D

Only a cache layout capable of storing samples at arbitrary loca-
tions in 3D space can ensure that all relevant samples are present
in the cache. Such alternative cache layouts can be roughly cate-
gorized into view-independent and view-dependent organizations.
The view-independent category uses either a hash table filled with
individual shading samples [20, 28, 39] or some form of texture
space. The texture-space methods can be categorized into three
groups: The scene is either pre-charted as a whole [18], split into
pre-charted primitive groups which are dynamically allocated at
runtime [3, 34], or individual primitives are packed into a kind
of atlas on the fly [10, 21]. Such texture-space organizations have
been demonstrated to be beneficial for applications such as radi-
ance caching [48, 49] or streaming [21, 34]. However, they perform
less favorably for frame extrapolation. One reason is that frame
extrapolation benefits from the lower distortion of storing view-
dependent sample patterns when reprojecting from a nearby view
with a similar perspective [21, 35] rather than a canonical view.
Therefore, most of the literature relevant to our work organizes
the shading cache using view-dependent methods. Early techniques
relied on rendering individual objects to textures [44] or proposed
GPU hardware extensions [11, 50]. Other approaches use per-pixel
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linked lists [19, 45], depth peeling [24, 27], k-buffering [4] or repro-
jection into a peeled-layer-like structure [57]. Our cache also falls
into this view-dependent category, but its chunked organization
better exploits spatial coherence, making it drastically more efficient
than previous view-dependent 3D shading caches. Moreover, our
cache uses layers with regular depth spacing, which makes it similar
to other image-based models, such as impostors [42], pop-up light
fields [46] or multi-plane images [32].

3  Method

We propose replacing a linear buffer (specifically, a conventional
visibility buffer [9]) with a chunked cache in a modified deferred
rendering system. The cache is organized into rectangular groups of
samples, sparsely located in an array of chunk planes parallel to the
image plane. We call the slab between two chunk planes a layer. The
chunks in the cache represent the scene geometry, but resampled
into a sparse regular grid in normalized device coordinates. We first
explain how to generate the cache, then we describe how to use the
cache to compute a PVS and extrapolate novel frames.

3.1 Chunked cache generation

To build the cache, we rasterize the scene from the current viewpoint
and write primitive ID and depth per fragment into the cache. We
retain separate depth buffers for each layer. From two fragments in
the same layer that map to the same location in image space, the
depth test retains only the closer one. This rule ensures that the
fragment closest to the viewpoint is always present in the cache,
although it may not be found in the frontmost layer. Fragments that
are hidden from the current viewpoint will be contained in the cache
only if they fall into different layers (see Figure 2, left). Fragments
of primitives that span two layers will be assigned either to a chunk
in the first layer or to a chunk in the second layer, depending on
their depth values.

3.2 PVS generation by disocclusion computation

As a first application of the chunked cache, we describe an efficient
algorithm for PVS computation.

After resampling and quantizing the scene geometry to one entry
per layer and pixel location, disocclusions can occur only between
layers. This observation is the key to implementing a drastically
simplified PVS algorithm. Unlike other PVS algorithms that must
propagate occlusions front-to-back through the scene, we can explic-
itly compute disocclusions. A critical advantage of our disocclusion
computation is its ability to work without access to geometric prim-
itives and in an order-independent manner.

The PVS computation operates at the granularity of chunks. Let
us assume two chunks of the same layer, but in different image
locations (Figure 2, right): A is disoccluded from layer 2, but not
from layer 1. B is disoccluded from both layer 1 and layer 2. For
inclusion in the PVS, a chunk must be disoccluded in all previous
layers, which applies only to B. Our goal is therefore to efficiently
compute disocclusion for all chunks and all previous layers. We
will make use of the fact that the disocclusion information of all
chunks of all layers can be updated in parallel through scattered
writes without enforcing a particular order of traversing the scene.

SIGGRAPH 2025, 2025, Vancouver, Canada.



4« Anonymous authors

Layer L

VS — VO

Fig. 4. Frame extrapolation marches a ray from a novel viewpoint V; through
the layers. The ray enters layer L at Py and leaves it at P;. Consequently,
we must seek for an intersection with the chunks between Py and Py, which
are marked in orange.

We must only ensure that the disocclusion information affecting a
chunk can be collected for the final classification of the chunk.

To ensure a conservative algorithm, a chunk completely filled
with samples is classified as closed, whereas a chunk is open if it is
partially filled with samples or completely empty. A disocclusion
occurs if the viewpoint is moved such that the scene behind a closed
chunk becomes visible through an open chunk. Therefore, we in-
spect all open chunks and classify their edges with adjacent chunks
in the same layer. The resulting patterns of edges can be classified
into six cases (Figure 3) corresponding to disocclusion frusta with
characteristic shapes.

The six shapes are chosen to have minimal volume. Only edges
between an open and a closed chunk generate a sloped pyramid
surface. Edges between two open chunks need not be included in
the frustum, since the corresponding disoccluded areas are already
handled by the chunk’s neighbors. Hence, the trivial sixth case of an
open chunk surrounded by four open chunks leads to a degenerate
frustum that only covers the chunk itself.

The disocclusion computation algorithm produces a conservative
PVS. False negatives can occur only if individual samples are sup-
pressed by the layer-wise depth tests during cache generation, but
never for entire chunks during PVS generation. Our results demon-
strate that these per-sample false negatives are similar in frequency
to previous PVS methods and negligible in practice.

3.3 Viewcell definition

Before the actual PVS computation starts, clipping of large portions
of the scene is already taken care of by hardware rasterization filling
the cache. This rasterization requires specifying a conventional view
frustum with a pinhole camera model. In contrast, computing a
PVS requires first defining a viewcell. The viewcell can be seen as a
generalization of a camera specification. It defines a (usually convex)
subspace of 5D ray-space that contains all eligible viewpoints and
view directions. The viewcell determines the range of possible frame
extrapolation. The chunked cache must contain all portions of the
scene that can be reached from any ray contained in the viewcell.
To fulfill this requirement, we adopt a method similar to the one
described by Voglreiter et al. [53], who adjust the camera and in-
crease the subtended angle of the view frustum to enable additional
rotations. Voglreiter et al. show that, for a frustum with a field of
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view of 2a and a viewcell allowing lateral motion of A, the PVS
is guaranteed to be valid for a viewpoint displacement along the
optical axis by up to A/tan . In our experiments, we found that
the range of extrapolation often exceeds this conservative limit by
a large amount. Therefore, we manually adjusted the number of
extrapolated frames per scene based on the observed image quality.

3.4 Frame extrapolation

Our second application builds on the first one and uses the PVS for
efficient frame extrapolation. It consists of a shading task and an
extrapolation task that operate concurrently. The shading task fills
the shading cache for all chunks contained in the PVS. The extrapo-
lation task creates extrapolated frames from shading stored in the
cache. Only frames extrapolated from the cache are shown. Since
the shading task is amortized over multiple frames, we double-buffer
two shading caches. A “front” cache with finished shading is used
for frame extrapolation, while a “back” cache contains a new PVS
and is filled with new shading information. This new PVS is created
for a predicted future viewpoint that corresponds to the time when
the shading is expected to be complete. We predict the viewpoint
and the time taken by the shading with linear extrapolation.

PVS shading. For every chunk in the PVS and every covered
sample in the chunk, we run a shader to determine color and alpha
values. The shader employs the standard procedure for rendering
with visibility buffers [9]: The shader input consists of the fragment’s
screen coordinates and the primitive ID, which are used to determine
barycentric coordinates and query per-fragment attributes.

Novel view generation. We use a variant of reverse reprojection,
but without motion vectors. For every pixel of the extrapolated
frame, a view ray traverses the layers of the shading cache in front-
to-back order, skipping over non-existing chunks in the process. For
each visited layer, we determine the portion of the view ray that
intersects the layer. The chunk locations along that ray are enumer-
ated by a DDA algorithm and inspected sequentially (Figure 4). For
every chunk that may have an intersection with the ray, we deter-
mine the exact intersection point by projecting the view ray into
the chunk’s depth buffer and searching with a DDA variant [31].

The search reports an intersection for the first sample location
where the depth sample has a value smaller than the depth of the
ray. Only if an intersection is found, this sample is alpha-blended
with the accumulated color. If no sample is found or the opacity of
the ray is not yet saturated, the traversal advances to the next layer.
If no transparent surfaces are present in the scene, the ray can be
terminated on the first hit.

4 Implementation

In this section, we provide selected implementation details. Upon
acceptance, we will make our code available as open source to
encourage further exploration of chunked caching.

4.1 Chunked cache

We empirically determined that a chunk size of K X K with K = 8
(for 1080p and 1440p) or K = 16 (for 4K) works well in our exper-
iments. Higher resolutions, such as 4K, benefit from larger chunk
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Fig. 5. (left) The scene is subdivided into three layers with 3x3 chunks per
layer. (right) Page table and chunk buffer corresponding to the scene.

sizes, likely because of better cache coherence. Smaller resolutions
do not benefit from larger chunk sizes, because the average num-
ber of empty samples in the chunk (not covered by any geometric
primitive) becomes too high, leading to fragmentation. A similar
consideration applies to the number of layers. We found that N = 64
layers already sufficiently cover all relevant samples needed for our
applications without losing too much by the depth quantization
that keeps only the frontmost sample per view-ray and layer. More
layers provide small improvements in image quality, but have much
higher computational costs (see the results section).

We index in the cache using the quantized coordinates of a sample
point p = [x, y, z], where x, y are in screen coordinates, and z is the
linear depth between the near clip plane z, and the far clip plane
zf, ie,zp <z < zf. The corresponding chunk coordinate C is

) _ log(z=zn + 1)
C(p) = [exs ey, 2] = | Lx/K], Ly/K], Nlog(Zf —zp+1)

for a cache with N layers. In other words, the depth interval asso-
ciated with a layer is linearly related to the disparity of a sample,
i.e., the distance the sample travels across the scene when it is re-
projected to a new viewpoint from the original viewpoint used to
create the cache. This property makes it easy to guarantee error
bounds when reprojecting the cached samples.

We use a standard vertex shader to invoke the fixed-function
rasterizer, but our method differs from a conventional fragment
pipeline in two important aspects:

First, we do not use standard raster operations (ROP) to write
fragment shader results to a linear framebuffer. Instead, the fragment
shader writes its results to a shader storage buffer object (SSBO),
i.e., a random access buffer. This strategy follows the suggestion of
Clarberg et al. [10] to leverage “the capability of modern GPUs to
perform unordered memory accesses from within shaders”

Second, as proposed by Karis et al. [23], the fragment shader uses
64-bit atomic minimum operations to implement depth buffering.
Each visibility sample is a 64-bit value, with the depth occupying
the most significant 32 bits and the primitive ID occupying the least
significant 32 bits. Consequently, an atomic comparison determines
the smaller depth value and writes the entire sample back to the
cache without a race condition. Giving up ROP lets us replace a
linear framebuffer with our own, more efficient data structure.

The memory layout of the visibility cache is organized as a two-
level hierarchy [26], consisting of a dense page table that contains
pointers to a sparse chunk buffer (Figure 5). We index into the
page table using the chunk location cy, ¢ and the chunk’s layer c,.
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Fig. 6. (left) Intersecting a disocclusion frustum with subsequent layers
produces one rectangle per layer (four rectangles in this example). (right) A
prefix sum of the rectangle sizes determines that 46 chunks must be marked
as disoccluded. The work is evenly distributed across a workgroup consisting
of three threads, as indicated by shades of blue.

Initially, the chunk buffer is empty (all fragments have an invalid
primitive id and a depth of zf), and the page table entries are cleared.
To write a sample at position p, the fragment shader looks up the
chunk address in the page table at the entry with the index C(p).

If that entry is invalid, the chunk is allocated on the fly using a fast
combination of atomic operations. For that purpose, the page table
contains two entries: an address that is initialized with an invalid
value to indicate an empty page, and a ticket. The ticket is initialized
to zero and can be drawn only by the first thread (using an atomic
increment). The thread drawing the ticket then acquires an empty
page via atomically incrementing the page count and writes the new
address to the page table. Threads that did not draw a ticket probe
the page table entry until the address becomes available (i.e., a valid
address is returned). Probing relies on atomically adding zero to the
address. Adding zero does not change the state of the address, but
the atomic operation forces cache synchronization and minimizes
the latency until the new address becomes available.

4.2 PVS generation

The objective of the PVS generation is to determine the visibility
(occluded or disoccluded) for each non-empty chunk. To store the
results of the disocclusion computation, we allocate for each non-
empty chunk a visibility mask with one bit per layer indicating if
the chunk is disoccluded from a given layer. Layer 1 is stored in
the least significant bit. The mask is initialized to zero, indicating
that all chunks are occluded by default. Setting bits in the visibility
mask is performed using atomic operations, so all chunks can be
processed in parallel without any ordering or sorting. Therefore,
we avoid the drawback of synchronized back-to-front traversal that
limits many previous methods [30, 53].

A first compute shader processes all non-empty, open chunks in
parallel. The sample counter in the page table entry indicates if a
non-empty chunk is open or closed. We retrieve the open/closed
classification of the chunk’s 4-connected neighbors and use the
resulting 4-bit pattern to identify the shape of the disocclusion
frustum (Figure 3). We write a corresponding record describing the
disocclusion frustum to a per-chunk array in global memory. For a
degenerate frustum (open chunk with open neighbors) of a chunk
at layer L, we set a single bit L in the visibility mask to indicate
trivial disocclusion.
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Fig. 7. Test scenes from left to right, with triangle count in parentheses: Sponza (21.9M), Bistro Exterior (3.1 M), Viking Village (6.5 M), Big City (31.4 M)

Scene Bistro Sponza  Viking Bistro Sponza  Viking
Viewcell 30cm 30cm 10cm 30cm 30cm 10 cm
Resolution 1080p 1080p 1080p 4K 4K 4K

Extrap.frames | 10 11 7 12 14 15

Table 1. Number of frames that can be extrapolated

A second compute shader assigns one workgroup to each dis-
occlusion frustum. For a disocclusion frustum spawned in layer L,
the workgroups responsibility is to set the disocclusion bit L in the
visibility masks of all chunks contained in the frustum. The frustum
is intersected with all subsequent layers i € [L + 1...N]. Every
intersection with subsequent layers yields a rectangle of increasing
size (i.e., number of chunks covered). The rectangle coordinates are
stored in an array in shared memory (Figure 6). We run a prefix
scan over the rectangle areas to obtain a searchable index into the
array. For load balancing, the total number of chunks covered by
the disocclusion frustum is distributed equally between the threads
of the workgroup. Then, each thread uses binary search in the in-
dex to find the chunk location it is responsible for and marks the
corresponding entry in the chunk’s visibility mask. The page table
location of a chunk is implicitly known from the rectangle index
and the thread’s position inside the rectangle.

We obtain visibility masks that store if a chunk in layer L is
disoccluded in all previous layers j € [1...L — 1]. To determine
PVS inclusion, a bit operation on the chunk’s visibility mask ensures
that all bits in previous layers are set. This query operation is formed
in a third compute shader to obtain the final PVS. Please see the
supplementary material for pseudocode of the algorithm.

4.3 PVS shading

For PVS shading, a compute shader invokes one workgroup per
chunk in the PVS. One thread per (potentially) visible pixel executes
the shading pass and writes the resulting shading values back to the
cache. At this point, we do not require the primitive ID anymore
and overwrite it with the RGBA value determined by the shading.
This in-place conversion of a chunk from storing visibility samples
to storing shading samples avoids allocating additional memory
for the shading cache and even provides a small speed-up. After
shading is complete, chunks that are marked as part of the PVS
in the page table contain colors in the lower 32 bits of the sample.
Chunks that are not included in the PVS still contain primitive
IDs, but these chunks will no longer be required in downstream
applications. When a new cache (a new PVS) is started, both the
page table and the chunk buffer are cleared.
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4.4 Frame extrapolation

During frame extrapolation, we follow view rays emitted from the
new viewpoint. This procedure also relies on compute shaders. Note
that we do not use GPU ray-tracing hardware units, since we only
perform a variant of screen-space ray-marching.

During the intersection of a ray with the chunked cache, empty
chunks along the ray are immediately detected because they lack a
page table entry. For non-empty chunks, we compare the min/max
depth values of a chunk with the ray depth to determine whether
the chunk can have an intersection with the ray. This test allows
for an early exit before loading the actual chunk data.

5 Results

In this section, we present performance evaluation results for a set
of test scenes and comparisons to state-of-the-art methods. Our
results were collected on a desktop computer (CPU: Intel i7-13700T
with 64 GB RAM, GPU: NVidia GeForce RTX 4090, OS: Windows
11). In all experiments, the horizontal field of view of the target
images was set to 60°, and the extended field of view used to sample
the viewcell was set to 90° which corresponds to a view cell of 30
cm. We compared three target frame resolutions, 1080p (1920x1080),
1440p (2560x1440) and 4K (3840%2160).

The test scenes used in our evaluation are shown in Figure 7. Big
City is challenging because of its size (31.7M polygons), while the
modified Sponza scene (21.9 M polygons) is even more challenging
because it houses a tree with high depth complexity resulting from
very small polygons forming the foliage. In each scene, an animated
camera path (600 frames) was used to generate a reproducible image
sequence. Measurements were averaged over all frames.

5.1 Cache generation

Figure 8 shows the memory consumed to generate the chunked
cache (without PVS computation or shading), and Figure 9 shows the
runtime. For comparison, we list two simpler cache data structures:
a dense multi-layered buffer (implemented as an array texture with
the same number of layers as the chunked cache) and a dense single-
layer buffer (storing only a single visible sample per view ray). The
chunked cache requires 4-6x the memory of a single layer and takes
about 2.5x longer to generate; a multi-layered buffer has excessive
memory requirements and generation times. Cache size is rather
insensitive to the geometric scene complexity (Figure 10). Cache
generation for small/medium scenes ranges from 2—4 ms (Figure 11).

We compared cache configurations with 32, 64, and 128 layers.
The memory requirements (Figure 13), the generation time (Fig-
ure 14) and the chunk count (Figure 14) for these layer numbers



Method Ref. | PSNRT | SSIMT | LPIPS|
Extranet [16] | 28-31 | 0.83-0.95 -
GFFE [57] 24 0.86 9.7
Mob-FGSR [59] | 25-30 | 0.84-0.92 -
Cunked cache | ours | 36-42 | 0.87-0.95 | 2.1-6.2

Table 2. Image quality measurements of frame extrapolation methods.

all show an increase that is sub-linear relative to the layer number.
This fact makes it inexpensive to have more layers in the cache for
a better scene approximation. However, PVS generation and frame
extrapolation are more sensitive to the layer number. Therefore, we
settled for 64 layers as the best compromise in our implementation.

5.2 PVS evaluation

For the evaluation of the PVS, we compare our method with Trim
Regions (TR), the previously fastest method for from-region PVS
computation, using the original code provided by the authors [53].
TR uses a two-level hierarchy for efficient front-to-back sorting of
fragments, where the first level uses octree traversal, and the second
level sorts fragments in a k-buffer. Occlusion is propagated via an
extension of occluder shrinking [55].

We report on the runtime of PVS generation with the chunked
cache inFigure 17. It ranges from about 1.1 ms (Bistro, 1080p, 10
cm viewcell) to 10.6 ms (Big City, 4K, 60 cm viewcell). The chunked
cache outperforms Trim Regions on average by a factor of 6.9x.

We state the PVS size as a fraction of the primitive count of the en-
tire scene to a ground truth PVS. As in previous work [19, 27, 53], we
approximate ground truth by dense sampling from 576 viewpoints
uniformly distributed inside the viewcell. For the chunked cache, a
scene primitive is considered visible if its primitive ID is contained
in at least one chunk marked as disoccluded in the PVS. Note that
our method of image generation though frame extrapolation does
not use the scene geometry directly. Therefore, we added an extra
sub-pass for counting the primitives referenced in the cache, which
is not considered in the reported timings.

Figure 18 shows the false positive geometry rate, i.e., the number
of primitives our algorithm reports as belonging to our PVS method
divided by the size of the ground truth PVS. The overhead ranges
from about 50% to 160%. This rate is 3—-10X better than for TR (except
for Sponza). Note that the overall PVS size is always between 0.5%
and 7% of the total scene size, so the overheads coming from reported
false positives do not have a significant effect on the runtime.

Figure 19 reports pixel errors [37], i.e., the average number of false
negative pixels per frame for which the wrong depth or primitive
ID is present in the visibility buffer.. This number is reported as a
fraction of the screen resolution. Pixel error is considered to be most
indicative of the image quality when rendering from a PVS [25, 53].
To suppress false negatives coming from spurious micro-geometry
(triangles smaller than a pixel), we use the approach described by
Voglreiter et al. [53]. The implementation of TR that we used in
the comparison relies on a more effective micro-geometry filtering
which is described in the dissertation of Voglreiter [52, section 5.3.5].
Therefore, our false negative rate is comparable to TR but slightly
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worse. However, the superior micro-geometry filtering method is
independent of the algorithm and could be added to our method.

5.3 Frame extrapolation

To test the frame extrapolation, we modified the number of light-
sources so that the resulting frame rate was roughly 60 Hz using
a standard frame-by-frame deferred renderer. For this experiment,
we used 128 layers and tested in two resolutions (1080p and 4K).

We characterize the performance of the frame extrapolation by
measuring the time it takes to shade the PVS and the time it takes
to extrapolate a shaded frame (Figure 20). Table 1 lists the extrapo-
lated frames successfully accommodated in our experiments. Frame
extrapolation by itself takes about 1 ms for 1080p and 3—6 ms for 4K.
The combined time for PVS shading amortized over the extrapolated
frames until the animated viewpoint leaves the viewcell (Table 1) is
about 8-9 ms for both resolutions. This corresponds to an average
framerate of just under 120 Hz presented to the user, effectively dou-
bling the original framerate. Note that the camera moves constantly
at a fast running speed of 3m/s. The observed part of the scene
changes in every frame, exercising maximum pressure on the view
extrapolation. Extrapolation while standing or looking around could
continue over much longer periods before PVS re-computation.

Figure 21 characterizes the image quality of extrapolated frames
relative to a ground truth image from a deferred renderer. We show
four metrics (PSNR, SSIM [54], FLIP [2], LPIPS [60]). Table 2 com-
pares our results to measurements of three state-of-the-art frame
extrapolation methods. Results should not be directly compared,
because all these methods (including ours) use different scenes and
settings for evaluation. However, our method generates a similar
range of results and has the added benefit of being able to extrapolate
multiple frames ahead of time.

6 Conclusions and future work

The chunked shading cache demonstrates how to implement graph-
ics pipelines with new properties. It works at similar levels of effi-
ciency as conventional deferred shading, but allows frame extrap-
olation far beyond what is possible with single-layer framebuffer
(or G-buffer) warping. We show that our pipeline runs efficiently at
resolutions of up to 4K and framerates up to 120 Hz.

The flexibility of a chunked cache suggests many avenues for fu-
ture work. We currently consider layers with uniform spacing (in log
space), but a generalization to adaptive spacing is straightforward
and would allow handling even more complex scenes efficiently.
In scenes with moving objects, the cache organization could be ex-
tended to consider a model-view transformation rather than just a
view transformation. For virtual reality, stereo image pairs could be
extrapolated, and individual scaling of chunks would enable variable
rate shading and efficient foveated rendering.

The chunked cache also lends itself to temporally adaptive shad-
ing. For example, chunk-specific refresh rates could be determined
from shading gradients, as proposed by Miiller et al. [33]. The com-
bination of shading gradients with motion vectors (as used in con-
ventional temporal anti-aliasing) or per-object chunks for moving
objects could help extrapolate shading in time for animated scenes.

SIGGRAPH 2025, 2025, Vancouver, Canada.
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Fig. 8. Memory comparison of chunked cache,
multi-layer buffer and a single-layer buffer (only
frontmost samples). The chunked cache needs 4-
6X more than a single layer, but stays <800 MB for
4K. A 4K multi-layer buffer needs 12 GB.
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Fig. 11. Smaller scenes needs 2-4 ms to generate
the chunked cache. Note that, depending on the
frame extrapolation rate, even longer generation
times can be amortized.
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Fig. 14. Memory requirements of the chunked
cache are sub-linear in the layer number. Doubling
the layers increases memory only by 29-58%.
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Fig. 9. Generating the chunked cache takes about
4-6 ms, which is 2.5X longer than generating a
single-layer buffer. In comparison, generating a
dense multi-layer buffer takes 33-166 ms.
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Fig. 12. Chunks per scene depend on the chunk size
and the screen resolution. 1440/p8x8 requires twice
the chunks than 1080p/8x8. 4K/16x 16 requires the
same chunks as 1080p/8x8.
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Fig. 15. Generation times of the chunked cache
are sub-linear in layer number. Doubling the layers
increases generation time by 8-16%.
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Fig. 10. Memory consumption of the chunked
cache is rather insensitive to scene geometric com-
plexity.
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Fig. 13. The chunk fill rate, i.e., the number of filled
samples per chunk is overall very high (about 80-
92%) and does not vary much. Less than every
fourth sample is left empty.
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Fig. 16. The chunk number is sub-linear in layer
number. Doubling the layers increases the number
of chunks by 17-20%.
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Fig. 17. PVS generation times, grouped by scene and organized by viewcell size (10, 30 and 60 cm). We compare our Chunked Cache (CC) to the state-of-the-art

method Trim Regions (TR). TR could not support 4K resolution.
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False positive primitive rate in the PVS: We report the fraction of primitives unnecessarily included in our PVS compared to the ground truth PVS,
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Fig. 19. Pixel error rate: We report the fraction of incorrect pixels observed in all scenes and animations paths compared to the screen resolution.

20000

15000

10000

5000

0

Bistro 1080p Sponza 1080p Viking 1080p

Frame Extrapolation Runtime Comparison (us)
M Frame extrapolation (without shading)
B Frame extrapolation (with amortized shading)
m Deferred shading (reference)

Bistro 4K Sponza 4K Viking 4K

Fig. 20. Frame extrapolation time. We compare frame extrapolation (without and with amortized shading) to a standard deferred renderer. The shading load
was chosen so the deferred renderer reached 60 Hz for each target resolution.
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Fig. 21. Image quality of extrapolated frames. We report four metrics: PSNR, SSIM, FLIP and LPIPS. Higher values are better for PSNR and SSIM; lower values

are better for FLIP and LPIPS.
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