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Abstract

Real-time isosurface extraction is a well-researched area in the field of computer graphics
and scientific visualization. One of the main reasons for this is that scalar volumetric data
is frequently produced and needs to be analysed interactively, especially in the domain
of medical applications. The interactive visualization, however, does not only require a
reasonably fast extraction of isosurfaces from volumetric data, but also the optimization of
the mesh data itself to make effective use of modern graphics hardware features during
rendering time. The aim of this thesis is two-fold: Firstly, we want to provide an overview
of efficient mesh representations and evaluate their performance using state-of-the-art
graphics hardware. Secondly, we want to make use of the findings from the first part of
this thesis and apply it to our goal to allow for the real-time extraction of mesh data that
can be efficiently rendered on modern graphics hardware. In the first part of this thesis
we not only evaluate the efficiency of existing mesh representations but also propose new
efficient mesh representation schemes, which are based on recently gained knowledge
about the behavior of modern GPUs and are more efficient than other mesh representation
schemes tested. In the second and main part of the thesis, we propose two modifications
for marching-cubes-based isosurface extraction schemes, which are able to perform a more
cache-friendly isosurface extraction with respect to a well-known representative baseline
implementation on the fly.
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1 Introduction

The creation and analysis of volume data is crucial for the investigation of structures
encoded within the volume data, that are occluded and cannot be directly detected such as
internal organs or geological structures. Scalar volumetric data is created in many different
domains, e.g. for medical [1] and geological application [2], real-time reconstruction from
range images [3, 4] as well as physics-based simulations [5]. To visualize and analyse
volume data, direct volume rendering techniques like volume raycasting, or indirect
volume rendering techniques like marching cubes are commonly used. Despite recent
efforts to make raycasting feasible for commodity hardware [6], the technique itself does
not scale well with increased display or volume resolution. Therefore, indirect volume
rendering based on extracted isosurfaces is generally still desirable. Furthermore, having
an explicit polygonal surface representation allows for surface-based analysis, simulation
and modification.

It is desirable to achieve high frame rates for the visualization of extracted isosurfaces
in order to allow for interactive data exploration. If the volume data and the specified
isovalue are static, the isosurface has to be extracted and optimized for rendering only
once. Consequently, the frame rate of the visualization depends on the time spent on
rendering the extracted isosurface. Since the extraction of the isosurface and the optimiza-
tion of the polygonal surface representation have to be done only once, it is not necessary
that they are performed in real-time. If the volume data or the specified isovalue change
frequently, e.g. in interactive data exploration, real-time isosurface extraction schemes
might be needed. In this case the frame rate of the visualization depends on the time spent
on the isosurface extraction as well as the time spent on rendering the extracted isosurface.
However, the rendering efficiency of the extracted isosurface is often disregarded since the
focus of most real-time isosurface extraction schemes is on the efficiency of the extraction
process. Especially in cases where the extracted isosurface is rendered multiple times,
e.g. from different perspectives in the case of stereoscopic rendering, or a server-client
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1 Introduction

scenario where a powerful server extracts the mesh and a hardware-weak client renders
the extracted mesh, the rendering efficiency of the extracted mesh still plays a major role.
In an ideal scenario the isosurface is extracted in real-time and rendered efficiently as
well. For this reason, this thesis is dedicated to the investigation of real-time extraction of
isosurfaces that can be rendered efficiently.

To tackle this challenge, we first evaluate the efficiency of different mesh representa-
tion schemes. Afterwards, based on our insights about efficient mesh representations, we
propose two modifications to marching-cubes-based isosurface extraction schemes, which
allow for the real-time extraction of isosurfaces that can be efficiently rendered.

This thesis is structured as follows:
Chapter 2 gives an overview of articles relevant for this thesis, which mainly deal with
efficient mesh representation and real-time extraction of isosurfaces.
In Chapter 3 the reader is introduced to the topic of mesh representation as well as isosur-
face extraction. The introduced topics are referred to throughout the following chapters.
Chapter 4 evaluates the efficiency of existing mesh representation schemes. In addition,
novel mesh representation schemes are proposed, based on recently gained insights into
the behavior of modern GPUs, which improve upon already existing schemes.
In Chapter 5 two different real-time isosurface extraction schemes that are able to produce
cache-friendly isosurfaces are proposed and evaluated. To this end, a representative base-
line implementation is modified in order to create cache-friendly isosurfaces in real-time.
Chapter 6 summarises the results of this thesis and reflects the limitations of different ap-
proaches. In addition, different approaches for future work are proposed.
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2 Related Work

Over the years much research has been conducted to find efficient mesh representations
with respect to different criteria. Early approaches viewed the problem of creating an
efficient mesh representation as the problem of efficient mesh compression and decompres-
sion, in order to use less storage space and reduce the transmission time of meshes over
networks. Since the geometry and the topology of a triangulated polygonal mesh can be
separately represented, schemes that compress the geometry and schemes that compress
the topology of triangulated polygonal meshes have been proposed [7, 8, 9].

Deering [7] proposed one of the first schemes including a compression of mesh geome-
try. To encode geometry efficiently, Deering uses the delta difference in vertex positions
between the last vertex and the new vertex to encode the new vertex more efficiently.
Furthermore, Deering introduced the concept of a generalized triangle mesh, which uses
generalized triangle strips and a mesh buffer to encode the topology efficiently. Using
this approach Deering was able to reduce the number of bits needed for the mesh rep-
resentation by a factor of 6 to 10. The mesh buffer proposed by Deering is similar to a
post-transform vertex cache in the sense that both store recently used vertices in order to
avoid unnecessary operations. The post-transform vertex cache is used by the GPU to
store the result of transforming a vertex from model space to view space. If the vertex
reappears and the transformation result is still stored in the post-transform vertex cache,
the result can be reused and the vertex does not need to be transformed again, thus avoid-
ing calculations on the GPU. We refer the reader to Chapter 3.3 of this thesis for a more
detailed explanation of the post-transform vertex cache and the concept of triangle strips.

Hoppe [10] introduced the concept of a transparent post-transform vertex cache in combi-
nation with indexed triangles and indexed triangle strips. Transparency refers to the fact
that each vertex is uniquely referenced by an index and can be directly accessed by it. This
is not possible with the approach by Deering [7], because the vertex positions are encoded
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by delta differences and cannot be accessed directly. The proposed post-transform vertex
cache uses a FIFO-queue to store processed vertices. Furthermore, Hoppe [10] proposed a
triangle stripping algorithm that produces cache-optimized triangle strips.

The concept of a transparent post-transform vertex cache that can be used with indexed
triangles led to the development of cache-optimization algorithms for indexed trian-
gles meshes. The size of the post-transform vertex cache is crucial for the creation of
cache-efficient meshes, but often unknown. Forsyth [11] proposed a linear-speed cache-
optimization scheme for indexed triangle meshes, that assumes an exponential falloff for
the probability of a cache-hit. Due to this assumption the scheme is able to optimized the
indexed triangle mesh for post-transform vertex caches of different size.

Over the years many algorithms to generate efficient triangle strips have been devel-
oped [12, 13, 14, 15, 16]. Vaněček and Kolingerová [17] compared several important
triangle stripping algorithms and evaluated the rendering performance of the created
triangle strips. Furthermore, Vaněček and Kolingerová evaluated the performance of
cache-optimized triangle meshes. In their tests the triangle strip meshes outperformed the
cache-optimized triangle meshes when a display list [18] was used for rendering. However,
when an index and vertex buffer was used for rendering, the cache-optimized triangle
meshes outperformed the triangle strip meshes.

Kerbl et al. [19] showed that modern GPUs do not have a global post-transform ver-
tex cache that can be used by all threads of the GPU. Instead groups of threads, so called
warps, share a local post-transform vertex cache. Furthermore, Kerbl et al. [19] showed
that the post-transform cache of NVIDIA GPUs behaves similarly to a FIFO-queue of size
42 while the post-transform cache of AMD GPUs behaves similarly to a LRU-queue of size
15. For NVIDIA GPUs Kerbl et al. [19] noticed that the vertex caching behaves differently
than expected when two indices that are processed within the same warp are in between
different multiples of 216.

In Chapter 4 we compare the rendering and cache efficiency of triangle strips with the
rendering and cache efficiency of recent cache-optimization schemes in order to verify
the findings of Vaněček and Kolingerová [17]. To investigate the efficiency of triangle fan
meshes we propose and evaluate a simple triangle fanning algorithm. Furthermore, we
investigate the behaviour of NVIDIA GPUs identified by Kerbl et al. [19] in more detail
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and propose novel schemes for efficient mesh representations.

Since the publication of the marching cubes algorithm by Lorensen and Cline [20] many
modifications to the original algorithm have been proposed to increase its efficiency, in
order to make the algorithm suitable for specific use cases such as real-time isosurface
extraction. Since often only few of the voxels of the volume generate geometry, many
modifications to the marching cubes algorithm try to avoid processing voxels that will
not generate geometry in order to extract the isosurface more efficiently [21, 22, 23]. Due
to the massive parallelism of the marching cubes algorithm, many parallel processing
approaches have been proposed to execute the algorithm more effectively, often making
use of the SIMD nature of the GPU. To be able to extract isosurfaces from large volume data
using parallel approaches, out-of-core schemes have been proposed [24]. Lakshmipathy et
al. [25] proposed a scheme that extracts triangle strips from the volume data in order to
improve the rendering performance of the extracted isosurface. However, their approach
is not designed for efficient parallelization. Scholz et al. [26] proposed a GPU-friendly
level-of-detail scheme for the marching cubes algorithm using tetrahedral and hexahedral
cells. They noticed that the rendering performance of the extracted isosurface can be
improved if the topology of the generated triangles inside each hexahedral cell is stored
in a more cache-efficient way inside the index buffer. However, the surface extraction
and hierarchy updates of the scheme proposed by Scholz et al. [26] run on the CPU.
Furthermore, modifying the isovalue at run-time requires up to one second of processing
time.

Chen et al. [27] proposed a GPU-based scheme using NVIDIA CUDA that is able to
run in real-time and extract indexed isosurfaces. To index the generated vertices efficiently,
they use a parallel prefix sum implementation. However, Chen et al. [27] do not investigate
the rendering efficiency of the extracted isosurface.

A similar GPU-based scheme that extracts indexed isosurfaces using a parallel prefix
sum implementation was proposed by Liu et al. [28]. The scheme proposed uses a
blocking hierarchy and is able to process larger volumes than other state-of-the-art GPU
algorithms, while also needing less time for the isosurface extraction. The authors showed
that the extraction of indexed isosurfaces is also beneficial for storage and transmission,
reducing the size of an extracted isosurface without indices from 273.6 MB to 72 MB in the
indexed case. Similarly to Chen et al. [27], Liu et al. [28] do not investigate the rendering
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efficiency of the extracted isosurfaces.

In Chapter 5 we propose GPU-based isosurface extraction schemes with focus on the
cache efficiency of the extracted isosurface. Similar to the work of Chen et al. [27] and Liu
et al. [28] we make use of the prefix sum in order to index vertices efficiently. We define a
simple cube-wise voxel processing scheme that allows for the extraction of cache-friendly
isosurfaces. To the best of our knowledge, there is no published research investigating the
real-time extraction of cache-friendly isosurfaces.
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3 Background

This chapter provides the reader with a non-exhaustive overview of concepts related to
efficient mesh representations, namely triangle strip encoding, triangle fan encoding and vertex
cache optimization, as well as a short overview of isosurface extraction with focus on the
marching cubes algorithm. The core themes of the aforementioned concepts are covered,
such that our approaches for efficient mesh representation in general in Chapter 4, and for
extraction of cache-friendly isosurfaces in Chapter 5 can be mostly understood without
the necessity to know the related work in detail.

3.1 Triangle Strips

A basic polygonal mesh consists out of its geometry and its topology, which can both be
represented independently of each other. To represent the topology of a triangulated mesh
efficiently, the concept behind triangle strips and triangle fans is often used [9, 29, 30].
The triangulated mesh is represented as a set of non-overlapping triangle strips. A tri-
angle strip consists of a sequence of triangles, where consecutive triangles in the strip
share a common edge. This knowledge can be used to encode the topology of a single
triangle strip efficiently. In practice, an index buffer is often used to encode the topol-
ogy of triangle strips, but the usage of an index buffer is not compulsory. To encode a
triangle strip using an index buffer the index buffer is created in such a way that three
consecutive indices in the index buffer always encode a triangle of the triangle strip. The
triangles in the triangle strip shown in Figure 3.1a can be encoded by the index sequence
v0 − v1 − v2 − v3 − v4 − v5 − v6. One can see that all triangles of the triangle strip shown
in Figure 3.1a are encoded in this way.

Triangle strips that include zero area triangles are known as generalized triangle strips
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[31]. The advantage of including zero area triangles into the triangle strip encoding is
the fact that it allows for more freedom in the creation of triangle strips. For example the
topology shown in Figure 3.1b can be encoded using the single triangle strip sequence
v1− v2− v0− v3− v0− v4− v5 using one zero area triangle.

(a) Triangle strip example. (b) Generalized triangle strip example.

Figure 3.1: The topology shown in (a) can be encoded using a single triangle strip
without zero area triangles. The index sequence from v0 to v6 encodes all triangles of
the triangle strip. The topology shown in (b) can be encoded with a single generalized
triangle strip.

To encode a triangle strip with n triangles only n + 2 indices are needed. In comparison 3n
indices are needed to encode all n triangles without any information about the triangle
topology. One can see that triangle strips can reduce the size of the index buffer up to a
third of the original size which is beneficial for storing or transmitting the triangulated
mesh. Furthermore, the GPU can utilize the topology information to process triangles
more efficiently since it is clear that the two vertices which were previously worked on
can be cached and reused for setting up the next triangle.

Triangle strips are supported as rendering primitives by many major graphic APIs such as
OpenGL [32]. OpenGL allows the use of a single index buffer to store all triangle strips. In
order to allow rendering separate triangle strips with a single draw call, OpenGL allows
the definition of so called restart indices, to tell the graphics driver not to connect vertices
across the restart index. We refer the reader to Shreiner et al. [32] for a more detailed
explanation about primitive restarts in OpenGL.

The problem of finding an optimal separation of a triangulated polygonal mesh into
triangle strips has been proven to be NP-complete [33]. However, many efficient triangle
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stripping algorithms have been proposed that are able to produce good results in practice
[12, 13, 34]. For an exhaustive overview of different triangle stripping algorithms we refer
the reader to Vaněček and Kolingerová [17]. To evaluate the efficiency of triangle strips,
two different triangle stripping algorithms are chosen in Chapter 4.1 to generate triangle
strips: STRIPE [12] and Patchification [31]. Both algorithms are greedy and were chosen
because they were able to produce good results in practice, use different approaches and
their implementations were made publicly available. The implementation of STRIPE that
was made publicly available by Evans et al. [12] is used. For the Patchification algorithm
the implementation included in the Meshoptimizer framework [35] is used. In Figure
3.2 triangle strips generated by STRIPE and Patchification are visualized. The algorithm
STRIPE tries to create long triangle strips encoding zero area triangles as well while the
algorithm Patchification tries to create triangle strips in such a way that the number of
encoded zero area triangles is minimized.

(a) Individually encoded triangles.
Triangle count: 16,980

(b) Triangle strips encoded by STRIPE [12].
Average strip length: 132.1 triangles.

(c) Triangle strips encoded by Patchification [31].
Average strip length: 12.5 triangles.

Figure 3.2: Visualization of jointly encoded triangles across the surface of the example
model Triceratops. Same colors show parts of the surfaces, which are encoded in the
same rendering primitive. While using triangles as rendering primitive unavoidably
leads to inefficient representation of the surface with redundant encoding of vertices
which could potentially be shared (a), the triangle stripping algorithms STRIPE (b)
and Patchification (c) lead to more compact encoding of surface parts, which leads to
smaller memory footprints within a triangle strip.
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3.2 Triangle Fans

The concept of triangle fans is similar to the concept of triangle strips in the sense that
triangle fans also use the knowledge about the topology to encode the topology efficiently.
The triangulated polygonal mesh is represented as a set of non-overlapping triangle
fans. A triangle fan consists out of multiple triangles that share a common center vertex.
Furthermore, consecutive triangles in the triangle fan share a common edge as as can be
seen in the example in Figure 3.3. Similar to triangle strips triangle fans are often encoded
using an index buffer but the usage of an index buffer is not compulsory. To encode
triangles in a mesh as a triangle fan using an index buffer, the index of the common center
vertex is placed first in the index buffer. Afterwards, the vertex indices are added to the
index buffer, such that two consecutive indices always create a triangle with the index of
the common center vertex. This means that the triangle fan shown in Figure 3.3 would be
encoded by the index sequence v0− v1− v2− v3− v4− v5. One can see that all triangles of
the triangle fan shown in Figure 3.3 are encoded in this way.

Figure 3.3: Example of a topology that can be encoded with a single triangle fan. The
index sequence from v0 to v5 encodes all triangles of the triangle fan.

Similar to the usage of triangle strips, n + 2 indices are needed to encode a triangle fan
with n triangles. Likewise, triangle fans are supported as rendering primitives by major
graphic libraries as well, and restart indices can be used in OpenGL to store multiple
triangle fans in a single index buffer.

Compared to triangle strips, triangle fans often contain a lower number of triangles.
This is due to the fact that maximum number of triangles in a triangle fan is limited by
the total number of triangles that share the common vertex. For closed manifold triangle
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meshes the number of triangles with a common vertex is around 6 on average, which can
be shown using Euler’s formula [36]. Consequently, this limits the maximum size of a
triangle fan to 6 triangles per fan on average. Triangle strips, however, are not limited in
such a way and can achieve strips with more than 100 triangles per primitive as can be
seen in Figure 3.2b. If the aim is to reduce the size of the index buffer for a triangulated
mesh it often makes more sense to use triangle strips instead of triangle fans because of
the fan size limitation.

3.3 Vertex-cache-optimal Mesh Representations

To render a polygonal mesh every vertex of the mesh has to be transformed from model to
view space at least once. To avoid unnecessary recomputation GPUs often use a so-called
post-transform vertex cache [37]. For the GPU to be able to reuse results of the vertex
transform, it needs to be able to uniquely identify vertices. Because of this an index buffer
is required to make the usage of the post-transform cache possible 1.

The post-transform vertex cache is used to store the result of the transformation from the
model into view space for processed vertices. If a vertex has already been transformed and
the result is still in the post-transform cache, the GPU can reuse the previously computed
result. We refer to this case in general as cache hit. If the vertex has not been processed
before or the result of the processed vertex is not contained in the post-transform cache
anymore, the result has to be computed and is consequently stored in the post-transform
cache. We refer to this case in general as cache miss.

Information about the implementation of the post-transform cache in recent GPUs is
often not publicly available [19]. However, the size of the post-transform cache is often as-
sumed to be limited. In many cases it is assumed that the post-transform cache works like a
first-in-first-out (FIFO) queue, but different schemes like least-recently-used (LRU) queues
are also not uncommon [19]. The performance of vertex cache optimization schemes is
strongly dependent on the properties of the post-transform cache used by the GPU.

A vertex cache optimal mesh representation minimizes the number of cache misses, or, to

1 https://www.khronos.org/opengl/wiki/Post_Transform_Cache (Accessed on 10/08/2020)
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phrase it positively, maximizes the number of cache hits. In order to improve the cache-
coherency, vertex cache optimization algorithms often modify the order of the indices
within the index buffer. In general, reducing the distance between the occurrences of same
indices in the index buffer improves the chances of having the referenced vertex still in the
vertex post-transform cache.

In Chapter 4.3 two different cache optimization algorithms are used and evaluated. The
algorithm Tipsify from Sander et al. [37] that is included in the Assimp mesh library 2

and the cache optimization algorithm included in the Meshoptimizer project [35] which is
based on the linear-speed mesh optimization algorithm from Forsyth [11] and the algo-
rithm Tipsify [37]. The results of the cache optimization from both algorithms is visualized
in Figure 3.4 by connecting the center points of the triangles, which lie next to each other
in the index buffer, by a line.

(a) Non cache optimized version.
Number of cache misses: 14,678.

(b) Cache optimized version using Tipsify [37].
Number of cache misses: 4,810.

(c) Cache optimized version using Meshop. [35].
Number of cache misses: 4,816.

Figure 3.4: Triangle order visualized for different versions of the Triceratops model.
Here each line connects the center points of two consecutive triangles in the index
buffer, revealing the triangle order within the index buffer.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

2 http://assimp.sourceforge.net/lib_html/postprocess_8h.html (Accessed on 10/09/2020)
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One can see that the order of triangles in the index buffer was modified by the cache
optimization algorithms in such a way that consecutive triangles in the index buffer are
in spatial proximity to each other in most cases. When adjacent triangles are next to each
other in the index buffer the likelihood of possible cache hits is increased due to the fact
that both triangles share two vertices at the common edge.

3.4 Vertex Caching in modern GPUs

Recent research in the field of vertex caching revealed that the caching behaviour of
modern GPUs is different to the caching behaviour of a global FIFO or LRU queue of
a specific size [19]. Kerbl et al. [19] showed that the post-transform cache is not global
and cannot be accessed by all threads of the GPU. Instead, groups of threads, so called
warps, seem to share a common post-transform cache. Between warps it is not possible
to reuse transformation results. Such a behaviour makes sense since the overhead of
thread-communication for the cache access is smaller and the thread groups can operate
independently from each other.

For NVIDIA GPUs a warp consists out of 32 threads. Kerbl et al. [19] showed that
the post-transform vertex cache for NVIDIA warps behaves in some way similar to a
FIFO-queue of size 42. However, warps can process only up to 32 unique vertices or
32 triangles. Furthermore, the vertex caching behaves differently for NVIDIA GPUs if
the indices i and j are processed within the same warp and there exists a k, which is a
multiple of 216, such that (i− k) · (j− k) < 0 or respectively bi/216c 6= bj/216c. For AMD
GPUs Kerbl et al. [19] found out that the caching behaviour can be best represented as a
LRU-queue of size 15.

Using the knowledge about the vertex caching behaviour, Kerbl et al. [19] proposed
a vertex cache optimization algorithm that was able to improve upon existing cache opti-
mization schemes. In Chapter 4.3 the findings from the aforementioned study are used to
propose two different vertex cache optimization schemes.
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3.5 Isosurface Extraction

In scientific research and medical applications scalar volumetrical data is frequently pro-
duced and analysed. One way to analyse scalar volumetrical data is the extraction of the
isosurface of a specified isovalue. The isosurface is a three dimensional representation
of all occurrences of the isovalue in the scalar volume. To approximate, extract and vi-
sualize isosurfaces, there are different approaches as presented in detail by Engel et al.
[38]. One of the more commonly used approaches in indirect rendering is the marching
cubes (MC) algorithm proposed by Lorensen and Cline [20] that generates a triangulated
polygonal mesh representing the isosurface of a specified isovalue. The MC algorithm
is popular since the surface test and the extraction itself can be efficiently implemented
and the approach itself is embarrassingly parallel, because the extraction is essentially
local and therefore has barely any data dependency except between eight neighboring
cells. The isosurfaces shown in Figure 3.5 were extracted by the MC algorithm in real-time
on the GPU using NVIDIA CUDA demonstrating the massive parallelism of the MC
algorithm.

(a) Isovalue = 0.2 (b) Isovalue = 0.25

Figure 3.5: Phong-shaded extracted isosurfaces of the Vertebra volume with
512x512x512 voxels. The isosurfaces were extracted in real-time using the NVIDIA
CUDA MC implementation from the NVIDIA CUDA samples [39]. Comparing (a)
and (b), it can be seen that the extracted geometry depends strongly on the specified
isovalue.
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Because of its massive parallelizability many real-time isosurface extraction algorithms
make use of the concept behind MC. The MC algorithm processes each voxel indepen-
dently and generates geometry for each voxel depending on the scalar values at the
voxel corners and the specified isovalue. Depending on the scalar value at each corner
and the isovalue an index is generated that is then used to lookup the triangles that the
voxel will generate in a lookup table. The vertex positions of the triangles are deter-
mined using linear interpolation along the voxel edges in such a way that the value of the
scalar volume at the vertex position is equal to the isovalue. This can be seen in Figure
3.6.

Figure 3.6: Simplified visualization of the steps of the Marching Cubes algorithm. For
every voxel the sampled scalar values at the voxel corner and the isovalue determine
the triangle index of the voxel. The index is then used to generate the geometry
that represents the isosurface inside the voxel. Note, that the vertex positions are
determined by linear interpolation along the voxel edges.

In Chapter 5 we combine the insights of cache optimization and efficient triangle en-
coding in order to propose a modification to existing and already performant MC algo-
rithms. The modification allows the extraction of cache-friendly isosurfaces in real-time,
increasing the rendering performance of extracted meshes with only little reconstruction
overhead.
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4 Intermediate Evaluation

In this chapter different ways to efficiently render polygonal triangle meshes are tested
and evaluated. Chapter 4.1 evaluates the usage of triangle strips for efficient mesh repre-
sentation. In Chapter 4.2 a triangle fanning scheme is proposed and evaluated. Based on
the findings of Vaněček and Kolingerová [17] that cache optimization can outperform the
use of triangular strips, Chapter 4.3 evaluates various existing cache optimization schemes.
Furthermore, based on knowledge about the cache behavior of modern GPUs, a warp-
based cache optimization scheme and an approach to improve the rendering performance
of cache-optimized meshes are proposed and evaluated. In Chapter 4.4 two approaches
to improve the rendering performance by improving the vertex access on the GPU are
proposed and evaluated. Chapter 4.5 puts the findings from the previous sections into
context and evaluates them.

To evaluate approaches to efficient mesh representations, a set of models from the Stanford
Scanning repository (SCR) 1 is being used. The models from the SCR are often used in
scientific research. This makes it possible to compare our results to the results of other
related articles. Besides those models, two additional models have been used for testing.
The Triceratops model from Viewpoint Animation Engineering (VAE) 2 which was used
in several other papers [15, 34] and the Obelisk model courtesy of the Computer Vision in
Engineering Group at Bauhaus-Universitat Weimar (BUW). All models are listed in Table
4.1 and displayed in Figure 4.1.

The framework used for testing was implemented in C++ and uses the OpenGL API,
a widely used industry standard for hardware accelerated 3D graphics programming. In
order to estimate the effectiveness of different mesh representations in terms of rendering

1 http://graphics.stanford.edu/data/3Dscanrep/ (Accessed on 09/16/2020)
2 https://www2.cs.duke.edu/courses/cps124/spring04/code/data/animals/triceratops.obj

(Accessed on 09/16/2020)
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4 Intermediate Evaluation

performance, we record the time spent on the graphics card for rendering the models in
different representations. To measure the rendering time (RT) a OpenGL timer query is
being used [40]. To have a stable result, the average RT over 1000 successive rendering
calls is computed. In order to measure the number of vertex cache misses (CM) an atomic
counter is being used in the vertex shader. The atomic counter is only incremented if a ver-
tex has to be transformed because of a cache miss. After the rendering call is finished, the
value of the atomic counter is read and reset to 0. The number of CMs is being measured
since it is a concrete measurement for the amount of work the GPU has to do considering
the vertex transform.

Model name Vertex count Triangle count Source

Triceratops 2,832 5,660 VAE
Bunny 34,834 69,451 SCR
Armadillo 172,974 345,994 SCR
Dragon 434,856 871,414 SCR
Budda 546,955 1,087,716 SCR
Obelisk 11,141,077 21,462,382 BUW
Lucy 15,015,873 28,055,728 SCR

Table 4.1: Models used for the evaluation of mesh representations.

(a) Triceratops (b) Bunny (c) Armadillo (d) Dragon

(e) Budda (f) Obelisk (g) Lucy

Figure 4.1: Phong-shaded renderings of the models used for evaluation.
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In the following sections the performance of different mesh representations will be eval-
uated. To calculate the performance difference the original rendering time and the new
rendering time are used as shown in Equation 4.1.

∆performance =
told − tnew

tnew
· 100% (4.1)

4.1 Triangle Strip performance

As explained in Chapter 3.1 the usage of triangle strips is well known and researched.
Triangle strips allow for a compression of the mesh topology and can greatly reduce
the size of the index buffer. Because of this, the usage of triangle strips can improve the
rendering performance and will be evaluated in the following. In the following evaluations
triangle strips are be encoded in a single index buffer using a primitive restart index to
separated consecutive triangle strips in the index buffer. The primitive index usage is
explained in more detail by Shreiner et al. [32].

4.1.1 STRIPE

The implementation of the algorithm STRIPE that was provided by provided by Evans et
al. [12] was used to create a triangle stripped model from the normal model. The algorithm
takes the topology encoded through triangle indices as input and outputs triangle strips
encoded using the vertex indices. Different parameters can be chosen by the user to specify
the behaviour of the algorithm. The algorithm was used with its default parameters which
produced the best results for the authors of STRIPE 3.

As can be seen in Table 4.2 triangle strips improve the rendering time for nearly all
test models. The triangle stripped version of the Triceratops model performed worse than
the normal version. This might be due to an overhead created by the necessary primitive
restarts in the index buffer. Since the difference in rendering time for the Triceratops is only
small it could also be due to to variance of the rendering time.

3 https://www3.cs.stonybrook.edu/~stripe/ (Accessed on 10/01/2020)
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For the Lucy model the triangle strip performance was also worse than the performance of
the normal version. To evaluate how triangle strips perform on a GPU with more memory,
the GPU was switched to one of the newest GPUs available at the moment.

Model name Mean Strip Length RT Normal RT STRIPE ∆Performance

Triceratops 132.1 0.0071 ms 0.0077 ms -7.79%
Bunny 113.5 0.0678 ms 0.0369 ms 83.73%
Armadillo 76.7 0.2534 ms 0.0938 ms 170.14%
Dragon 62.2 0.2315 ms 0.1989 ms 16.39 %
Budda 62.7 0.2685 ms 0.2484 ms 8.09%
Lucy 86.5 6.2138 ms 6.5920 ms -5.73%

Table 4.2: Triangle strip rendering performance for strips produced by STRIPE.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA GTX 1080 8GB

Model name Mean Strip Length RT Normal RT STRIPE ∆Performance

Triceratops 132.1 0.0041 ms 0.0049 ms - 16.32%
Bunny 113.5 0.0233 ms 0.0206 ms 13.10 %
Armadillo 76.7 0.0797 ms 0.0444 ms 79.50%
Dragon 62.2 0.1043 ms 0.0751 ms 38.88%
Budda 62.7 0.1065 ms 0.0980 ms 8.67 %
Lucy 86.5 2.1060 ms 1.6619 ms 26.72 %

Table 4.3: Triangle strip rendering performance for strips produced by STRIPE.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name CM Normal CM STRIPE

Triceratops 14,678 5,842
Bunny 147,216 72,945
Armadillo 945,897 459,527
Dragon 1,510,625 943,297
Budda 1,801,723 1,163,470
Lucy 40,953,240 30,314,734

Table 4.4: Triangle strip cache misses for strips produced by STRIPE.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

As can be seen in Table 4.3 the triangle stripped version performed better than the normal
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version for all cases except for the Triceratops model. This might again be due to an
overhead produced by the usage of restart indices. Since the difference in rendering time
is only small it could also be due to variance of the rendering time. The number of cache
misses could be reduced compared to the normal model for the entire evaluation set, as
can be seen in Table 4.4.

For static meshes a display list (DL) can be used for rendering in OpenGL. A DL is a series
of OpenGL commands that is compiled once and executed later by the GPU. Using display
lists minimizes data transmission between the CPU and GPU because index buffers are not
required [18]. Vaněček and Kolingerová [17] noticed that triangle strips performed better
with DLs compared to rendering calls using vertex and index buffers. Because of this, the
performance of triangle strips with DLs was evaluated as well. To evaluate this in our test
system, a DL is created and the triangle strip is defined using the OpenGL commands
glBegin and glEnd.

Model name RT Normal RT STRIPE RT STRIPE DL

Triceratops 0.0041 ms 0.0049 ms 0.0049 ms
Bunny 0.0233 ms 0.0206 ms 0.0209 ms
Armadillo 0.0797 ms 0.0444 ms 0.0407 ms
Dragon 0.1043 ms 0.0751 ms 0.0717 ms
Budda 0.1065 ms 0.0980 ms 0.0896 ms
Lucy 2.1060 ms 1.6619 ms 3.0345 ms

Table 4.5: Triangle strip DL rendering performance STRIPE.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name CM Normal CM STRIPE CM STRIPE DL

Triceratops 14,678 5,842 5,842
Bunny 147,216 72,945 73,247
Armadillo 945,897 459,527 354,550
Dragon 1,510,625 934,297 879,990
Budda 1,801,723 1,163,470 1,097,153
Lucy 40,953,240 30,314,734 28,997,735

Table 4.6: Triangle strip display list cache misses STRIPE.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB
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As can be seen in Table 4.5 the usage of a display list improved the rendering time for all
models except for the Lucy and Bunny model. A possible reason could be that the DL for
the Lucy model is too large for the GPU and data has to be re-transmitted. Another reason
could be an internal mechanism of the GPU that handles large display lists differently. The
number of cache misses was reduced by the DL usage for all models except the Bunny
model as can be seen in Table 4.6.

4.1.2 Meshoptimizer

The Meshoptimizer project [35] offers functions for triangle strip generation as well as
vertex cache-, overdraw- and vertex fetch-optimization. Furthermore, it is able to automat-
ically optimize glTF files. Because of the variety of different optimizations offered by the
Meshoptimizer project it is included into the framework and evaluated.

To generate the triangle stripped version, the functions meshopt_optimizeVertexCacheStrip
and meshopt_stripify have been used. The function meshopt_optimizeVertexCacheStrip opti-
mizes the mesh for strips as well as for the vertex cache while the function meshopt_stripify
takes the indices of the normal version as input and generates a vector of triangle strips
separated by the primitive restart index.

Model name Mean Strip Length RT Normal RT Meshop. ∆Performance

Triceratops 12.5 0.0071 ms 0.0074 ms -4.05%
Bunny 18.7 0.0678 ms 0.0363 ms 86.77%
Armadillo 13.7 0.2534 ms 0.0904 ms 180.30%
Dragon 10.9 0.2315 ms 0.1794 ms 29.04%
Budda 10.7 0.2685 ms 0.2379 ms 12.86%
Lucy 13.2 6.2138 ms 6.3779 ms -2.57%

Table 4.7: Triangle strip rendering performance Meshoptimizer.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA GTX 1080 8GB
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Model name Aver. Strip Length RT Normal RT Meshop. ∆Performance

Triceratops 12.5 0.0041 ms 0.0048 ms -14.58%
Bunny 18.7 0.0233 ms 0.0208 ms 12.01%
Armadillo 13.7 0.0797 ms 0.0455 ms 75.16%
Dragon 10.9 0.1043 ms 0.1186 ms -12.05%
Budda 10.7 0.1065 ms 0.1546 ms -31.11%
Lucy 13.2 2.1060 ms 2.6456 ms -20.39%

Table 4.8: Triangle strip rendering performance Meshoptimizer.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name CM Normal CM Meshop.

Triceratops 14,678 5,870
Bunny 147,216 72,283
Armadillo 945,897 513,125
Dragon 1,510,625 956,087
Budda 1,801,723 1,199,498
Lucy 40,953,240 35,087,154

Table 4.9: Triangle strip cache misses Meshoptimizer.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

The Meshoptimizer results in Table 4.7 are similar to the results from STRIPE in Table
4.2. The results measured with the NVIDIA Quadro GPU in Table 4.8, however are very
different to the results from STRIPE in Table 4.3. While the performance was increased by
STRIPE for all models besides the Triceratops on the NVIDIA Quadro, the Meshoptimizer
stripped version improved the performance in only two cases. However, the number of
CMs is relatively similar between the STRIPE and the Meshop. stripped versions. See Ta-
ble 4.4 and Table 4.9. A possible reason for this might be that the GPU has some overhead
when working on a new triangle strip. Since the average strip length is shorter for the
Meshoptimizer stripped mesh, it contains more triangle strips than the model that was
created with STRIPE. If there is some overhead for processing a new triangle strip, then
the decrease in performance makes sense.

For the sake of completeness, the Meshoptimizer stripped model with DL is tested as
well.
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Model name RT Normal RT Meshop. RT Meshop. DL

Triceratops 0.0041 ms 0.0048 ms 0.0048 ms
Bunny 0.0233 ms 0.0208 ms 0.0208 ms
Armadillo 0.0797 ms 0.0455 ms 0.0406 ms
Dragon 0.1043 ms 0.1186 ms 0.1175 ms
Budda 0.1065 ms 0.1546 ms 0.1435 ms
Lucy 2.1060 ms 2.6456 ms 4.4166 ms

Table 4.10: Triangle strip display list rendering performance Meshoptimizer.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name CM Normal CM Meshop. CM Meshop. DL

Triceratops 14,678 5,870 5,940
Bunny 147,216 72,283 73,156
Armadillo 945,897 513,125 367,200
Dragon 1,510,625 956,087 911,110
Budda 1,801,723 1,199,498 1,137,158
Lucy 40,953,240 35,087,154 29,880,623

Table 4.11: Triangle strip display list cache misses Meshoptimizer.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

As can be seen in Table 4.10 the Meshoptimizer stripped model with DL performs similar
with respect to the RT of the meshoptimizer stripped without DL. The DL however,
performed worse in regards of the RT for the Lucy model, similar to the measurements from
STRIPE with DL in Table 4.5. The DL reduced the number of cache misses for the Armadillo,
Dragon, Budda and Lucy model as can be seen in Table 4.11.
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4.2 Triangle Fan performance

Often triangle strips are used instead of triangle fans, since triangle strips often contain
more triangles than triangle fans as explained in Chapter 3.2. However, long triangle strips
might not be cache efficient. If a strip is long, a vertex that was processed in the beginning
of the strip might not appear again until much later in the strip. This means that it might
not be in the cache anymore when it reappears. Since the cache optimization algorithm
Tipsify [37] traverses along the mesh in a fan-based manner and is very cache efficient, the
question arises if it might be possible to combine both advantages. The reduced number of
cache misses from the cache optimization and the reduced size of the index buffer from
the triangle fan encoding.

Based on the idea of the Tipsify cache optimization algorithm we propose a simple
triangle-fanning algorithm. It takes the cache optimized index buffer that was optimized
by the Tipsify algorithm and finds the triangle fans within. For this it chooses the fan
centers in a greedy way and then creates and encodes the fans accordingly. A visual-
ization of the triangle fans created by the triangle fanning scheme can be seen in Figure
4.2.

Model name RT Normal RT FAN ∆Performance

Triceratops 0.0070 ms 0.0063 ms 12.00%
Bunny 0.0720 ms 0.0364 ms 98.02%
Armadillo 0.2528 ms 0.0957 ms 164.15%
Dragon 0.2335 ms 0.2400 ms -2.70%

Table 4.12: Fan-based approach rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA GTX 1080 8GB

Model name RT Normal RT FAN ∆Performance

Triceratops 0.0041 ms 0.0046 ms -10.86%
Bunny 0.0233 ms 0.0202 ms 15.34%
Armadillo 0.0797 ms 0.1003 ms -20.53%
Dragon 0.1043 ms 0.2157 ms -51.64%

Table 4.13: Fan-based approach rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB
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Model name CM Normal CM STRIPE CM FAN

Triceratops 14,678 5,842 4,853
Bunny 147,216 72,945 60,609
Armadillo 945,897 459,527 510,611
Dragon 1,510,625 934,297 826,627

Table 4.14: Fan-based approach cache misses.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

(a) Tipsify optimized triangle order of the Triceratops model.

(b) Fanned Triceratops model with 3.07 triangles per fan on average.

Figure 4.2: The triangle fans visualized in (b) have been created using the Tipsify
cache optimized triangle order shown in (a). To visualize the order of triangles in
the index buffer the center points of two consecutive triangles in the index buffer
are connected using a line in (a). In (b) local patches of uniform color indicate
surface regions contained in the same triangle fan. The size of the index buffer of the
Triceratops model was reduced by the fanning from 16,980 to 11,270.

As can be seen in Table 4.12 the fan based approach works well for the Triceratops, Bunny
and Armadillo model but not on the Dragon model. On the Quadro GPU it perform worse
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for all models except the Bunny as can be seen in Table 4.13. However, as can be seen in
Table 4.14 the number of cache misses is being reduced by the fanning approach com-
pared to the cache misses of the normal model. This is similar to the behaviour of the
Meshoptimizer stripped version. A possible reason could again be an internal overhead
when starting a new primitive, in this case a new fan. Such an overhead could explain the
drop in performance even though the number of cache misses is being reduced. If this
would be the case, triangle fans might not be an option for all models anymore, since the
size of a triangle fan is limited by the number of triangle around the center vertex. For
closed manifold triangle meshes it is assumed that this is on average around 6, which can
be shown using Euler’s formula [36]. Since the triangle fanning scheme performed worse
with respect to the rendering time for the Dragon model compared to the normal version,
no larger models were used for testing.
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4.3 Cache-based Optimization performance

Vertex cache optimization schemes can improve the rendering performance for triangle
meshes as explained in Chapter 3.3. As shown by Vaněček and Kolingerová [17], they are
able to outperform triangle strips in terms of rendering time. This motivates the compari-
son and evaluation of different vertex cache optimization schemes.

4.3.1 Tipsify

The implementation of the Tipsify cache optimization algorithm [37] that is included in the
Assimp mesh library 4 was used for testing. The Tipsify algorithm runs fan-based along the
surface of the mesh, processing triangles in a cache efficient way.

Model name RT Normal RT Tipsify ∆Performance

Triceratops 0.0071 ms 0.0072 ms -1.38%
Bunny 0.0678 ms 0.0354 ms 91.52%
Armadillo 0.2534 ms 0.0907 ms 179.38%
Dragon 0.2315 ms 0.1739 ms 33.12%
Budda 0.2685 ms 0.2263 ms 18.64%
Lucy 6.2138 ms 6.0193 ms 3.23%

Table 4.15: Tipsify rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA GTX 1080 8GB

Model name t RT Normal RT Tipsify ∆Performance

Triceratops 0.0041 ms 0.0047 ms -12.76%
Bunny 0.0233 ms 0.0199 ms 17.08%
Armadillo 0.0797 ms 0.0457 ms 74.39%
Dragon 0.1043 ms 0.0739 ms 41.13%
Budda 0.1065 ms 0.0893 ms 19.26%
Lucy 2.1060 ms 1.9830 ms 6.20%

Table 4.16: Tipsify rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

4 https://www.assimp.org/ (Accessed on 10/10/2020)
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Model name CM Normal CM Tipsify

Triceratops 14,678 4,810
Bunny 147,216 60,168
Armadillo 945,897 528,967
Dragon 1,510,625 826,006
Budda 1,801,723 1,038,803
Lucy 40,953,240 33,128,706

Table 4.17: Tipsify cache misses.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

On both GPUs used for testing the cache optimization results in an improved rendering
time for all models except the Triceratops model as can be seen in Table 4.15 and Table 4.16.
The number of cache misses is reduced by Tipsify for all models compared to the number
of cache misses for the normal version as can be seen in Table 4.17.

Since DLs were able to improve the rendering performance of the triangle stripped version
for some models the usage of DLs for triangle meshes was investigated as well. While
investigating DLs with triangles instead of triangle strips it turned out that DLs use the
cache if the number of unique vertices is below 216. Since no indices were defined, the
expected number of cache misses is three times the number of triangles. However, the
measured number of cache misses is lower than the expected number of cache misses if
less than 216 vertices are used. This suggests that for the usage of DLs that use less than
216 vertices some kind of internal indexing mechanism is being used by the NVIDIA GPU.
If more than 216 vertices are being used the measured number of cache misses is equal to
the expected number of cache misses.

4.3.2 Meshoptimizer

As mentioned in Chapter 4.1.2 the Meshoptimizer project offers functions for vertex cache-
, overdraw- and vertex fetch-optimization. The functions meshopt_optimizeVertexCache,
meshopt_optimizeOverdraw as well as meshopt_optimizeVertexFetch were used to optimize
the mesh. As can be seen in Table 4.18 and Table 4.19 the Meshoptimizer optimization
improved the rendering time for all models except the Triceratops model. Similar to the
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results from the Tipsify cache optimization in Table 4.17 the number of cache misses was
reduced by the optimizations of the Meshoptimizer framework for all models as can be
seen in Table 4.20.

Model name RT Normal RT Meshop. ∆Performance

Triceratops 0.0071 ms 0.0072 ms -1.38%
Bunny 0.0678 ms 0.0364 ms 86.26%
Armadillo 0.2534 ms 0.0733 ms 245.70%
Dragon 0.2315 ms 0.1750 ms 32.28%
Budda 0.2685 ms 0.2263 ms 18.64%
Lucy 6.2138 ms 6.0608 ms 2.52%

Table 4.18: Meshoptimizer rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA GTX 1080 8GB

Model name RT Normal RT Meshop. ∆Performance

Triceratops 0.0041 ms 0.0045 ms -8.88%
Bunny 0.0233 ms 0.0205 ms 13.65%
Armadillo 0.0797 ms 0.0412 ms 93.44%
Dragon 0.1043 ms 0.0882 ms 18.25%
Budda 0.1065 ms 0.1042 ms 2.20%
Lucy 2.1060 ms 1.9807 ms 6.32%

Table 4.19: Meshoptimizer rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name CM Normal CM Meshop.

Triceratops 14,678 4,816
Bunny 147,216 60,648
Armadillo 945,897 360,424
Dragon 1,510,625 1,044,079
Budda 1,801,723 1,228,452
Lucy 40,953,240 30,180,313

Table 4.20: Meshoptimizer cache misses.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB
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4.3.3 Warp-based Cache Optimization

Based on the knowledge about the warp behaviour from Kerbl et al. [19] we propose a
warp-based cache optimization algorithm. This is motivated by the fact that Tipsify and
Meshoptimizer do not take the concrete behaviour of an NVIDIA warp into consideration.
The basic idea behind the optimization is similar to the idea behind the Tipsify algorithm
from Sander et al. [37]. It uses a queue to keep track of unprocessed vertices that are
part of an already processed triangle. A vertex is processed if all triangles that use the
vertex have been processed. However, unlike the Tipsify algorithm, the scheme searches
for the vertex that was referenced most often and has not yet been processed. The idea
behind this behaviour is to process vertices as fast as possible. This can be beneficial
because a cache miss can occur if the vertex is not processed and re-appears later again.
Furthermore, the scheme also checks if processing a triangle would mean that a new warp
would be used. If this is the case we select the next vertex that is the new best option and
do not process the triangle. The cache optimized mesh is then split into parts of 216 unique
vertices.

Model name CM Normal CM Tipsify CM Warp-based

Triceratops 14,678 4,810 4,920
Bunny 147,216 60,168 60,166
Armadillo 945,897 528,967 550,628
Dragon 1,510,625 826,006 858,605
Budda 1,801,723 1,038,803 1,087,865
Lucy 40,953,240 33,128,706 34,791,735

Table 4.21: Own Warp-optimization scheme cache misses.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

The warp-based optimization scheme does not outperform the cache optimization of
the Tipsify algorithm as one can see in Table 4.21. However, schemes that are based
on the knowledge about the vertex caching behaviour of the GPU have the potential to
improve upon existing schemes. This can be seen by the warp-based cache optimization
algorithm created by Kerbl et al. [19] that outperformed existing vertex cache optimization
algorithms in some cases.
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4.3.4 Mesh Splitting

To reproduce the results of Kerbl et al. [19] mentioned in Chapter 3.4, a simple test was
created to measure the vertex caching behaviour of the GPU.

Figure 4.3: 4x4 square grid made out of 25 vertices and 32 triangles. Each NVIDIA
warp can process up to 32 triangles or 32 vertices [19] meaning that the square grid
can be processed by exactly one warp.

The vertex cache testing program renders meshes formed from 4x4 square grids, divided
into 32 triangles as shown in Figure 4.3. Using the knowledge from Kerbl et al. [19] we
know that the square shown in Figure 4.3 will be processed by exactly one warp. Since
each warp has a cache that behaves similar to a FIFO queue of size 42, we can arrange
the triangles of each square grid in the index buffer such that each square grid generates
25 cache misses, which is the number of unique vertices used to create the square grid.
When multiple squares are used they will connect with each other at the bottom/top of
the square. If we render 2 squares they will consist out of 45 vertices and 64 triangles. For
3 squares 65 vertices and 96 triangles will be used. We will render multiple squares and
record the number of cache misses and compare it to the expected number of cache misses.

If less than 216 unique vertices are being used, the measured number of cache misses
is equal to the expected number of cache misses, with 25 cache misses per square. How-
ever, the number of cache misses increases around 2.9 times as fast as expected if more
than 216 unique vertices or respectively 3,276 squares are being used as can be seen in
Figure 4.4. When more than 17,500 squares are being used the measured number of cache
misses per square was 72 which is much more than the expected 25 cache misses per square.
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Using 4 horizontal triangle strips to build up each square and measuring the number of
cache misses produced similar results to the measured cache misses from the square test
with triangles. However, the number of cache misses per square was slightly lower with
69.77 cache misses per square. One reason for this might be the fact that the GPU can use
the topological knowledge that it can cache the last two processed vertices for the next
triangle if the current triangle strip is not left.
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(a) Expected and measured number of cache misses
with up to 5,000 used squares.

3250 3260 3270 3280 3290 3300
Number of squares used

82000

83000

84000

85000

86000

Ca
ch

e 
M

iss
es

expected number of cache misses
measured number of cache misses

(b) Expected and measured number of cache misses
between 3,250 and 3,300 used squares.
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(c) Expected and measured number of cache misses with up to 225,000 used squares.

Figure 4.4: Expected and measured number of CMs for the 4x4 triangulated grid test.
The measured number of cache misses is equal to the expected number of cache
misses if less than 3,276 squares are used as can be seen in (a) and (b). If more squares
are used the number of measured cache misses is around 2.9 times the number of
expected cache misses as can be seen in (c).
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA GTX 1080 8GB

This increased number of cache misses if the mesh has more than 216 vertices motivates
the idea to split the model into parts of 216 or less unique vertices. For this, the result of
the cache optimization from Tipsify is being used. The splitting works in a greedy way
by going through the index buffer. We add elements from the index buffer into the index
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buffer of the split part until 216 unique vertices are used by the split part. The indices
and the vertex buffer are then adjusted accordingly. We then start creating a new split
part and continue going through the index buffer of the original mesh that was optimized
by Tipsify. Here GL_UNSIGNED_INT is being used as type for the indices in the index
buffer.

Model name Triangle count Number of split parts

Triceratops 5,660 1
Bunny 69,451 1
Armadillo 345,994 3
Dragon 871,414 8
Budda 1,087,716 10
Lucy 28,055,728 261

Table 4.22: Number of mesh parts after the splitting procedure.

Model name RT Normal RT Tipsify RT Tipsify & Split

Triceratops 0.0071 ms 0.0072 ms 0.0072 ms
Bunny 0.0678 ms 0.0354 ms 0.0367 ms
Armadillo 0.2534 ms 0.0907 ms 0.0810 ms
Dragon 0.2315 ms 0.1739 ms 0.1684 ms
Budda 0.2685 ms 0.2263 ms 0.2236 ms
Lucy 6.2138 ms 6.0193 ms 6.0139 ms

Table 4.23: Split GL_UNSIGNED_INT rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA GTX 1080 8GB

Model name RT Normal RT Tipsify RT Tipsify & Split

Triceratops 0.0041 ms 0.0047 ms 0.0046 ms
Bunny 0.0233 ms 0.0199 ms 0.0202 ms
Armadillo 0.0797 ms 0.0457 ms 0.0403 ms
Dragon 0.1043 ms 0.0739 ms 0.0746 ms
Budda 0.1065 ms 0.0893 ms 0.0880 ms
Lucy 2.1060 ms 1.9830 ms 1.7741 ms

Table 4.24: Split GL_UNSIGNED_INT rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB
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Model name CM Normal CM Tipsify CM Tipsify & Split

Triceratops 14,678 4,810 4,810
Bunny 147,216 60,168 60,168
Armadillo 945,897 528,967 298,478
Dragon 1,510,625 826,006 740,672
Budda 1,801,723 1,038,803 925,546
Lucy 40,953,240 33,128,706 24,448,505

Table 4.25: Split GL_UNSIGNED_INT cache misses.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

The number of parts with up to 216 vertices produced by the splitting can be seen in Table
4.22. One can see in Table 4.23 and Table 4.24 that the splitting improved the performance
for some models. The increase in performance is most noticeable for the Lucy model in
Table 4.24. In Table 4.23 the performance of the Bunny model was not improved. However,
since the model consists out of less than 216 unique vertices it was not split. The difference
in rendering time might be due to variance. As can be seen in Table 4.25 the number
of cache misses was reduced for all models with more than 216 vertices that have been split.

If the mesh is split into parts of 216 or less vertices, we can use GL_UNSIGNED_SHORT as
type for the indices in the index buffer instead of GL_UNSIGNED_INT. This is possible
since GL_UNSIGNED_SHORT uses 16 bits and thus allows for indices up to 216. Switching
to a different type might potentially change the behaviour of the GPU, which motivates
the following measurements.

Model name RT Normal RT Tipsify & Split Short ∆Performance

Triceratops 0.0041 ms 0.0047 ms -12.76%
Bunny 0.0233 ms 0.0197 ms 18.27%
Armadillo 0.0797 ms 0.0412 ms 93.44%
Dragon 0.1043 ms 0.0657 ms 58.75%
Budda 0.1065 ms 0.0595 ms 78.99%
Lucy 2.1060 ms 1.1534 ms 82.59%

Table 4.26: Split with short rendering performance compared to normal version.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB
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Model name RT Tipsify & Split RT Tipsify & Split Short ∆Performance

Triceratops 0.0046 ms 0.0047 ms -2.12%
Bunny 0.0202 ms 0.0197 ms 2.53%
Armadillo 0.0403 ms 0.0412 ms -2.18%
Dragon 0.0746 ms 0.0657 ms 13.54%
Budda 0.0880 ms 0.0595 ms 47.89%
Lucy 1.7741 ms 1.1534 ms 53.81%

Table 4.27: Split with short rendering performance compared to Split with int.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Switching the index type from GL_UNSIGNED_INT to GL_UNSIGNED_SHORT im-
proved the rendering-time for nearly all models as can be seen in Table 4.27. The Lucy
and Budda model performed much better when GL_UNSIGNED_SHORT instead of
GL_UNSIGNED_INT was used as can be seen in the same table. It has to be mentioned that
the rendering time was not reduced for the Armadillo and the Triceratops model. However,
the difference in performance was only small as can be seen in Table 4.27. A difference
in cache misses was not measured. The performance improvement might be due to the
fact that the GPU is not required to execute some kind of mechanism that it employs
if the number of unique vertices is larger than 216. The existence of such an (as of yet
unidentified) mechanism was presumed by Kerbl et al. [19]. As one can see in Table
4.26 the rendering time for the Lucy model was nearly halved by the split version with
GL_UNSIGNED_SHORT.

Since splitting and using GL_UNSIGNED_SHORT produces good results, the question
arises if the triangle strip version can be improved in such a way as well. For this, we split
the model in advance into parts of roughly 216 faces as is shown for the Armadillo model
in Figure 4.5. The split parts are then being stripped by the STRIPE algorithm [12]. After-
wards, the stripped results are loaded into the framework and GL_UNSIGNED_SHORT is
being used as index type.
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Model name RT Normal RT STRIPE RT Split Short & STRIPE

Armadillo 0.0797 ms 0.0444 ms 0.0434 ms
Dragon 0.1043 ms 0.0751 ms 0.0708 ms
Budda 0.1065 ms 0.0980 ms 0.0857 ms

Table 4.28: First split then strip rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name CM Normal CM STRIPE CM Split Short & Strip

Armadillo 945,897 459,527 355,459
Dragon 1,510,625 943,297 880,351
Budda 1,801,723 1,163,470 1.096,185

Table 4.29: First split then strip cache misses.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

(a) Armadillo model before splitting. (b) Armadillo model after splitting.

Figure 4.5: Phong-shaded visualization of the mesh splitting used for the split and
strip test for the Armadillo model. The original Armadillo model is shown in (a). In (b)
the different mesh parts created by the splitting are visualised. Triangles that belong
to the same split part are colored with the same color.

As can be seen in Table 4.28 the rendering time of the triangle strips has been improved by
splitting. The number of cache misses is being reduced as well as can be seen in Table 4.29.
Since the split and then triangle stripped version with short indexing did not outperform
the cache optimized and then split version with short indexing (see Table 4.26) no further
models were evaluated.
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Splitting the mesh into parts of 28 vertices and using GL_UNSIGNED_BYTE for the
vertex indexing was tested as well. Since it performed very badly on larger meshes as can
be seen in Table 4.30, no further tests were done.

Model name RT Normal RT Tipsify RT Split Int RT Split Short RT Split Byte

Obelisk 1.3001 ms 1.2920 ms 1.1831 ms 0.8277 ms 30.1976 ms

Table 4.30: Rendering time of different representation versions compared with each
other for the Obelisk model. Note that the cache optimized, split version with un-
signed byte indices performs worse than all other versions.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB
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4.4 Improving Vertex Fetching performance

Before a warp can process geometry, the vertices of the geometry have to be fetched
from the vertex buffer. For NVIDIA GPUs threads in a warp are executed in lock-step
5. If the vertex access is executed in lock-step as well, vertices that are used by a warp
should be close to each other in the vertex buffer. If this is not the case the threads
would have to execute multiple vertex fetch instructions to fetch all necessary vertices.
Spending more time on the vertex fetching means that the performance will not be op-
timal. This motivates the idea of improving the vertex fetch in order to improve the
performance.

Reordering vertices

A possible approach to improve the vertex access is to reorder the vertices within the
vertex buffer. To reorder the vertices a greedy algorithm is used. It goes through all indices
in the index buffer and creates a index-mapping for each index. The index that appears
first will be mapped to 0, the index that appears second to 1 and so on as can be seen in
Figure 4.6. Since the input is cache optimized the occurrences of an index in the index
buffer are most likely close to each other. If this is the case, vertices that will be fetched by
a warp should also be close to each other in the vertex buffer. To test the vertex reordering,
the cache optimized result of Tipsify that was split into part of 216 unique vertices and
uses GL_UNSIGNED_SHORT is being used as input.

Figure 4.6: Visualization of the idea behind the vertex reordering process. On the
left a part of the original index buffer is shown. On the right the index buffer after
the vertex reordering is show. Indices that refer to the same vertex are colored in the
same color. Note that the vertices referenced in the index buffer are closer to each
other in the vertex buffer after the mapping.

5 https://developer.nvidia.com/content/life-triangle-nvidias-logical-pipeline (Accessed on
09/16/2020)
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Model name RT Normal RT Split short RT Split short reordered

Triceratops 0.0041 ms 0.0047 ms 0.0046 ms
Bunny 0.0233 ms 0.0197 ms 0.0195 ms
Armadillo 0.0797 ms 0.0412 ms 0.0397 ms
Dragon 0.1043 ms 0.0657 ms 0.0644 ms
Budda 0.1065 ms 0.0595 ms 0.0573 ms
Lucy 2.1060 ms 1.1534 ms 1.1648 ms

Table 4.31: Tipsify split and reordered rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name CM Normal CM Split short CM Split short reordered

Triceratops 14,678 4,810 4,810
Bunny 147,216 60,168 60,168
Armadillo 945,897 298,478 298,478
Dragon 1,510,625 740,672 740,672
Budda 1,801,723 925,546 925,546
Lucy 40,953,240 24,448,505 24,448,505

Table 4.32: Tipsify split and reordered cache misses.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

The vertex reordering does not affect the number of cache misses for the cache optimized
and split mesh as can be seen in Table 4.32. In all but one case the rendering time was
improved by the vertex reordering as can be seen in Table 4.31. For Lucy the rendering
time did not improve.

If the model is only being cache optimized but not split into part of 216 unique ver-
tices the reordering influences the caching behaviour. As can be seen in Table 4.34 the
number of CMs is sometimes being reduced by the reordering if the model has more
than 216 unique vertices. For the Budda and Dragon model the number of cache misses
was increased by the reordering. This can be seen in Table 4.33 as well, since the Budda
and Dragon model perform worse after the reordering in regards of the rendering time.
For The Armadillo and the Lucy model the rendering time was improved by the reorder-
ing.
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Model name RT Normal RT Tipsify RT Tipsify reordered

Triceratops 0.0041 ms 0.0047 ms 0.0047 ms
Bunny 0.0233 ms 0.0199 ms 0.0203 ms
Armadillo 0.0797 ms 0.0457 ms 0.0403 ms
Dragon 0.1043 ms 0.0739 ms 0.0784 ms
Budda 0.1065 ms 0.0893 ms 0.0922 ms
Lucy 2.1060 ms 1.9830 ms 1.8380 ms

Table 4.33: Tipsify and reordered rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name CM Normal CM Tipsify CM Tipsify reordered

Triceratops 14,678 4,810 4,810
Bunny 147,216 60,168 60,168
Armadillo 945,897 528,867 341,802
Dragon 1,510,625 826,006 882,676
Budda 1,801,723 1,038,803 1,069,286
Lucy 40,953,240 33,128,706 26,687,766

Table 4.34: Tipsify and reordered cache misses.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

The difference in cache misses between the cache optimized version and the cache opti-
mized version with reordered vertices shows that the order of the vertices in the vertex
buffer can strongly influence the number of cache misses when using NVIDIA GPUs.
Interestingly, the reordering only affects the number of cache misses of models with more
than 216 vertices.
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Duplicating vertices

The idea of duplicating vertices comes from the fact that different warps do not share a
common vertex post-transform cache. This means if vertex i is used in two different warps,
it has to be transformed in each warp at least once. Because of this, the question arises
if it makes sense to duplicate vertices that are used in different warps in order to have a
better vertex fetch at the cost of a larger vertex buffer. This means if the same vertex is
used by two or more warps it will be duplicated in the vertex buffer in such a way that the
vertex fetching is improved. This can be done by iterating through the index buffer and
assigning all vertices used in a warp a new index as can be seen in Figure 4.7. The model
that was cache optimized with the Tipsify algorithm has been used as input for the vertex
duplication scheme.

Figure 4.7: Visualization of the vertex duplication process. Here each warp processes
six indices or respectively two triangles. One can see that the vertices that are used
within each warp are next to each other in the vertex buffer after the duplication
process. Note, that after the duplication, indices 1 and 4 refer to the duplication of
the vertex which originally had the index 3.

Model name Vertex Count Normal Vertex Count Tipsify duplicated

Triceratops 2,832 4,787
Bunny 34,834 59,958
Armadillo 172,974 297,211
Dragon 434,856 736,135
Budda 546,955 919,342
Lucy 15,015,873 24,352,428

Table 4.35: Vertex count of the original model and the model optimised by Tipsify
and modified by the duplication process.
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Model name RT Normal RT Tipsify RT Tipsify duplicated

Triceratops 0.0041 ms 0.0047 ms 0.0045 ms
Bunny 0.0233 ms 0.0199 ms 0.0206 ms
Armadillo 0.0797 ms 0.0457 ms 0.0409 ms
Dragon 0.1043 ms 0.0739 ms 0.0732 ms
Budda 0.1065 ms 0.0893 ms 0.0886 ms
Lucy 2.1060 ms 1.9830 ms 1.9492 ms

Table 4.36: Tipsify and duplicated vertices rendering performance.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name CM Normal CM Tipsify CM Tipsify duplicated

Triceratops 14,678 4,810 5,195
Bunny 147,216 60,168 65,318
Armadillo 945,897 528,967 323,704
Dragon 1,510,625 826,006 787,804
Budda 1,801,723 1,038,803 985,628
Lucy 40,953,240 33,128,706 26,275,942

Table 4.37: Tipsify and duplicated vertices cache misses.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

As can be seen in Table 4.36 the rendering time was improved by the vertex duplication
for all models but the Bunny model. The measured cache misses in Table 4.37 show a
similar behaviour. For all models with more than 216 vertices the number of cache misses
was reduced by the vertex duplication scheme. For the Triceratops and Bunny models
the number of cache misses was increased. It has to be taken into consideration that
the vertex buffer for the duplicated version holds a lot more elements than for the base
model as can be seen in Table 4.35. If duplicating vertices for improved fetching can
reduce the number of cache misses if the model has more than 216 unique vertices it can
be presumed that the unknown mechanism that NVIDIA GPUs employ depends on the
vertex fetching in some way. This would be supported as well by the measurements from
Table 4.34.
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4.5 Evaluation

Out of all of the mesh representation schemes that were evaluated, the version that was
cache optimised by Tipsify, split into parts of 216 vertices, encoded with unsigned short
integer indices, and with reordered vertices, performed best regarding the rendering time
for all but two models. For Lucy, the Tipsify cache optimized split version with unsigned
short integer indexing performed best and for the Triceratops model the normal version
performed best. The reason why the normal version performed best for the Triceratops
model might be the small size of the model. Furthermore, the differences between the
rendering times of all versions was small for the Triceratops model and could be due to
variance.

The Tipsify cache optimized split version had the lowest number of cache misses for
all models but one. For the Bunny model, our proposed warp-based cache optimization
scheme performed best. However, the difference in cache misses between the warp-based
approach and the Tipsify cache optimized version for the Bunny model was only small.

The optimal number of cache misses is exactly the number of vertices of the model that
are used since every vertex needs to be transformed at least once. We can compare the
vertex count with the cache misses measured for the Tipsify cache optimized split version
to see how close the results are to the optimal vertex reuse. For this we compute a factor as
follows: Factor = CM measured

CM optimum . The closer the computed factor is to 1 the closer the results
are to the optimum.

Model name CM optimum CM Tipsify Split short Factor

Triceratops 2,832 4,810 1.698
Bunny 34,834 60,168 1.727
Armadillo 172,974 298,478 1.725
Dragon 434,856 740,672 1.703
Budda 546,955 925,546 1.692
Lucy 15,015,873 24,448,505 1.628

Table 4.38: CM optimum compared to measured number of CM.

As can be seen in Table 4.38 the Factor is around 1.7 for all tested models.
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Long triangle strips as produced by STRIPE performed well on the Quadro RTX GPU
for all models. Display lists seemed to perform poorly for large models. Triangle strips
with and without display lists were outperformed by the cache optimization and splitting
scheme with unsigned short integer indexing, confirming the findings of Vaněček and
Kolingerová [17] that triangle strips can be outperformed by cache optimization schemes
on modern GPUs.

The unknown mechanism in NVIDIA GPUs that is employed if more than 216 vertices are
being used seems to depend on the vertex ordering inside the vertex buffer. Investigating
the behaviour further might yield valuable insight into the behaviour of the unknown
mechanism that could be used to improve the performance of models with more than 216

vertices.
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Isosurface extraction plays a significant role in many research areas and areas of applica-
tion more specifically, it plays a role in visualising large volume datasets generated from
medical scans. We refer the reader to Chapter 3.5 for a brief introduction about isosurface
extractions and the marching cubes algorithm.

In the following chapter we introduce changes to an existing baseline implementation of
the marching cubes algorithm from Lorensen and Cline [20], that improve the rendering
performance of the reconstructed isosurface. To explain the necessary changes in the base-
line implementation the pipeline of the baseline implementation is explained in Chapter
5.1. Different schemes to improve the rendering and extraction performance are proposed
and evaluated in Chapter 5.2. In Chapter 5.3 the proposed schemes are put into context
and evaluated regarding their applicability.

5.1 Real-time Volumetric Data Extraction using Marching

Cubes

A vast number of GPU-based isosurface extraction algorithms [41, 42, 43] are available on
the internet. Besides different extraction approaches, they differ in the level of control they
give the developer over the graphics card. For the sake of working with a well-crafted
baseline implementation and having as much control over the graphics hardware as pos-
sible, we decided to investigate and modify the marching cubes CUDA sample which is
provided with current packages of the NVIDIA CUDA SDK [39].

The marching cubes (MC) implementation writes the generated geometry into a ver-
tex buffer without the use of indices. However, related work and our experiments (see
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Chapter 4) both reveal, that modern graphics hardware benefits from indexed meshes in
order to achieve greatly increased rendering performance compared to plain rendering
from vertex buffers without additional indices. To understand the modifications we in-
troduce to our reference implementation, it is necessary to understand the main steps of
the baseline MC implementation in the first place. In the following we will illustrate (see
Figure 5.1) and provide an overview of these main stages. We assume that a few basic
concepts of the CUDA execution model, such as thread- and block-ID are known. For an
introductory explanation of the CUDA terminology, we refer the reader to Sanders and
Kandro [44].

Figure 5.1: Stages of the MC CUDA baseline implementation.

In the first step the volume data is being loaded. Without loss of generality the maximum
value of the volume in each dimension is limited to be a power of 2. This is due to the
fact that that throughout the different CUDA kernels bitwise operations are being used
to replace modulo operations that might be inaccurate for larger modulo values [45].
For the voxel access a unique ID is derived from the block- and thread-ID of a CUDA
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thread. This unique voxel ID (vID) is then being used to compute the voxel position
(vPos) at which the thread performs the isosurface extraction as can be seen in Figure
5.2.

1 vPos . x = vID & ( max_x − 1) ;

2 vPos . y = ( vID >> ld_max_x ) & ( max_y − 1) ;

3 vPos . z = ( vID >> ( ld_max_x + ld_max_y ) ) & ( max_z − 1) ;

Figure 5.2: Voxel ID to voxel position mapping, where max_x, max_y, max_z are
the maximum number of voxels in x-,y- and z-direction and ld_max_x, ld_max_y,
ld_max_z are the base 2 logarithmic results of the maximum values in x-,y- and
z-direction. Note that max_x, max_y and max_z are a power of 2.

For this mapping a substring of the binary representation from the voxel ID is used to
derive the position of the voxel for each dimension. This can be best explained by the
example shown in Figure 5.3.

Figure 5.3: NVIDIA MC CUDA voxel ID to voxel position mapping example. Here the
voxel position (5,12,9) is being derived from the voxel ID value 2501 or 100111000101
in binary.

To analyse which voxels will generate geometry and how many elements in the vertex
buffer each voxel will generate the classify voxel kernel (see Figure 5.1) is being used. The
information if a voxel will generate any geometry is stored in the voxel occupancy array. If
the voxel will produce geometry the value of the voxel ID in the voxel occupancy array
will be set to 1, else to 0. A voxel geometry array stores the information about how many
elements in the vertex buffer each voxel will use. As an example in Figure 5.1, the voxel
with ID 3 (blue labels) is flagged to produce geometry since the bit in the occupancy array
is set to one, and the voxel geometry array contains the number 6 since the voxel will write
as many vertices into the vertex buffer. The voxel with the ID 0 will also produce geometry
and write 3 elements into the vertex buffer.
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To be able to work only with voxels that generate geometry, an exclusive prefix sum
scan is performed on the voxel occupancy array. The CUDA implementation uses the
exclusive prefix sum scan function from the Thrust library [46]. The Thrust library is a
library providing high-level access for massively parallel execution of an assortment of
algorithms on the GPU.

The result from the exclusive prefix sum scan is then used by the compact voxel kernel that
creates a compact voxel array which stores the voxel IDs of all voxels that will produce
geometry. The position of the voxel ID in the compact voxel array is given by the value of
the occupied voxel in prefix sum array. In Figure 5.1 the voxels with the voxel IDs 0 and 3
are occupied. The voxel with voxel ID 0 will be stored at position 0 and the voxel with
voxel ID 3 will be stored at position 1 in the compact voxel array.

To determine the positions in the vertex buffer that each voxel will use, an exclusive
prefix sum scan is performed over the voxel geometry array. The result of this prefix
sum scan is an array containing the positions at which each voxel will start writing the
associated extracted geometry data into the vertex buffer. In the example in Figure 5.1 the
thread working on the voxel with ID 0 will start writing at position 0 in the vertex buffer.
The thread working on the voxel with ID 3 will start writing at position 3 in the vertex
buffer.

The generate triangles kernel is then used to generate the vertices for each occupied voxel
and write them into the vertex buffer. Afterwards OpenGL interopability is being used to
work with the vertex buffer.

Although the MC CUDA sample is quite flexible the current implementation comes with
some limitations. The MC implementation is limited for volumes up to size 512x512x512.
This is due to the fact that the CUDA 1D-textures which are used to store the volume data
can only contain up to 227 elements [47]. Larger volumes can be sampled by switching to
CUDA 3D textures instead which allow to store up to 2048x2048x2048 or respectively 233

elements [47], as we verified within the sample application.

Testing the MC CUDA baseline sample, the Thrust prefix sum scan was not able to
process the voxel occupancy array for volumes larger than 512x512x512. Since prefix
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sum scans are necessary to compute the position in the vertex buffer that will be used,
custom solutions might be needed for larger volumes. This can be avoided if an array
with the voxel IDs of all occupied voxels is given a priori. Such a priori knowledge
could either be generated in an offline volume preprocessing stage, or generated by real-
time online extraction pipelines, e.g. the brick occupancy structure by Jakob Wagner
[48].

5.2 Cache-efficient Real-Time Isosurface Extraction

Cache efficiency plays an important role for the MC algorithm in several ways. Since the
volume data has to be accessed frequently but only part of the volume can be stored in
the cache the topic of cache-efficient volume access is well known and researched [49].
To improve the cache efficiency of the volume data access the volume can be organized
into so-called bricks as introduced by Parker et al. [50]. Since the data of neighbouring
voxels is better localised by the bricks the number of cache misses for the volume access
is reduced. This allows for a faster extraction since less data has to be loaded into the cache.

Furthermore, cache efficiency is important when the result of the MC algorithm is being
rendered. Isosurface extractions that produce a cache-efficient mesh representation are
not well researched. The importance of creating cache-efficient representations however,
seems not to be unknown and was addressed by Scholz et al. [51]. Scholz et al. [51] pro-
pose a level-of-detail isosurface extraction algorithm based on tetrahedral and hexahedral
cells. The hexahedral cells are being reordered along a three-dimensional Hilbert curve to
improve the cache efficiency of the rendering. Scholz et al.[51] were able to moderately re-
duce the rendering time using this approach. However, their implementation offloads the
isosurface extraction as well as the hierarchy updates to the CPU. Furthermore, updating
the isovalue requires up to 1 second of computation time on the CPU.

For the use case of streaming cache optimized meshes extracted from live extractions
or interactive isovalue modification for indirect volume rendering, mesh optimization
during isosurface extraction becomes crucial. To the best of our knowledge, no scalable
solution has been proposed for those scenarios.

49



5 Cache-friendly Isosurface Extraction

In the following, we will propose a set of approaches addressing the lack of such al-
gorithms which not only offer a good trade-off between optimal isosurface extraction and
rendering time, but are also possible to implement as an add-on to existing marching
cubes implementations with a reasonable amount of effort, as we demonstrate in this thesis.

Different approaches to create cache-efficient meshes in real-time using MC will be pro-
posed and evaluated. To evaluate the performance of those approaches volumes of
different size from the volume library - VL 1 have been used with a fixed isovalue (iv) of
0.2f and the number of cache misses (CM) as well as the rendering time (RT) and extraction
time averaged over 10.000 frames have been measured. The used volumes listed in Table
5.1 all use 8-bit rectilinear grids. The phong-shaded reconstructed isosurfaces can be seen
in Figure 5.4. To measure the number of cache misses an atomic counter was used (see
Chapter 4 for a short explanation). For the measurement of the rendering time a OpenGL
timer query was used [40].

Volume name Dimensions Triangle Count at iv = 0.2f Source

Bucky 32x32x32 14,501 VL
Neghip 64x64x64 30,698 VL
Engine 256x256x256 622,168 VL
Vertebra 512x512x512 591,958 VL

Table 5.1: Volumes used for testing.

(a) Bucky (b) Neghip (c) Engine (d) Vertebra

Figure 5.4: Phong-shaded renderings of the extracted isosurfaces from the volumes
used for testing at iv = 0.2f.

1 http://schorsch.efi.fh-nuernberg.de/data/volume/ (Accessed on 09/16/2020).
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5.2.1 Global Indexing

To be able to use the vertex post-transform cache efficiently the use of vertex indices is
required2. Since the MC CUDA baseline implementation does not use indices they have to
be introduced into the pipeline.

To index each vertex the position of the vertex in the volume can be used. This mapping
from 3D to 1D is shown in Figure 5.5.

1 index = (2 ∗ x ) + (2 ∗ y ∗ max_x ) + (2 ∗ z ∗ max_x ∗ max_y )

Figure 5.5: Mapping from the vertex position to the vertex index. Here x,y and z are
the position of the vertex in the volume and either whole numbers or whole numbers
+0, 5. Max_x and max_y are the volume dimensions (in voxels) in x- and y-direction.

The indices defined in Figure 5.5 can be used to save the vertices in the vertex buffer and
reference the vertices using the index buffer. However, one can see that this comes with
the disadvantage of having mostly unused vertex slots in the vertex buffer. Furthermore,
the maximum number of indices grows in a cubic manner with respect to the dimensions
of the volume. This means that the approach does not scale well since very large vertex
buffers might be required. Since number of voxels that actually produce geometry is
often significantly smaller than the number of total voxels in the volume, we propose
an approach to index the vertices that is less conservative with the required space in the
vertex buffer. The indexing scheme that we propose is similar to the indexing scheme
proposed by Chen et al. [27] in the sense that both make use of an additional prefix sum
scan in order to index vertices efficiently.

To index only vertices that are used one can use an exclusive prefix sum scan. For this an
index usage array is used to keep track of whether an index will be used. If the index will
be used, the value of the index is set to 1 and to 0 otherwise. The prefix sum scan on the
index usage array provides a mapping from the old indices to the new indices in such a
way that the vertex buffer only consists out of vertices that will be used. In Figure 5.6 this
mapping is shown using a simple example. I.e. here the index 5 will be mapped to the
new index 3.

2 https://www.khronos.org/opengl/wiki/Post_Transform_Cache (Accessed on 10/08/2020)
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Figure 5.6: Visualization of the index mapping with an exclusive prefix sum scan. In
this example the original index 5 is mapped to the new index 3.

After the integration of the additional index prefix scan and auxiliary structures, the
modified MC isosurface extraction pipeline may be illustrated as shown in Figure 5.7. The
generate triangle kernel was adjusted accordingly to create an index and vertex buffer as
shown in the same figure. The information generated by the vertex prefix scan is used
in this cache-friendlier marching cubes extraction to determine the positions in the index
buffer used by the threads working on the voxels.

Figure 5.7: Cache-friendly MC extraction pipeline created by modifying the baseline
implementation. Note that all vertices in the vertex buffer are being used in the index
buffer.
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To compare the performance of the global indexing scheme the number of cache misses was
measured and compared with the number of cache misses for the baseline implementation
of the MC algorithm. For the baseline implementation the number of cache misses is equal
to the size of the vertex buffer since no indices are being used. To have a baseline the
extracted isosurface was exported into an .obj file that was then optimized offline with the
Tipsify cache optimization algorithm [37] as implemented by the Assimp mesh library 3.
This allows for a comparison between the cache efficiency of the real-time extraction with
the result of an offline vertex cache optimization.

Model name CM Baseline CM global indexing CM Tipsify

Bucky 43,524 18,928 12,315
Neghip 92,094 38,973 25,263
Engine 1,866,504 861,597 564,613
Vertebra 1,775,874 747,830 473,832

Table 5.2: Measured cache misses for the global indexing scheme compared to the
number of cache misses for the baseline CUDA implementation and the Tipsify cache
optimized mesh.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name RT Baseline RT global indexing

Bucky 0.02682 ms 0.02737 ms
Neghip 0.02097 ms 0.02039 ms
Engine 0.14002 ms 0.07381 ms
Vertebra 0.07024 ms 0.03749 ms

Table 5.3: Measured rendering time of the baseline implementation and the global
indexing scheme in ms.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

As can be seen in Table 5.2 the number of cache misses could be reduced by the global
indexing scheme compared to the baseline implementation. The global indexing scheme
also lead to improved rendering times for the Neghip, Engine and Vertebra volume as
can be seen in Table 5.3. For the Engine volume the rendering time was nearly halved.
However, the global indexing scheme is not cache optimal as can be seen by the lower
number of cache misses for the Tipsify optimized meshes in Table 5.2. Although the

3 https://www.assimp.org/ (Accessed on 10/10/2020)
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measurements in Table 5.3 partially show great improvements for the larger volumes, they
do not incorporate the isosurface extraction time. Since the isosurface is being computed
for every frame the processing time for the extraction is important as well and therefore
will be discussed in the following.

Version classify voxel index scan voxel scan vertex scan compact voxel generate triangles

Bucky:

Baseline 25 µs 0 µs 419 µs 198 µs 3 µs 4 µs
Global Index 28 µs 199 µs 409 µs 170 µs 4 µs 5 µs
Neghip:

Baseline 29 µs 0 µs 402 µs 207 µs 4 µs 4 µs
Global Index 31 µs 242 µs 423 µs 217 µs 4 µs 5 µs
Engine:

Baseline 26 µs 0 µs 1,422 µs 676 µs 6 µs 7 µs
Global Index 15 µs 4,216 µs 423 µs 557 µs 3 µs 4 µs
Vertebra:

Baseline 10 µs 0 µs 5,694 µs 3,267 µs 6 µs 5 µs
Global Index 12 µs 30,775 µs 2,165 µs 3,108 µs 4 µs 6 µs

Table 5.4: Measured processing times for the different stages of the extraction pipeline
of the baseline version and the global indexing scheme.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

As one can see in Table 5.4 the index scan performs worse for larger volumes. The
explanation for this is that the size of the index usage array grows cubic with the volume
dimension. Since the index scan takes around 30 ms for the Vertebra volume one can see
that this approach might become inefficient for larger volumes and therefore does not
scale arbitrarily without further modification.
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5.2.2 Cube-wise Voxel processing

As can be seen in Table 5.2 the number of cache misses for the global indexing is non-
optimal and and leaves room for improvement. To be more cache-coherent the order
of triangles in the index buffer can be modified. In the baseline MC implementation,
the order of triangles in the index buffer is defined by the voxel ID. This means that the
geometry extracted from the voxel with ID 0 will use the first slots in the index buffer.
The next slots are used for the geometry of the voxel with voxel ID 1 and so on. One can
see that the mapping from the voxel ID to the voxel position is crucial, since it defines
in which order triangles are located in the index buffer. Using the baseline mapping
shown in Figure 5.2 voxels are processed along lines parallel to the x-axis. This however,
might not be cache-efficient since voxels along a line share vertices only with the next and
previous voxel on the line. To be more cache-efficient we introduce a cube-wise processing
manner. Here, the volume is split into non-overlapping cubes that contain multiple voxels.
Consequently, processing a cube means processing all the voxels inside of a cube. The
main idea behind the cube-wise processing is that voxels inside a cube share more vertices
and are processed in such a way that the generated geometry is more compactly located
in the index buffer compared to globally indexed voxels. This means that references to
the same vertex might be closer to each other in the index buffer. A similar idea was
used by Parker et al. [50] to create a more cache-efficient texture access. To avoid wrong
results from the modulo-operator bit-wise operations are used in the mapping defined
in Figure 5.9. This however, limits the cube dimensions to be a power of 2. To evaluate
the cache efficiency cubes of different sizes were used and the number of cache misses
were measured accordingly. One can see the cube-wise processing visualized in Figure
5.8.

Model name CM Global Ind. CM Cube 2x2x2 CM Cube 4x4x4 CM Cube 8x8x8 CM Cube 16x16x16

Bucky 18,928 14,888 14,795 15,749 16,492
Neghip 38,973 31,006 30,776 33,043 33,097
Engine 861,597 655,923 632,421 673,442 701,901
Vertebra 747,830 625,644 617,649 643,296 649,294

Table 5.5: Recorded number of cache misses for cubes of different sizes.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

As can be seen in Table 5.5 the cube-wise processing defined by Figure 5.9 lead to a
reduction of the number of vertex post-transform cache misses for all tested cube sizes.

55



5 Cache-friendly Isosurface Extraction

Cubes of size 4x4x4 performed best and reduced the number of cache misses from 861.597
to 632.412 for the Engine volume. Using cubes of size 4x4x4 the rendering time could
be reduced further for all volumes as can be seen in Table 5.6. Since only the mapping
from voxel ID to voxel position was modified the isosurface extraction times did not
change.

Model name RT Baseline RT global indexing RT Cube 4x4x4

Bucky 0.02682 ms 0.02737 ms 0.02463 ms
Neghip 0.02097 ms 0.02039 ms 0.01860 ms
Engine 0.14002 ms 0.07381 ms 0.06721 ms
Vertebra 0.07024 ms 0.03749 ms 0.03683 ms

Table 5.6: Measured rendering time in ms.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

(a) global indexing (b) global indexing width cubes of size 4x4x4

Figure 5.8: Triangle order visualized using lines for the isosurface extraction of the
Bucky volume with iv = 0.2f. Here the center points of two consecutive triangles in
the index buffer are connected by a line.
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1 // maximum number of cubes in x− and y−d i r e c t i o n

2 x_max_cubes = max_x / cube_dim ;

3 y_max_cubes = max_y/ cube_dim ;

4

5 // maximum number of cubes in the xy plane

6 xy_max_cubes = x_max_cubes ∗ y_max_cubes ;

7

8 // x , y and z s p e c i f y the l o c a l p o s i t i o n of the voxel i n s i d e the cube

9 x = vID & ( cube_dim − 1) ;

10 y = ( vID / cube_dim ) & ( cube_dim − 1) ;

11 z = ( vID /( cube_dim∗cube_dim ) ) & ( cube_dim − 1) ;

12

13 // the number of the cube t h a t the voxel belongs to

14 cube_count = vID / ( cube_dim ∗ cube_dim ∗ cube_dim ) ;

15

16 // the o f f s e t values s p e c i f y the g loba l p o s i t i o n of the cube

17 x _ o f f s e t = ( cube_count ∗ cube_dim ) & ( max_x − 1) ;

18 y _ o f f s e t = ( ( cube_count / x_max_cubes ) ∗ cube_dim ) & ( max_y − 1) ;

19 z _ o f f s e t = ( ( cube_count / xy_max_cubes ) ∗ cube_dim ) & ( max_z − 1) ;

20

21 // the g loba l voxel p o s i t i o n i s the combination of the l o c a l voxel

22 // p o s i t i o n i n s i d e the cube and the g loba l p o s i t i o n of the cube

23 vPos . x = x + x _ o f f s e t ;

24 vPos . y = y + y _ o f f s e t ;

25 vPos . z = z + z _ o f f s e t ;

Figure 5.9: Voxel ID to voxel position mapping using cube-wise processing, where
max_x, max_y, max_z are the maximum number of voxels in x-,y- and z-direction
and cube_dim specifies the number of voxels for each cube in x-,y- and z-direction.
Note that cube_dim as well as max_x, max_y and max_z are required to be a power
of 2.

5.2.3 Local Indexing

As one can see in Table 5.4 the index scan is computationally expensive for larger volumes.
For this reason, it is necessary to find an alternative approach without the use of an
additional prefix sum scan or an alternative approach to perform a prefix sum scan
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efficiently for larger volumes sizes than the ones discussed so far. To avoid the additional
prefix sum scan the indexing can be based on the compact voxel array. The compact voxel
array allows to access only voxels that actually produce geometry. Since we know that each
voxel will never use more than 12 vertices, we can assign each vertex inside an occupied
voxel an index as shown simplified in Figure 5.10. Note, that voxels are still processed in a
cube-wise processing manner.

1 // given the current thread−ID compute the base index t h a t w i l l be

2 // used f o r the voxel indexing

3 base_index = thread_ID ∗ 1 2 ;

4 // given the current thread−ID get the voxel ID of the occupied voxel

5 // stored in the compact voxel array

6 current_voxe l Id = compact_voxel_array [ thread_ID ] ;

7 // f o r each ver tex compute the index

8 for ( i n t i = 0 ; i < 1 2 ; ++ i ) {

9 vertex_index [ i ] = base_index + i ;

10 }

Figure 5.10: Simplified local voxel indexing without vertex reuse across voxels.

The first occupied voxel will use the indices 0 to 11, the second occupied voxel the indices
12 to 23, and so on. Using this indexing scheme, it is possible to reuse the same vertices for
triangles extracted from the same voxel. However, vertices are not shared across voxels.
The vertex reuse across voxels can be enabled by introducing a scheme for the index
selection that is based on the knowledge about neighbouring voxels. If a voxel and its
neighbour are both occupied, both voxels might share one or more used vertices. If this is
the case, vertex reuse across voxels can be implemented if both voxels agree on a common
index for a shared vertex. To test the efficiency of this approach a basic scheme was used.
Let (x,y,z) be the position of the current occupied voxel. If the voxel at position (x-1,y,z) is
also occupied both voxels agree to use the indices from the voxel at position (x-1,y,z) for the
shared vertices between both voxels. If the voxel at position (x,y-1,z) is occupied as well,
the voxels at position (x,y,z) and (x,y-1,z) agree to use the indices from the voxel (x,y-1,z)
for the vertices shared between both voxels. This scheme might be improved by checking
more neighbouring voxels however, this will also increase the complexity of the kernel
since each voxel can have up to 28 neighbouring voxels. To be able to utilize this scheme
the inverse mapping for the mapping shown in Figure 5.9 was used. This inverse mapping
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is necessary since we need the voxel ID of the neighbouring voxel, given its position
to check if the neighbouring voxel is occupied. The idea behind the proposed indexing
scheme is similar to the idea behind the indexing scheme from Liu et al. [28] in the sense
that indices are borrowed from neighbouring voxels.

Model name CM Baseline CM global indexing CM Cube 4x4x4 CM Local Indexing

Bucky 43,524 18,928 14,795 19,287
Neghip 92,094 38,973 30,776 40,615
Engine 1,866,504 861,597 632,421 817,598
Vertebra 1,775,874 747,830 617,649 789,242

Table 5.7: Measured cache misses for the local voxel indexing.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Model name RT Baseline RT global indexing RT Cube 4x4x4 RT Local Indexing

Bucky 0.02682 ms 0.02737 ms 0.02463 ms 0.02460 ms
Neghip 0.02097 ms 0.02039 ms 0.01860 ms 0.01948 ms
Engine 0.14002 ms 0.07381 ms 0.06721 ms 0.12430 ms
Vertebra 0.07024 ms 0.03749 ms 0.03683 ms 0.08022 ms

Table 5.8: Measured rendering time in ms.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

Version classify voxel index scan voxel scan vertex scan compact voxel generate triangles

Bucky:

Baseline 25 µs 0 µs 419 µs 198 µs 3 µs 4 µs
Local Index 30 µs 0 µs 399 µs 202 µs 4 µs 5 µs
Neghip:

Baseline 29 µs 0 µs 402 µs 207 µs 4 µs 4 µs
Local Index 31 µs 0 µs 401 µs 214 µs 4 µs 5 µs
Engine:

Baseline 26 µs 0 µs 1,422 µs 676 µs 6 µs 7 µs
Local Index 24 µs 0 µs 1,410 µs 668 µs 6 µs 7 µs
Vertebra:

Baseline 10 µs 0 µs 5,694 µs 3,267 µs 6 µs 5 µs
Local Index 11 µs 0 µs 5,799 µs 3,271 µs 6 µs 6 µs

Table 5.9: Measured isosurface extraction processing times for the local voxel index-
ing scheme.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB
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As can be seen in Table 5.7, the local indexing scheme is similarly cache-efficient as the
global indexing scheme. However, it is not as cache-efficient as the global indexing with
cubes of size 4x4x4. The main reason for this is that the index selection scheme is not
perfect and vertices might be duplicated. We can see in Figure 5.11 that the triangle order
for the global indexing with cubes and the local voxel indexing with cubes is identical.
With a perfect index selection scheme the number of cache misses for the local voxel
indexing might be reduced to the number of cache misses for the global indexing with
cubes. Although the number of cache misses was reduced for all models compared to the
baseline version the rendering times did improve only for 3 of the 4 volumes. The local
voxel indexing reduced the number of cache misses for the Vertebra volume from 1.775.874
to 789.242. However, the rendering time shown in Table 5.8 was increased from 0,07024
ms to 0,08022 ms by the local voxel indexing. A possible reason could be the fact that not
all elements in the vertex buffer are used. This could mean that additional overhead for
the vertex access is needed which could explain the increased rendering time even though
the number of cache misses was reduced. As can be seen in Table 5.9 the local indexing
scheme did not produce significant overhead in the processing stages of the extraction
process.

(a) global indexing with cubes of size 4x4x4. (b) local indexing with cubes of size 4x4x4.

Figure 5.11: Triangle order visualized using lines for the isosurface extraction of the
Bucky volume with iv = 0.2f. Here the center points of two consecutive triangles in
the index buffer are connected by a line. As can be seen, the triangle order in (a) and
(b) is identical.

60



5 Cache-friendly Isosurface Extraction

5.3 Evaluation

Using the global and local indexing scheme the number of cache misses was reduced for
all tested volumes. The offline cache optimization algorithm Tipsify was able to reduce the
number of cache misses further and shows that the cache optimization done by the global
and voxel indexing might be improved upon. However, the global indexing with cubes
of size 4x4x4 was able to get relatively close to the number of cache misses of the offline
optimized mesh as can be seen in Table 5.10.

Model name CM Baseline CM Cubes 4x4x4 CM Tipsify

Bucky 43,524 14,795 12,315
Neghip 92,094 30,776 25,263
Engine 1,866,504 632,421 564,613
Vertebra 1,775,874 617,649 473,832

Table 5.10: Measured cache misses for the global indexing scheme with cubes of size
4x4x4 compared to the number of cache misses for the Baseline CUDA implementa-
tion and the Tipsify cache optimized mesh.
Measured on: Intel Core i7-7700k, 16 GB RAM, NVIDIA Quadro RTX 6000 24 GB

The rendering time for the Engine and Vertebra volume was approximately halved by the
global indexing scheme with cubes of size 4x4x4, compared to the rendering time of the
baseline implementation as can be seen in Table 5.6.

However, the global indexing scheme does not scale well with the volume size since
the prefix sum scan quickly becomes expensive. In a server-client environment where a
server extracts the isosurface and a hardware-weak client renders the extracted isosurface,
such an approach might be viable. If weaker hardware is used to render the extracted iso-
surface, vertex post-transform cache efficiency is very important to achieve high rendering
framerates or respectively low rendering times. For the engine volume the rendering time
was nearly halved, compared to the rendering time of the baseline implementation which
would double the framerate if a client would only render and display, but not extract the
isosurface.

If the client extracts and renders the model, the global indexing scheme might become in-
efficient for larger volumes, since the framerate will be reduced by the computational cost
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of the currently prohibitively expensive prefix sum scan. In such cases the local indexing
scheme might be used. The extraction time of the local indexing scheme does scale well
with the volume size. Furthermore, we were able to reduce the rendering time for Bucky,
Neghip and the Engine model using the local indexing scheme.
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In the course of this thesis, we showed that it is possible to extract cache-friendly isosurfaces
in real-time on the GPU with little overhead. Furthermore, we evaluated efficient mesh
representations in general, and proposed schemes based on recently gained insights about
the vertex caching in modern GPUs [19], that are able to improve upon existing efficient
mesh representation schemes [12, 31, 37]. The proposed mesh representation schemes
can be used on arbitrary triangulated polygonal meshes and can be easily integrated into
existing graphic pipelines.

Efficient Mesh Representation The mesh representation scheme that produced the best
results in our tests applied cache optimization on the triangulated polygonal mesh first,
split the mesh into parts of 216 vertices based on the cache optimized index buffer, used
unsigned short integers for the indexing of each part and reordered the vertices of each
part to allow for better vertex fetching. Using this scheme the rendering time was nearly
halved for models with more than 300,000 triangles (see Table 4.31) compared to the
rendering time of the unoptimized triangulated polygonal mesh. The scheme can be easily
integrated into existing graphics pipelines and can be used as the offline optimisation
scheme of choice due to its simplicity and efficiency.

Our tests verified the findings of Vaněček and Kolingerová [17] that the use of cache
optimization schemes can allow more efficient rendering than the use of triangle strips.
We verified the identified warp behaviour of NVIDIA GPUs from Kerbl et al. [19] and
found out that the number of cache misses for NVIDIA GPUs increases nearly three times
faster than expected if the triangulated polygonal mesh, which is rendered using a single
draw call, consists out of more than 216 vertices (see Figure 4.4). Furthermore, we found
out that the order of vertices in the vertex buffer has a strong influence on the number of
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cache misses for NVIDIA GPUs if more than 216 vertices are used in a single draw call (see
Table 4.34 and 4.37).

Cache-friendly Isosurface Extraction Our proposed modifications to the marching
cubes algorithm were able to reduce the rendering time for all tested volumes by up
to half of the rendering time of the extracted isosurface from the baseline implementation.
The proposed global indexing scheme with cube-wise processing using cubes of size 4x4x4
was the most efficient scheme in terms of the rendering time and number of cache misses of
the extracted isosurface (see Table 5.6 and 5.10). The proposed local indexing scheme was
able to reduce the number of cache misses for all volumes without the use and overhead of
an additional prefix sum scan (see Table 5.7 and 5.9). Although the local indexing scheme
was only able to reduce the rendering time for three of the four extracted isosurfaces, it
can potentially be as efficient as the global indexing scheme with cube-wise processing
and is a viable option for the extraction of cache-friendly isosurfaces with little or even no
additional overhead.

However, the proposed real-time isosurface extraction schemes are not without limi-
tations. Although both schemes were able to reduce the number of cache misses, it was not
possible to beat an efficient offline cache optimization scheme with respect to the number
of cache misses (see Table 5.10). The isosurface extraction process of the global indexing
scheme turned out to be inefficient for larger volumes due to the high computational cost
of the additional prefix sum scan. Furthermore, the CUDA implementation was unable
to handle volumes with more than 227 voxels and is limited to volumes and cubes for
the cube-wise processing whose dimensions are a power of two. Due to time constraints,
the gained insight about the advantage of splitting triangulated polygonal meshes into
parts of 216 vertices was not yet included into the isosurface extraction process. Splitting
the isosurface into parts of 216 vertices can potentially improve the rendering time of the
extracted isosurface further.

All in all, we prove empirically with the work in the thesis that the real-time extraction of
cache-friendly isosurfaces, which can be rendered efficiently, is possible.
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Future Work

Although Chapter 4 evaluates a lot of different mesh representation schemes, further mesh
representation schemes, that were not evaluated in this thesis due to time-constraints,
could be evaluated. It might be promising to evaluate the use of multi-draw rendering
which can avoid unnecessary buffer bindings1. This could be beneficial for the model
splitting scheme since the splitting can produce many parts as can be seen in Table 4.22.
Furthermore, it makes sense to evaluate the mesh representation schemes on AMD and
Intel GPUs in order to be able to give general advice for efficient mesh representations.

The rendering performance of the schemes proposed in Chapter 5 for cache-friendly
isosurface extraction can be improved using the insights gained about the caching be-
haviour of modern GPUs. Splitting the isosurface into parts of 216 vertices might improve
the rendering performance further. The volume splitting could be done using information
from the voxel occupancy array of the reconstruction pipeline. Furthermore, improving
the index selection algorithm of the local indexing scheme could increase the cache effi-
ciency of the local indexing scheme. For the global indexing scheme, different prefix sum
scans might be combined in order to reduce the computational cost of the reconstruction
pipeline. To allow the usage of volumes larger than 512x512x512 an alternative to the
necessary prefix sum scan function used in the NVIDIA CUDA example must be used,
because the prefix sum scan was not able to process more than 227 elements. Lui et al. [28]
proposed an alternative approach for the isosurface extraction with MC using CUDA that
is able to process larger volumes with up to 1024x1024x1546 voxels. For this Liu et al. [28]
reduced the size of the input array for the prefix sum scan by using voxel blocks instead
of individual voxels as elements of the array. It might be possible to integrate a similar
approach into our proposed schemes making it possible to work with larger volumes as
well. To improve the performance of the isosurface extraction further, a priori knowledge
about the voxel occupancy e.g. from the brick occupancy structure of Jakob Wagner [48]
can be used in the reconstruction pipeline in order to improve the isosurface extraction
schemes.

1 https://www.khronos.org/opengl/wiki/Vertex_Rendering#Multi-Draw (Accessed on 11/10/2020)
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