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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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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.



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]. Vanécek and Kolingerova [17] compared several important
triangle stripping algorithms and evaluated the rendering performance of the created
triangle strips. Furthermore, Vanécek and Kolingerova 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 Vanécek and Kolingerova [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 ef cient mesh representations.

Since the publication of the marching cubes algorithm by Lorensen and Cline [ 20] many
modi cations to the original algorithm have been proposed to increase its ef ciency, in
order to make the algorithm suitable for speci ¢ use cases such as real-time isosurface
extraction. Since often only few of the voxels of the volume generate geometry, many
modi cations to the marching cubes algorithm try to avoid processing voxels that will
not generate geometry in order to extract the isosurface more ef ciently [ 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 P4]. 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 ef cient 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-ef cient 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 ef ciently,
they use a parallel pre x sum implementation. However, Chen etal. [ 27] do not investigate
the rendering ef ciency of the extracted isosurface.

A similar GPU-based scheme that extracts indexed isosurfaces using a parallel pre x
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 bene cial 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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ef ciency of the extracted isosurfaces.

In Chapter 5 we propose GPU-based isosurface extraction schemes with focus on the
cache ef ciency of the extracted isosurface. Similar to the work of Chen et al. [ 27] and Liu
et al. [28] we make use of the pre x sum in order to index vertices ef ciently. We de ne 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.



3 Background

This chapter provides the reader with a non-exhaustive overview of concepts related to
ef cient mesh representations, namely triangle strip encodingtriangle fan encodingnd vertex
cache optimizationas well as a short overview of isosurface extractiowith focus on the
marching cubes algorithm. The core themes of the aforementioned concepts are covered,
such that our approaches for ef cient 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
ef ciently, 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 ef ciently. 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 3.1acan be encoded by the index sequence
Vo Vi V2 V3 Vg Vs Vg One can see that all triangles of the triangle strip shown
in Figure 3.1aare 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
Vi Vo Vg V3 Vg V4 Vsusingone 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 vg to vg 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 + 2indices are needed. In comparison 3n
indices are needed to encode alln 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 bene cial for storing or transmitting the triangulated
mesh. Furthermore, the GPU can utilize the topology information to process triangles
more ef ciently 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 de nition 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 nding an optimal separation of a triangulated polygonal mesh into
triangle strips has been proven to be NP-complete [33]. However, many ef cient 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 Vanecek and Kolingerova [ 17]. To evaluate the ef ciency of triangle strips,
two different triangle stripping algorithms are chosen in  Chapter 4.1 to generate triangle
strips: STRIPE [L2] and Patchi cation [ 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 Patchi cation algorithm
the implementation included in the Meshoptimizer framework [ 35 is used. In Figure
3.2triangle strips generated by STRIPE and Patchi cation are visualized. The algorithm
STRIPE tries to create long triangle strips encoding zero area triangles as well while the
algorithm Patchi cation tries to create triangle strips in such a way that the number of
encoded zero area triangles is minimized.

(a) Individually encoded triangles. (b) Triangle strips encoded by STRIPE [12].
Triangle count: 16,980 Average strip length: 132.1 triangles.

(c) Triangle strips encoded by Patchi cation [ 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 inef cient representation of the surface with redundant encoding of vertices
which could potentially be shared (a), the triangle stripping algorithms STRIPE (b)
and Patchi cation (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 ef ciently.
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 rstin 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 sequencevg Vi Vo V3 Vs Vs. 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 vg to vs 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

10
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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 inFigure 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 *.

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 ascache 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 asache 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
rst-in- rst-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)

11
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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
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

2

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. (b) Cache optimized version using Tipsify [37].
Number of cache misses: 14,678. 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 Triceratopsmodel.
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:/fassimp.sourceforge.net/lib_html/postprocess_8h.html (Accessed on 10/09/2020)

12
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One can see that the order of triangles in the index buffer was modi ed 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 \ertex Caching in modern GPUs

Recent research in the eld 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 speci c 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 | are processed within the same warp and there exists a k, which is a
multiple of 216, suchthat (i k) (j k) < Oorrespectively bi/ 215c 6 bj/ 215c. 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 ndings from the aforementioned study are used to
propose two different vertex cache optimization schemes.

13
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3.5 Isosurface Extraction

In scienti c 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 speci ed 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 speci ed isovalue. The MC algorithm
is popular since the surface test and the extraction itself can be ef ciently 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 inFigure 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 speci ed
isovalue.

14
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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 speci ed 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: Simpli ed 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 ef cient triangle en-
coding in order to propose a modi cation to existing and already performant MC algo-
rithms. The modi cation allows the extraction of cache-friendly isosurfaces in real-time,
increasing the rendering performance of extracted meshes with only little reconstruction
overhead.

15



4 Intermediate Evaluation

In this chapter different ways to ef ciently render polygonal triangle meshes are tested
and evaluated. Chapter 4.1 evaluates the usage of triangle strips for ef cient mesh repre-
sentation. In Chapter 4.2 a triangle fanning scheme is proposed and evaluated. Based on
the ndings of Vanecek and Kolingerova [ 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 ndings from the previous sections into
context and evaluates them.

To evaluate approaches to ef cient mesh representations, a set of models from the Stanford
Scanning repository (SCR)! is being used. The models from the SCR are often used in
scienti ¢ 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 Triceratopsmodel from Viewpoint Animation Engineering (VAE) 2 which was used
in several other papers [15, 34] and the Obeliskmodel courtesy of the Computer Vision in
Engineering Group at Bauhaus-Universitat Weimar (BUW). All models are listed in  Table
4.1and 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://lwww2.cs.duke.edu/courses/cps124/spring04/code/data/animals/triceratops.obj
(Accessed on 09/16/2020)
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