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Zusammenfassung

3-D-Szenen aus CAD-Systemen besitzen zumeist eine hohe geometri-
sche Komplexitét. Es gibt eine Reihe von Konzepten, welche sich mit
der Schwierigkeit auseinandersetzen, solche Szenen in Echtzeit zu ren-
dern; beispielsweise daten- und rechenparallele Techniken oder Out-
of-Core Rendering Mechanismen. Diese Dissertationsschrift behandelt
die Nutzung von heterogenen PC-Clustern zur parallelen Bildberech-
nung von hochkomplexen Szenen. Fiir drei unterschiedliche Szenarien
wurden jeweils verschiedene Verfahren entwickelt bei deren Berech-
nungen wenige Highend-Rechner von vielen schwachen Rechnern un-
terstiitzt werden. Zunéchst sind dies statische Szenen, die vollsténdig
in den Hauptspeicher eines Rechners geladen werden koénnen. Im zwei-
ten Szenario werden statische Szenen betrachtet, deren Komplexitit
den Speicher eines einzelnen Rechners iibersteigt. Zuletzt werden Sze-
nen betrachtet, die neben statischen Objekten auch dynamische Ob-
jekte beinhalten.

Abstract

Often 3D scenes created with CAD applications have a high geo-
metric complexity. There are several concepts (like out-of-core render-
ing, levels of detail, parallel rendering) to render these complex scenes
in real-time. This dissertation focuses on the usage of heterogeneous
PC clusters for parallel real-time rendering of highly complex scenes.
For three different scene types specific rendering approaches were de-
veloped, where a small group of high-end computers is supported by a
large number of weaker PC cluster nodes. The first scene type consists
of static scenes that can be stored completely in a single computer’s
main memory, while the scenes of the second type exceed this memory
limitations. The scenes of the last type contain not only static but
also dynamic objects.
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1 Introduction

Complex polygonal 3D models may consist of hundreds of millions of triangles and re-
quire multiple gigabytes of memory. Rendering such Massive Models in real-time is one
of the most challenging problems in modern computer graphics [KBF05]. A user should
be able to navigate through a scene or models interactively while at least six to ten
frames per second are computed. The parallelization of the rendering process is a com-
mon approach to face this problem [KDG"08]. Many real-time rendering algorithms can
improve performance by distributing the load among multiple computers. For each frame
that is displayed an image for the current camera position must be rendered. To produce
images of polygonal 3D models, usually their geometric primitives are sent through a ren-
dering pipeline (see Figure 1.1), where they are transformed into pixels [AMHHO0S8|. The
parallelization of such real-time, pipeline rendering algorithms is done rarely because PC
clusters completely equipped with modern graphic adapters are still rare. Usually, PC
clusters are intended to be used for other applications, such as scientific computations.
For example, the PADS and TeraPort PC clusters at the University of Chicago do not
provide any OpenGL accelerating hardware nor does the JUGENE supercomputer of the
Jiilich Supercomputing Center. Some systems are equipped with weak graphics adapters,
like the Paderborn Center of Parallel Computing’s (PC?) Arminius PC cluster. On the
other hand, many compute centers offer a small group of so-called visualization nodes
that are equipped with high end graphics hardware. The performance improvements
and the GPGPU programmability of modern graphic adapters make these components
more and more valuable for PC clusters. However, this kind of PC clusters can hardly
be used for standard parallel pipeline rendering techniques as proposed by Molnar et
al. [MCEF94, MCEF08|. Typically, the performance of these methods depend on the
slowest node. Due to these reasons, we put the focus of this thesis on the development
of new parallel pipeline rendering algorithms for such heterogeneous PC clusters. We
require that these heterogeneous systems include a small group of powerful visualization
nodes and a large group of weaker back-end nodes. While the visualization nodes should
be equipped with high end graphics adapters, the back-end nodes require only weak
graphics performance. The back-end nodes should be equipped with common hardware
and a network must connect the different nodes.

Vertex| | Vertex | Raster Frame
Data | ~|operations| |operations Buffer

Figure 1.1: Simplified representation of a rendering pipeline.
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The objective is to render complex 3D scenes in real-time using such heterogeneous
environments. Thus, the following questions are addressed in this thesis:

e How can we utilize heterogeneous PC clusters for parallel pipeline rendering?

e How can the powerful, high end nodes benefit from the additional computational
power of the weaker nodes?

e How can we cope with or even exploit asynchronous communication?
e How can the load be distributed fairly among the different nodes?

Different scene classes require different rendering algorithms. Many levels of detail
systems require objects (for example chairs, balls or even planes) that consist of con-
nected components (often, these methods are unsuitable for triangles in arbitrary order,
usually referred to as polygon-soups) [LWCT02], and the rendering algorithm introduced
by Chamberlain et al. is best applied on spacious scenes that provide an even distri-
bution of their geometry [CDL196]. Several occlusion culling systems are only suitable
for scenes consisting of architectural models [AMHHOS8]. These systems discard objects,
which are covered by other objects. Scenes that exceed primary memory (in our case the
main and video memory) often must be processed differently than scenes that fit within
it. Real-time rendering is challenging even for large static scenes; including dynamic
objects further increases the difficulty.

We developed different pipeline rendering algorithms and data structures for three
different scenarios. Each of our developed parallel rendering algorithms is suitable for
one of these. Below we denote pipeline rendering simply by “rendering”, unless otherwise
stated.

Scenario | Static scenes (scene’s objects never change their position) that fit into the
primary memory of a visualization node and have sparse occlusion (objects are
rarely covered completely). The challenge of rendering such scenes is the large
number of objects participating in an image, because it is rare that objects occlude
others completely.

Scenario Il Static scenes that do not fit into the primary memory of a visualization node.
Rendering images of such scenes with a suitable frame rate requires fast access to
data items which are not stored in the primary memory and a fast detection of the
visible items.

Scenario Ill Large dynamic scenes (scene’s objects can change their position). In such
scenes objects’ visibility can change constantly. Furthermore, additional compu-
tations are necessary for the moving objects, which influence the rendering speed.

We developed several data structures, rendering algorithms, and object simplifications
to render such scenes on heterogeneous PC clusters. We also tested different hardware
configurations to accelerate the parallel rendering process of dynamic scenes. Below we
will describe briefly our approaches for each scenario. Additionally, we state the issues,
which must be addressed to realize these approaches.
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Method for Scenario |

For the first scenario we introduce reliefboards [SJF10]. A reliefboard is an approxima-
tion of a complex scene object. These approximations are generated asynchronously on
the weak back-end nodes while the displayed images are rendered on a single powerful
visualization node. Since the reliefboard’s computation takes several seconds on the
weak back-end nodes, the reliefboard must be suitable for multiple camera positions and
for many frames. Reliefboards appear like a scene’s original objects for many camera
positions, and provide other positive properties. If the image errors that occur through
camera movements exceed a threshold, the reliefboard must be exchanged with a new
one. In this scenario the following problems have been solved:

1. Computation of simplifications that are suitable for many camera positions.
2. Determination of objects that can be replaced by reliefboards.
3. Even distribution of the computational load.

4. Reduction of the payload that is sent across the network.

To 1: Reliefboards make it possible to render complex scenes with high frame rates with
acceptable image errors.

To 2: We employed a clustering algorithm to determine objects which are suitable for
replacement by reliefboards.

To 3: For the load balancing we modified a data management protocol, the so-called
c-collision protocol, for our asynchronous communication scheme.

To 4: Reliefboards have little memory requirements in comparison to the original geom-
etry that leads to small messages sent across the network.

Furthermore, using our developed object simplifications reduces the image noise and
frame rate’s fluctuations during the walk-through. In contrast to other parallel rendering
systems, our approach scales in the image quality rather than scaling in the frame rate if
the number of back-end nodes is increased. Our rendering system do not wait until the
back-end nodes have finished their tasks. If the number of back-end nodes is increased,
we can decrease the number of approximations each of these nodes has to process or the
number of objects it has to test. Thus, we reduce the time spent between the initiation
and response of a job, whereby the required results of these jobs arrive earlier.

Methods for Scenario Il

For the second scenario we introduce two different parallel out-of-core rendering systems
[SWF10a, SWF10b, SKJ*11] and one sequential rendering technique [SKJF11]. The
rendering method of all rendering systems is approximative, which leads to pixel errors
in the final image. In the parallel out-of-core systems, the weak back-end nodes serve as
secondary memory of the visualization nodes. The complete scene is distributed among
these weak nodes and stored in their primary memory, to allow for fast data access.
When scene objects are requested, the back-end nodes test the visibility of these objects
instead of sending them blindly.
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The parallel out-of-core rendering system that we will introduce first uses a version
of the c-load-collision protocol to balance rendering load and nodes’ contention. The
back-end nodes perform visibility tests, while they have only access to a subset of all
objects and global, but aged, distance information of the other objects. Due to the
aged distance information the back-end nodes cannot guarantee to determine all visible
objects until the information are updated. The positive tested objects are sent to the
visualization node, where they are rendered and displayed.

The sequential rendering system and its data structure is the groundwork for the sec-
ond parallel out-of-core render system. Our developed hull tree is a spatial, hierarchical
data structure. It covers scene’s objects more tightly than other commonly used data
structures. Additionally, we store for each object an approximation to improve and ac-
celerate the visibility test. Our associated approximative rendering algorithm exploits
this structure.

The second parallel out-of-core rendering system combines the hull tree with another
spatial data structure, the so-called randomized sample tree, to improve its properties
for parallel rendering. Each back-end node stores a small subset of the original objects
and approximations for the other objects. The back-end nodes perform visibility tests
with this mix of originals and approximations which are organized in a hull tree.

In these parallel rendering systems the following challenges arise:

1. Distribution of the objects to achieve fast and balanced data access.

[\V]

. Providing information to perform suitable visibility tests.

3. Even distribution of the computational load and the data load.

W

. Reducing the number of objects sent across the network.

To 1: Due to a randomized distribution we achieve good load balancing.
To 2: We achieve suitable visibility tests if we use global, but aged, distance information
of scene’s objects. The hull tree in combination with the used approximations reduces
the complexity of the visibility tests.
To 3: The data management protocol of our first parallel out-of-core rendering system
achieves a good balancing of the load. Due to the hull tree’s combination with a ran-
domized sample tree, sending the visible objects across the network is distributed among
multiple frames.
To 4: Testing objects visibility a priori on the back-end nodes instead sending them
blindly reduces the network load. Thus, we could reduce the network requirements for
the second parallel out-of-core rendering system.

Like the reliefboard approach the parallel out-of-core rendering systems scales in the
image quality if the number of back-end nodes is increased. Furthermore, an increased
number of back-end nodes reduces the delay between a request initiation and its answer.
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Method to Scenario Il

In the third scenario the focus is put on large dynamic scenes [DFH108, SFH'08,
SFHT09]. In this scenario we separate the dynamic and static objects. In this way
it is possible to apply the techniques for static scenes and process the dynamic objects
separately. The computations of objects’” movements and their interactions is mostly
isolated from the rendering of the static parts. We render the different parts on differ-
ent nodes, and combine the resulting images into a final image. Combining the images
is a time consuming operation. For this reason we searched for alternative techniques
to accelerate the conflation. Here, hardware and software based solutions were devel-
oped [SSPP09, SSPP11]. For our developed systems for dynamic scenes the following
questions must be answered:

1. How do we combine the different images?

2. What kind of hardware can be used to accelerate the combining of the different
images?

To 1: The developed rendering approach allows to visualize multiple dynamic scenes
simultaneously in only one displaying window. We combined the images of the static
and the different dynamic scene parts by comparing the depth values of the different
corresponding pixels.

To 2: To accelerate this merging process we tested different techniques. We utilized
different CPU features as well as GPU features and an FPGA.

Structure of this thesis

In this thesis we focus on the utilization of PC clusters that consist of few visualization
nodes equipped with high performance hardware and a large amount of back-end nodes
with poor graphics performance for parallel pipeline rendering.

In Chapter 2, we introduce the relevance of this work’s topic followed by an overview
of work related to this thesis. In Chapter 3, we will introduce preliminaries and defini-
tions used in this work. Afterwards we will present our different rendering algorithms as
well as techniques for load balancing, data management, and visibility testing for hetero-
geneous PC clusters. These techniques provide object-approximations, data structures,
and different algorithms to accelerate the rendering of massive models.

Chapter 4 introduces the reliefboard technique where an object-approximation is cre-
ated on-the-fly on the weak back-end-nodes. The technique presented in Chapter 5
handles the usability of an adjusted data management protocol for parallel out-of-core
rendering. To accelerate visibility tests, we developed a culling technique using the hull
tree, presented in Chapter 6. We integrated this technique with its associated data
structure in a parallel out-of-core rendering system in Chapter 7. For dynamic scenes
we evaluated, for one technique, the benefit of FPGAs for parallel rendering in hetero-
geneous PC clusters, in Chapter 8. The thesis ends with a conclusion and an outlook to
future work.
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2 Rendering

Computer graphics are becoming more and more important in various areas of our
life. Architects, designers, physicians and many more gain information from the ability
to create realistic images of their objects of interest. Omne area in the huge field of
computer-graphics is the real-time rendering of three-dimensional scenes: the aim of
3D real-time rendering is to produce images of a given scene with at least six frames
per second [AMHHOS8]. Thus, a user is able to navigate through the scene without
losing his orientation. Usually these scenes are composed of two-dimensional polygons.
The process of transforming these polygon data sets into 2D raster images is called
rendering. At pipeline rendering this process is supported by specialized hardware of
common graphics adapters (typically programmed with OpenGL or DirectX™). In order
to improve the realistic appearance of images produced by such scenes, often the scene
objects’ polygon count is increased. Thus the virtual objects become more detailed.
Incrementing the polygon count also results in more precise object surfaces which allows
for more accurate measurements. This is highly relevant for simulations of industrial
complexes, production environments, machinery, etc. where users want to check, for
example, whether one gear fits to another or if they can be replaced without removing
any other parts of the machinery. To increase realism even more, the different objects
and the scene itself include several attributes like materials, shaders, textures, or light
sources. There is a great need to render scenes that consist of hundreds of millions
or more triangles [KDGT08], usually qualified as massive models, in real-time. If the
geometry in such scenes is never modified, they are referred to as static scenes. Otherwise
they are called dynamic scenes. The complexity of such massive models can increase so
much that a single computer is unable to render them in real-time, even if the scenes are
static. When a scene contains dynamic objects, which change their position, orientation
or appearance during runtime, the problem becomes even worse.

2.1 PC Clusters for Parallel Rendering

A common approach to computing images of such massive models is to use PC clusters,
distributing the rendering load among multiple computers. PC clusters offer a lot of
computational power and memory, and in many cases fast networks to exchange data
between different nodes. If the PC cluster nodes are equipped with graphics adapters, it
is possible to distribute the rendering among these cards, instead using only one. Here
for example, each graphics adapter could render a different subimage which are finally
combined to a complete one [SFLO1, SFLS00, MCEF08]. However, the usage of many
PCs instead of only one for rendering introduces new problems. For example, to achieve
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good performance the computational load should be distributed evenly among the cluster
nodes. This introduces a need for load balancing algorithms. Another problem passed
by the parallelization of the rendering process is the data organization. Fast data access
and a good data distribution is necessary to render massive models. If the data amount
is so large that it does not fit into the primary memory of a single PC, data access
or data distribution methods are also required. In this thesis the primary memory of
a computer refers to its processor memory, its main memory, and its video memory.
Slower storage elements used (for example, local hard disks, network attached storage
systems) are referred to as secondary memory.

Apart from algorithmic problems, hardware related challenges also occur. While up-
grading a single computer can be done with little effort, the renewal of a whole PC
cluster rises bigger problems. Beside the acquisition costs for the computer hardware,
other costs arise. In many cases, advanced hardware consumes more power which leads
to the requirement of a better power supply. The increasing power requirements usu-
ally result in a higher heat production, which, in turn, requires an improved cooling
system. This then leads to an even higher power consumption. PC clusters’ energy
consumption and temperature control challenge their providers: For example Green-IT
refers to the concept of reducing compute centers’ energy consumption, while increasing
their computational power. Another problem when upgrading PC clusters is hardware’s
short improvement circles. Usually, the influences of new components on the rest of the
system cannot be tested sufficiently. So the upgrade of single hardware components of
all PC cluster nodes can lead to malfunctions and the instability of the entire system.
One method to combat these problems and to raise computational power is to allow
heterogeneous PC clusters, where different nodes are equipped with different hardware
components. The nodes within such systems are equipped with different hardware, which
is specialized for different tasks. While upgrading an entire PC cluster with state of the
art components is a big challenge, a few cluster nodes can be upgraded with signifi-
cantly less effort. The different components of these nodes (CPUs, memory, graphics
cards, etc.) can be replaced in shorter periods of time. While the configuration of most
cluster nodes is unmodified, a minor group of dedicated nodes can be kept up-to-date.
If these nodes are organized beside the main system, their influence on the stability of
the main system is marginal. These nodes can be equipped with high end hardware that
offers all features that a user or developer would like to use.

2.2 Overview of Related Work

This section introduces work related to the algorithms presented in this thesis. Here,
concepts and techniques are introduced that build the basics for all parts of this thesis.
We will give a brief overview of parallel rendering in §2.2.1 and out-of-core rendering in
§2.2.2. Additionally, we will introduce different techniques for occlusion culling in §2.2.3
and mesh replacement in §2.2.4 that are related to methods we have developed for our
rendering methods.
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2.2 Overview of Related Work

2.2.1 Parallel Rendering

Parallel rendering has been categorized into three basic approaches by Molnar et al.
[IMCEF94, MCEFO08]: sort-first, sort-middle, and sort-last. These parallelization ap-
proaches specify in which stage of the rendering pipeline the geometric primitives are
distributed among PC cluster nodes (see Figure 1.1).

Sort-first

In the sort-first approach, the display is subdivided into multiple tiles. Usually the
geometric primitives in each of these tiles are rendered by a different processor. Before
rendering, it is estimated in which tile each primitive must be displayed. In other words,
the primitives are assigned/sorted to the different nodes before they are sent into the
rendering pipeline. When each node has finalized its partial image, the different tiles are
composed to the final image (see Figure 2.1, left).

geometry database
eometry database iari i geometry database
(afbitarily partiioned) iarb'tf”'y pamti"”e‘i) (arbitarily partitioned)
G (Pre-transformation) CT ] 1T ]
7 L Geometry
Redistribute “raw” A Geometry
primitives ansformation transformation
Geometry 7 Redistribute
. transformation v/ edis screen- .
space primitives Rasterization
N N - o
} \\\\ //19\’7///}
S 4 \/ 1 Redistribute pixels,
Rasterization Rasterization Ay AN ; samples, or fragments
% w w o

Display Display Display

Figure 2.1: In sort-first rendering the geometric primitives are redistributed during the
geometry transformation. In sort-middle, the screen-space elements are re-
distributed in between geometry transformation and rasterization. In sort-
last, the different picture elements are redistributed after rasterization and
composed afterwards.

The drawback of this method is that usually the different primitives cannot be as-
signed to the rendering nodes uniquely. Primitives can overlap into multiple tiles, which
influence the scalability of that approach negatively.

Sort-middle

In sort-middle, the primitives’ arrangement is made in the middle of the rendering
pipeline, in between geometry transformation and rasterization. Similar to the sort-first
approach, the display is subdivided into tiles. Additionally, the geometric primitives are
distributed arbitrarily exclusively to the nodes in a preprocessing step. This distribution

11



2 Rendering

does not change during runtime. Each node performs the geometry transformation for its
assigned geometric primitives and determines its corresponding tiles. The transformed
display coordinates are transferred to the responsible nodes, where the primitives’ ras-
terization are performed. When all the primitives have been transformed, the nodes’
partial images are composed to a final image (see Figure 2.1, middle).

In the sort-middle approach the primitives must be assigned to the different render-
ing nodes while passing the rendering pipeline. Typical common computer hardware
does not provide an interface for interfering with the rendering process at this stage,
without causing high delays. Thus, this parallel rendering approach is impracticable
for parallelization on PC clusters. However, most graphics adapters internally use the
sort-middle approach in their rendering pipeline [CDR02].

Sort-last

In the sort-last approach the arrangement is made after the geometry primitives have
been sent through the rendering-pipeline. Before rendering, the different primitives are
assigned to different nodes. For each frame, the nodes render their subset of primitives
into separate frame and depth buffers. Afterwards all nodes read back both buffers into
their main memory. The partial images are combined into a single image by comparing
the depth values of the different depth buffers. For the final image, the pixel from the
frame buffer whose depth value is the nearest to the view plane is chosen (see Figure
2.1, right).

Load balancing strategies

To accelerate the sort-first rendering process, the computational load must be distributed
evenly among the cluster nodes. It is easy to produce situations where most processors
are idle while only a single node has to render the complete scene. Hence, load balancing
techniques are required. Usually the load is balanced by adapting rendering nodes’ tile
sizes [SZFT99, ACCC04, OU06, RRR06, Paj08] using heuristics, for example.

Using the sort-last approach, the composition of the different partial images requires
a significant amount of time. While the rendering load usually decreases for a rising
number of cluster nodes, the merging time increases. To distribute the load for composi-
tion evenly the binary-swap algorithm and its improvements can be utilized [MPHK94,
MPHKO08, TTH03, EP08]. Additional run-length encoding of the images reduce the load
of the network and accelerate the image composition even more [HWC10, KPH*10].

Hybrid techniques

Sort-first and sort-last bring their own advantages and disadvantages. Using sort-first,
the different partial images can be easily composed, while many elements are rendered
redundantly in multiple tiles. Sort-last renders each element at most once, but the
composition of the partial images needs much time. Both approaches can be combined

to reduce the drawbacks [SFLO1, SFLS00].
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Hardware acceleration

Special purpose hardware has also been developed for parallel rendering [Whi92]. As
defined in Flynn’s taxonomy, there are Single Instruction, Multiple Data (SIMD) as well
as Multiple Instruction, Multiple Data (MIMD) approaches. In SIMD system a single
instruction stream is performed in parallel on multiple data streams. In contrast, a
MIMD system performs a different instruction stream for each data stream. There are
complete hardware systems to render 3D scenes fast [MBDM97, WLLB97, Ada05], in
the form of special purpose components (for example the Voodoo™graphics accelerator)
that can be applied to off the shelf computers [DY08, MOM*01, SEP*01].

Many modern graphics adapters provide techniques to combine the computational
power of multiple graphics adapters [Res09, AMHHO8]. There are different solutions
such as SLI or Crossfire where homogeneous graphics adapters are combined. Other tech-
niques, like LucudLogix HydraLogiz Engine allow the usage of heterogeneous adapters
[Lud10].

Next to Molnar’s parallelization approaches there are further methods to render 3D
scenes in parallel. One of these methods is often offered by the previously mentioned
multiple GPU solutions and is referred to as alternate frame. Here, multiple graphics
adapters or rendering nodes are used to compute consecutive images. Each frame is
assigned to a render unit in a round-robin manner. While a GPU is displaying its
frame, the following GPUs use this time to render their frame. The problem here is
the method’s scalability. When the number of render units increases, the latencies of
the rendering system also increases. Another problem of this approach is the possible
dependency of a frame on the previous one. In this case the required data must be send
from one graphics adapter to another over the bus.

2.2.2 Qut-of-core Rendering

Out-of-core rendering methods are necessary if a 3D scene is too large to fit into the
primary memory of a single computer. In this case, secondary memory is used to store
invisible scene parts. In general, the hard drive is used for this purpose. In comparison
to the primary memory this storage has massive capacities, but at the costs of much
greater latency. Thus, it is necessary to store all objects that contribute to the final
image in local main memory to render the images with good performance.

Aliga et al. presented an interactive massive model rendering system to process scenes
that exceed primary memory [ACW199]. Their approach combines many different ren-
dering techniques to handle such large scenes (for example, hierarchical data structures,
levels of detail, visibility culling, etc.). This was the first rendering system that was
able to process scenes with more than ten million triangles [CKS03]. They employed a
from-region pre-fetching, to load required data from the secondary memory.

To render models that exceed the primary memory pre-fetching and caching mecha-
nisms are required. Extending the viewing frustum is a simple technique to load objects
(see Figure 2.2), which are potentially visible in one of the next frames [VMO02]. The
iWalk rendering system [CKS02b, CKS03, CKS02a] stores a given 3D scene in an octree
[AMHHO8]. Using this spatial data structure, selective object loading is possible.
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Figure 2.2: Pre-fetching in an out-of-core rendering system.

Sajadi et al. present an out-of-core rendering system that subdivides a given 3D scene
using a k-d tree [SHDGT09]. The k-d tree is also used to find the data required by
their rendering system. Their system reduces the data and cache-management costs by
storing all objects within equal-sized memory blocks. Although this approach uses more
memory than the total object size, it prevents the fragmentation of memory.

Goswami et al. present a parallel out-of-core rendering system for very large terrain
data sets [GMBP10]. Their system provides a sort-first and a sort-last rendering. For
the sort-first portion of the renderer they evaluate the behavior of the system when the
display is segmented only by equally sized horizontal or vertical stripes. They show that
the load is distributed more evenly if the stripes are orientated vertically. Due to terrain
scenes’ properties the triangle distribution is usually densest at the horizon, while in the
sky the polygon count is usually very low. Using equally sized tiles is reasoned by a
reduction of accesses to the data, stored on a network-attached storage.

Briiderlin et al. presented Interview3D, an out-of-core rendering system that is able
to render CAD scenes of nearly arbitrary size [BHP07]. The system loads only that
data into the primary memory that is potentially visible. Thus they use visibility-guided
rendering which is an output-sensitive approach to reduce the rendering load. Required
data is incremental updated from the secondary memory to prevent the renderer from
stalling (small details can be delayed).

All rendering nodes of the parallel rendering approaches presented in this section
require high capacity graphics adapters to achieve good performance. Typically, the
performance of the entire system depends on the slowest node. The described out-of-
core rendering approaches utilize the hard drive for storing the data-items. Our methods
for primary memory exceeding scenes do not require - unlike other approaches - that the
objects are stored in equal-sized blocks. In our methods we use a randomized sample
tree for the spatial scene partition, where elements from lower levels in the octree are
randomly lifted into higher levels. For this reason, each sample tree cell can have a
different number of objects attached to it.

The data transfer rates of hard drives are very low compared to the rates that can
be achieved using high speed networks. In other approaches, the data items are loaded
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without testing the object for occlusion by other objects. In our rendering system, we
use the nodes’ RAM as secondary memory instead of hard drives. To ensure fast data
access all nodes are connected via an Infiniband network. On the back-end nodes, all
requested data items have to pass additional tests before they are transmitted to the
rendering node’s main memory.

2.2.3 Occlusion Culling

Occlusion culling is a common approach to reduce the number of objects sent into the
rendering pipeline. Many graphics adapters provide an interface to retrieve occlusion
information directly from the GPU — the so-called hardware accelerated occlusion queries.
The queries return the number of potentially visible pixels for the queried geometry (i.e.
if the query returns zero the geometry is invisible, otherwise it contributes to the final
image).

The different algorithms can be categorized into three groups: conservative, approxi-
mative, and aggressive culling algorithms. While conservative algorithms usually over-
estimate the set of visible objects, approximate algorithms can terminate their visibility
tests for various reasons, even before they determined all visible objects. Aggressive
algorithms only determine objects that are visible, and in addition discard objects even
if they are definitely visible.

All three approaches can be used with from-cell and from-camera position occlusion
culling. Algorithms related to the first group determine sets of visible objects within a re-
gion in a preprocessing step. The visibility within a cell can be determined conservatively
[TS91, NBGO02] or approximatively [DDTP00, NB04, Lai05, LSCO03]. Other algorithms
determine in a preprocessing, which regions are invisible for a given cell [SDDS00]. It
is not necessary to determine the visible objects in advanced. There are methods that
compute the from-cell visibility during runtime [RP05, MBWWO07, BMW*09]. When
the camera is placed within a region, only objects from pre-determined set of potentially
visible objects are processed. These approaches exploit spatial coherency.

From-camera culling algorithms are typically processed at runtime. Many of these
runtime occlusion culling algorithms profit from the hardware accelerated visibility
tests. Exploiting spatial and time coherency can reduce the number of performed tests.
The conservative techniques determine all currently visible objects [HSLM02, BWPP04,
GBKO06, SBS06]. To accelerate the visibility tests object approximations can be used
[DMS01, SKJF11]. Other techniques uses multiple graphics adapters to determine visi-
ble objects [GSYMO03, SWF10a, SKJ™11]. In contrast to these conservative approaches,
the approximative techniques do not guarantee that all visible objects are displayed in
the final image [KS00, CKS03, GBSF05, GM05]. Some of these approximative methods
draw objects until a budget is reached, other techniques determine the visible objects in-
crementally. Several methods allow for choosing a conservative or approximative culling
by parametrization [MBWO0S].
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2.2.4 Mesh Simplification and Impostors

Level of detail and impostor techniques are one of the most common approaches to
process massive models. The idea to replace objects by less complex approximations
organized in a hierarchy has been introduced by Clark [Cla76]. Polygonal simplifica-
tion techniques usually require objects of connected components, like chairs, balls, etc.
Levels of detail (LOD) can be classified into three groups: discrete, continuous, and
view-dependent [Lue01, LWC*02]. Discrete LODs are multiple versions of the same
model with variable complexities [SZ1.92, Tur92, HDD 93, Kle97]. The different ver-
sions can be used for different objects-to-camera distances, for example. A continuous
LOD has no individual version. Utilizing a data structure, an object’s complexity can
be refined or coarsened seamlessly [Hop96, SGG100]. View-dependent LODs are based
on continuous LODs that additionally use the current camera position as criteria for the
chosen simplifications [LE97, EMBO01].

Impostors replace scene parts as well, but they do not manipulate the original objects.
Billboards replace scene elements with a texture that is placed on a simple geometric
object (e.g. rectangle, cone, cube, etc.). Some techniques replace composited scene
parts [SLST96], others combine multiple billboards to replace a single object like a tree
[YSKT02, DDSDO03, DN09]. Particle systems, to visualize smoke or water, can also be
realized with billboards [USKS06]. Other techniques, like our developed reliefboards,
produce simple meshes that are not based on the original geometry to replace objects
[ABBT07, GFB10, SJF10].
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3 Preliminaries and Definitions

In this chapter we will introduce and define some expressions we require throughout this
thesis. Additionally, we describe the PC cluster system used for testing. One of the PC
cluster used has been modified over the time, resulting in different settings for the same
PC cluster environment.

3.1 Objects, Models, and Scenes

For most of the algorithms we need the central concept of objects which are rendered.
In this setting, an object is a set of triangles that builds a semantic group irrespective of
the object’s form, complexity, and spatial dimensions. An arbitrary, single polyhedron
is defined as geometric primitive. Usually these groups of objects are given as input
for our rendering algorithms. They are created using CAD applications or 3D scanners.
The composition of multiple objects is called a model or a scene.

If the input is given as set of independent geometric primitives, or if the given objects
are not suitable for our rendering algorithm, the input must be reorganized to fit our
specific needs. For example, connected components can be found or geometric clustering
techniques can be utilized.

To place objects’ vertices, we use the Cartesian coordinate system. Every vertex is
given as a triple (z,y,2) € R3, representing a point in the three dimensional Euclidean
space. We cannot use elements of the set of real numbers for our computations because
of hardware’s limitations. The computations are limited by hardware supported floating
point numbers. Nevertheless, in this thesis we will use R for the used floating point
numbers, unless otherwise stated. The coordinate system used in this thesis is right
handed [Wat99] (see Figure 3.1). A box containing an object, whose sides are paral-
lel/orthogonal to coordinate system axis is defined as axis aligned bounding box, short

AABB.

3.2 PC Cluster

In the following section we will formally introduce the terms and definition related to a
PC cluster, followed by the detailed PC cluster configuration used in the tests.

Definitions

In this thesis we use the terms processor, rendering node, and cluster node synonymously
as atomic computation units of a PC cluster. Each processing element in a PC cluster
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Figure 3.1: Right-handed coordinate system with a single vertex. Virtually, when a
hand grabs the z-axis from the top and the arm is placed on the positive
x-axis, the thumb points along the positive z-axis.

consisting of N nodes is identifiable via a unique id PE; € {PEy,PE,...,PEN_1}.
The used PC cluster is a distributed memory MIMD system, as defined in Flynn’s
taxonomy [Fly72], which means that the different nodes have no access to a shared
memory space [Pac96]. For this restriction, each piece of information or data item must
be sent and received over a network. The different algorithms developed for this thesis
use message passing for communication. The MIMD system is programmed via SPMD
(single-program, multiple-data). That means that each node executes the same program,
but can process different data.

Configuration

The PC cluster we used for the evaluation was the Paderborn Center of Parallel Com-
puting’s (PC?) Arminius cluster. Over time the cluster was modified so we have two
different configurations: a large and a small configuration.

In the large configuration, the strongest visualization nodes provide an NVidia
Geforce 9800 GX2 graphics adapter with 512 MiB memory, 16x PCI-e 1.0, two AMD
Opteron 250 processors and 4 GiB RAM. The installed 64-bit OS was Fedora Linux 9. In
this configuration 200 back-end nodes were available. Each back-end node provides an
NVidia Quadro NVS280 graphics adapter with 64 MiB memory, PCI-e 1.0 (single lane),
two Intel Xeon 3.2 GHz processors, and 4 GiB RAM. The installed 64-bit OS was Red
Hat Enterprise Linux AS, release 4. All nodes are connected via Infiniband (using 16X
PCl-e, about 1.8 GiB/sec at full-duplex transmission).

In the small configuration, neither the hardware configuration of the visualiza-
tion node nor the hardware configuration of the back-end nodes has been changed, but
the number of available back-end nodes is decreased to 16. The operating system was
changed to the 64-bit version of Cent-OS 5.5.
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Reliefboards

Figure 3.2: If trees are discarded too early it is possible to see the sunset behind them.
This strong change in the illumination can influence shaders negatively.

Here, we will describe the challenges which inspired the development of reliefboards.
Real-time rendering of large scenes is a challenge, especially if the objects’ complete,
mutual occlusion is sparse. In such scenes, camera positions exist where all objects must
be rendered to produce a correct image. Examples for such scenes are forests where it
is possible to see through gaps between tree’s leaves. Here it is difficult to decide which
objects can be discarded and which objects appear in the final image. This is reasoned
by small gaps between leafs, branches, trunks, etc. where an observer is able to look
through (see Figure 3.2). The discarding of objects which allows the background to be
seen can lead to disturbing image errors. This can occur, for example, when shaders are
used which use information of previous frames to determine the illumination.

Additionally, rendering highly tessellated scenes like woods can produce many aliasing
artifacts. This is because of the small projection sizes of distant objects and the difficulty
of determining the pixels’ color (see Figure 3.3). A pixel’s appearance depends on the
primitives which are projected on its center or multiple other sample points included in
this pixel [Ros05, AMHHOS]. If the projection size of the primitives in a display region
is smaller than a pixel, small changes in the camera position can result in noise.

input projected rasterized

4
P
SRS

Figure 3.3: Minor changes in camera position can result in significant image changes.
If these changes appear permanently during walk-through, it is called noise.
Such effects can easily be produced by small structures in a forest scene.
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Image noise during a walk-through can disturb users and reduce the overall image
quality. There are many techniques to avoid this problem, however these techniques
often need significant additional computation time.

One common approach to face this problem is the use of textures that are placed on
planes for distant objects. These billboards are simple and achieve good results, but they
do not cover other objects correctly. Additionally, if only one billboard is used per object
the parallax effect is missing, where elements change their distance in screen space if the
camera is moved sideways (see Figure 3.4).

»

Figure 3.4: Schematic representation of the parallax effect. Due to the motion parallel
to the viewing plane, objects change their distances.

To process scenes as described before and to avoid the occurring problems, we de-
veloped an object simplification, the so-called reliefboards. We developed a parallel
rendering system that uses these approximations. In contrast to other parallel render-
ing systems, the presented system scales in image quality instead of frame rate. For
load balancing, we used a randomized data management protocol. To achieve an evenly
distribution of the load we distribute the objects randomly and redundant among the
PC cluster’s back-end nodes. This distribution yields good results and is easy to com-
pute. A deterministic computation of the object distribution is hard. With the needed
properties this problem is similar to the set-packing optimization problem. We analyzed
if a polynomial-time local search algorithms could achieve suitable results. We have
shown that the localized version of set-packing is already PLScompiete for a two-differ-
neighborhood [DS10]. That means, starting with an feasible solution we try to optimize
the packing by a sequence of real improvements, in which we exchange at most two
elements in each step. The PLS completeness of set-packing shows that the length of
this sequence could be exponential, until we reach a local optimal solution.
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Often complex scenes are composed of many individual objects. Each of these objects
can have a moderate complexity but the composition of all of the objects is too complex
to be rendered by a single computer, even if they fit into its main memory. Some
examples for this are trees or skylines. When a user observes the scene through an
aerial perspective, objects barely occlude each other. In worst case, all objects must be
rendered.

To render such scenes in real-time we developed reliefboards (see Figure 4.1). This
approximation technique is similar to regular billboards, but they have improved prop-
erties (e.g., they support the parallax effect). To generate reliefboards in our parallel
rendering system the PC cluster’s back-end nodes do not even need graphics adapters, a
software rendering system can be used. Our requisite to the back-end nodes is that the
sum of their memory is large enough to store the scene’s objects redundantly [SJF10].

4.1 Overview and Summary of Results

Our system architecture uses a single visualization node equipped with a powerful graph-
ics adapter and a PC cluster consisting of a large number of back-end nodes not neces-
sarily offering accelerated 3D graphic performance. The displayed images of the scene
are only rendered on the visualization node. We assume that a 3D scene consists of a
certain number of atomic objects. The visualization node renders a subset of the objects
with their original geometry. A large number of elementary objects are replaced by re-
liefboards (see Figure 4.1). A reliefboard is a mesh consisting of colored vertexes placed
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