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ABSTRACT

MARCUS CRAIG TYLERerrain rendering utilizing level of detail techniques
optimized to make use off T AAOT ' 0586 O Adtime rerdéringof globad OA A
terrain data. (Under the direction of IR. K.R.SUBRAMANIANand DR. ZACHARY
WARTELLD

With emphasis being placed on high fidelity terrain rendering, a majority of
research has been in the area of contious level of detail algorithms. Such
algorithms constantly change the topology of the landscape and make it difficult for
graphics processors to cache this data efficiently. These algorithms also place
considerable amounts of processing on the CPU to aalate the vertices to display

every frame.

The methods presented in this paper go back to traditional discrete level of
detail calculations which allow for better caching of data for blocks of terrain. We
present an efficient algorithm for generating andstoring this information for quick
access at rurtime for very large datasets We also present a method for pre
computing geomorph information thus reducing computation time as well as data
throughput for reducing popping artifacts. We show that focusing a efficient data
transfer on modern hardware can produce interactive rates while reducing run

time computation on the CPU.
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CHAPTER 1INTRODUCTION

As computer hardware changes so do the programs that run on them. It is a
constant battle to optimize the bottlenecks presented by hardware. An optimal
algorithm one year may not be the best the next due to improvements in processing
power or even completely newcomponents designed to ease the burden from the
CPU. Such a shift has happened in recent years with modern graphics processors

and their interfaces.

Algorithms to efficiently render large areas of terrain have been in development
for many years. During ttat time computer hardware has changed drastically
placing more power within graphics hardware. In the early developments of terrain
algorithms emphasis was placed on reducing the number of polygons rendered on
the GPU as it, and the pipe to it, were clegrthe bottleneck. Today that bottleneck

has been greatly reduced through better processors and faster throughput to them.

Still yet, when working with millions of primitives even these vast
improvements are not enough for us to throw caution to the wind. W must still
take care in our data structures and algorithms to be as efficient as possible and not
over tax the system so as to natlow other rendering systems. Using a mixture of
traditional level of detail algorithms with modern graphics hardware in
consideration we propose a modern approach to a long studied problem efficient

rendering of global terrain.



In this work we focus onthe problems facing terrain rendering such as handling
the large amounts of data, levelof detail techniques, cracks between level of detail
as well as more modern techniques such as programmable GPUs and how they can
be used to morph between levels of detailBy taking advantage of the extra
processing power of the GPU, we can achieve bettérame rates over other
implementations that put a tremendous amount of load on the CPU. While previous
techniques strive for better accuracy by finely tuning triangle counts at rwtime, we
A AOO 11 OEOI OCEDPOO OPAAA AT Ay tcdnangld théd AOAT O
extra vertex data to compensate for the lack of finely tuned triangle counts.

After covering techniques used in terrain rendering we then present our

solution to these problems. The contributions of this thesis are as follows:

1. Implementation of preprocessed chunkedliscrete levels of detail By creating
discrete levels of detail offline the amount of runtime computation is greatly
reduced. We offsetlack of granularity and thus precision by allowing for more
vertices to be sent.

2. GPU enhared data structures for more efficient use of the GPU pipelBiace we
will be sending more vertices the data needs to be optimized for faster
throughput to the GPU. We present a progressive method for sending levels of
detail as it is needed within a gien block of terrain.

3. Pre-processed height differentials for use in morphing between levels of detail to

reduce popping of geometryThis also saves computation time on the CPU and



GPU. Since we are already processing the height field for LOD informatidns a
logical next step to also process offsets to assist in morphing between levels.

. Optimized triangle fangeneration for reducing the triangle count required to
render a terrain mesh without sacrificing geometric fidelity

. A simple algorithm for elimmating T-Junctiors between neighboring quadodes
within a block of terrain We eliminate the need to recurse down neighboring
gquad nodes in order to fill crackswhen placing higher detail near quad

boundaries.



CHAPTER 2TERRAIN RENDERING

This chagter reviews issues involved in rendering global terrain dataand
previous work on how these issues have been addressedrendering such large
amounts of data requires techniques in data storage, mesh representation,
decimation and data precision when worlkng with such large units of measure.
Following this chapter is our approach to these issues and details on its

implementation.

2.1. TERRAIN DATA

Terrain data has some unique qualities that help make creating triangle meshes
easier than other 3D geometry such ssolid models The methods for acquiring
terrain data usually involve techngues that only allow for single height values per
sample point along a two dimensional plane. This greatly simplifies ghway data can
be stored as well as how we can represent # data as a three dimensional mesh.
Since only a single height value is storefbr each sample pointjt cannot represert

any form of cliff or overhang

With only a single height value for each point along a plane, we can store this
information in a two dimensional array of height values. Each dimension of the
array can then be translated in to coordinates along the-X plane and the height
value along the Z axis. This representation fits nicely with a grayscale image where
each pixel value is the heighoffset from sea levelwith darker values representing

lower values. This representation makes it easier for human consumption when



working with the raw data while been an efficient storage mechanisnThe GeoTIFF
standard (1) defines a file format for storing height values in amgy scale image as
well as metadata defining the geecoordinates of the block of data described in the
file. This metadata is used to place the block of terrain in the appropriate location

andscale.

2.2. MESH REPRESENTATIONS

There are two ways in which we can represent terrain datan a 3D mesh The
most straightforward is to create a regularly spaced grid of triangles where each
vertex represents a sample point in the dataseReading in height values fom our
heightmap file and using them as the Y value in a 3D mesh, we can construct
rendering of the terrain. This is a very popular method used by most of the recent
work in terrain rendering. While easy to implement this approach is not the most
efficient when one takes into consideration that some areas of the terrain do not
change in height as much as others and can therefore be represented with fewer
triangles. Another approach is to allow variable spacing between vertices allowing
for irregular placement where flatter areas of the terrain can be represented with

fewer triangles (2).

Triangulated irregular networks (TINs) can more efficiently represent a terrain
mesh bylimiting vertex placement to areas of high curvature. Lege flat areas can be
reduced to just a few triangles thus saving potentially large amounts of memart
worst TINs place vertices at the same sample points as an regular grid method

While efficient at representing triangles, TINs are difficult to geneaate. Few earlier



works, suchas (2), 0OA A 4 yedubeQhe number of triangles, but with current
hardware the emphasis on fewer triangles is not as important as the speed of the

algorithm to generate an approximation

FIGURH.: Triangulateal Irregular Network (TIN(2)

Regular grids on the other hand are very easy to generate and allow for easier
manipulation. Due to the regular nature of the mesh, the data can be stored as single
height values as oposed to TINs which require the X and Y components to be
stored as well. Finding neighboring points in aegular mesh is trivial while the same

function within a TIN requires a bit more work (2).

2.2.1. QUADTREES

In order to quickly navigate a mesh of data we must store the data in a manner
that allows us to quickly find vertices. One such method is to store the data in a tree

structure by splitting the grid into four quadrants where each quadrant is again split



recursively forming what is known as a quaetree (3). Theroot of this quad-tree is
the center point of a sqare grid whose dimensions aret + 1. Using this
dimensioning allows for even partitioning of the grid into quadrants without
creating nodes between sample points. To find the children of a node, the current
guadrant is split into four equal quadswhere the center of each quad represents the
child node. Successive levels can be generated by continually subdividing each

guadrant in the same manner.
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FIGURR: Three levels of a quattee using longest edge bisection.

Lindstrom et. al. used a a&riation on this quad-tree called a restricted quadtree
that splits the quad based on the longest edg@). As can be seen IRIGURE2 the
children of a root node fall on the longest edge, or diagonal, of each quadranhe
tree is constructed using a Dected Acyclic Graph to navigate through the tree
quickly. (5) uses a similar quaetree with a variation that places the child nodes at
the center of each quadrantThese methods have the benefit of being able to use

index operations and recursion to navigate the tree rather than pointers.



2.2.2. BIN-TREES

Duchaineau et. al. introduced a binary partitioning method o& square mesh in
(6) by splitting the quad down its diagonal to form two top level nodes in a binary
tree. Each level of the tree is formed by splitting the current triangle node from its
apex to the midpoint of the base edgéhe first four levels of such a birtree can be
seen iINFIGURE3. Navigating this tree is exactly like navigating a normal binary tree

and can therefore make use ohidex navigation as opposed to allocating memory for

Level 0 . 7

Lanvel 2 Lewvel 3

AN N/

FIGURB: First 4 levels of a bitree (6)

pointers to nodes.
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FIGURHE: Relationship of a bitree node and its neighbor&)



2.3.LEVELS OF DETAIL

Now with a basis for what makes up a terrain mesh, we can look at how to limit
OEA 1 0i AARO T £ OGAOOEAAO AT A OOEAT CIi A0 OEAO
already covered one method by using TINs to pare the mesh down to a minimum
number of triangles to represent the terrain accurately. In this section we will cover
another technique that takes into consideratiorother error metrics for reducing the
number of vertices, such as distance to the uselevel of detail methodsuse
different methods to determine thefewest number of vertices required to render a
scene such that there is no perceptual loss in quality to the usdn the following
sections we will discuss how one goes about determining which vertices to display

in any given frame.

2.3.1. DISCRETE LODS

The first LOD techniques used were based on discrete leval§ pre-computed
detail in an offline processwhich were then selected for rendering at runtime based
on some error threshold. Selected for its simplicity, discrete level of detail
calculations require little runtime processing making them ideal when CPU
processing time is limited. The tradeoff however is steep. Sacrificing CPU time for
vertex count, one must either sacrifice quality by sending lower detail blocks than
needed or select a higher level needtl and fill the memory pipeline to the GPU

bringing frame rates down.

Until recent advances in GPU technology), discrete level of detail algorithms

had been put to the way side in favor of continuous levels of detail whictreate
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more precise mesh representations thus reducing the number of primitives
required while maximizing visual fidelity. With finer control over how data is stored

on the graphics processor, discrete methods are beginning to make an appearance
again (8). A few techniques such af) (10) even use virtual mipmapped textures

as input for vertex data making use of texture throughput and caching to minimize

transferring of data.

2.3.2. CONTINUOUS LODS

As stated continuous level of detail algorithms give much finer control over how
geometry is refined. Instead of a set number of levels, continuous LOD methods
calculate detail in a progressive manner allowing for a wider variation ofletail.
Since its first use in terrain rerdering (4) continuous LODhas keen a very popular
method when screen space accuracy is of utmost concern. The traofé for
continuous LODs is CPU processing time. At the time whémese methods were
popularized graphics hardware was not capable of handling vast amounts of
primitives. To make CLODs redime, importance is placed on optimizing the
algorithm so that it is as efficient as possibleQuickly eliminating large portions of

geometry is key and has been the focus ofost of the research in this area.
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FIGURE: Terrain with higher level of detail placed on the users focal point

2.3.3. ERROR METRICS

The goal of any LOD techniqueis to remove vertices from a mesh without
degrading the visual quality. Simplifying a piece of geometry changes its
appearance. As vertices are removed we must approximate the actual geometry.
Even with the best algorithms some error is inevitableso we nust minimize it. In
order to minimize error we must first measure it. The practice of measuringrror is
the hope that more accurate error measurements lead to better refinement
algorithms to reduce that error. The following sections explore two popular
techniques used to calculate errowhich will then be used to reduce visual errors

when rendering the scene

SCREEN SPACE ERR®®en referring to error in approximating a piece of
terrain, we are talking about the difference in the images produced by the @@l
geometry versus the image rendered with the approximatior{11). This approach to

measuring error is used by a large portion of the papers on the topic of terrain
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rendering as it is ultimately how a user will judge thequality of the algorithm used
to approximate the sceneScreen space errors ideally suited for continuous level of

detail algorithms such as those discussed 2.3.1

The issue with using a screen space error is that it is traditionally a ruhme
error metric. This means to use the error metricyou must take into consideration
the viewing parameters. Any approximations based on this metric must also be
performed at run-time. While this may be suitable for continuous level of detail
methods, it is not useful for determining approximations in a preprocess for
computing discrete levels of detail As alwaysthere is a tradeoff between precision
and speed. But in someases, as we will discuss in the next section, brute force can

help make up the difference.

GEOMETRIC ERROReometric error measures distanceswithin the actual
model geometry before rendering (11). Measuring error in this way has the
potential for displaying more artifacts than screen space error due to the fact that it
is not based on runtime information from the viewing orientation. Geometric error
only takes into consideration the features of the geometry regardless of wieit will
be viewed from. The advantage of using geometric error is that it is easier to

implement and can be determinedrior to any rendering in a pre-processingstep.

To overcome any artifacts due to inaccuracies of using geometric error,
generally the implementing algorithm takes a very conservative approach as to
when to refine a piece of geometry8). While this generates more polygons than

necessary OOET C 1 1T A Amdibetter @hBobgBput management of datathis






