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Abstract

In this diploma thesis a fast rendering algorithm for vemgéapoint clouds is de-
scribed. A point cloud is simply a set of unconnected 3D cmattgs in cartesian
space. Each coordinate of such a set is interpreted as aipa@pace. A point
cloud is the result of a sampling process, where either a fsener samples a
real environment, or the data structure of some alreadyiegigraphical model
is point sampled. During rendering it is attempted to retoics the sampled
model from the given point cloud. The algorithm presentethia thesis builds
on two new data structures, namely Memory Optimized SedplePbint Trees
and Nested Octrees. It includes an out-of-core part, whieama that it is also
possible to render models that do not t in the main memonhef¢omputer, and
an occlusion-culling part, which means that objects, wlahhidden by objects
closer to the viewer, do not have to be rendered. The algonghdeveloped pri-
marily for the fast rendering of point clouds, i.e., with gliframe rate, whereas
the visual quality of the rendered point clouds is not in theus of this work. The
algorithm does not need any additional attributes at a fmesides the position.



Zusammenfassung

In dieser Diplomarbeit wird ein schneller Renderingaldoritus fur Punktwolken
beschrieben. Eine Punktwolke ist einfach eine Menge vomusammmenhangen-
den 3D Koordinaten im Kartesischen Raum. Jede Koordinag soichen Menge
wird als Punkt im Raum interpretiert. Eine Punktwolke ist B&sultat eines Ab-
tastprozesses, bei dem entweder ein Laserscanner eirdi@glebung abtastet,
oder bei dem die Datenstruktur eines bereits existieregoigrhischen Modells in
eine Punktwoke umgewandelt wird. Wahrend des Renderingswenslicht das
abgetastete Modell aus der gegebenen Punktwolke zu relmmen. Der Algo-
rithmus, der in dieser Diplomarbeit vorgestellt wird, lmasiauf zwei neuen Da-
tenstrukturen, namlich auf Memory Optimized SequentiahPrees und Nested
Octrees. Er enthalt einen Out-of-Core Teil und ist dadurateinLage Modelle zu
rendern, die nicht komplett in den Hauptspeicher des Comppssen. Er ent-
halt auch einen Occlusion Culling Teil, wodurch es méglichdv@bjekte nicht zu
rendern, die durch andere Objekte, welche naher beim Beé¢rasimd, verdeckt
werden. Der Algorithmus wurde hauptsachlich fur die sclenBlarstellung von
Punktwolken entwickelt, das heil3t fur eine hohe Bildwiedérequenz, wohin-
gegen der visuellen Qualitat der gerenderten Punktwollamger Aufmerksam-
keit geschenkt wurde. Der Algorithmus ben6tigt keine zzlgéten Informationen
zu einem Punkt ausser dessen Position.
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Chapter 1

Introduction

This diploma thesis describes an algorithm for renderinigtpoased objects as
fast as possible. The geometry of a point-based object iplataty de ned by
points. As fast as possible means at interactive frame,ratesh is anything
between 1 frame per second (FPS) to 60 FPS. Real-time fragsealabve 60 FPS
are possible for models which do not need the out-of-coregighe algorithm.
Points are not the only means for modeling objects, becaesmetrical models
can be de ned in various ways. They can either be construtttad a set of
geometric primitives that can be rendered directly, ergngles and lines, or they
can be de ned implicitly by mathematical equations, e.giadrics and splines.
As Levoy and Whitted have shown, any geometrical model caroheetcted to a
point-based model and can be rendered as a continuous tbgueen [LW85].
So points can be seen as the most basic rendering primitige canverting a
geometrical model to a point-based model is always possiblee other way,
which is converting a point-based model to a representatsisting of more
complex primitives, is not straight forward, as it can beadilt to nd the surfaces
that were sampled for a point-based model. Various teclesiguxist that can be
used to reconstruct a connected model from a point-basefE&G5].

1.1 Point De nition

A point in the mathematical sense is the intersection of tiraight lines. It can
be interpreted as a zero-dimensional entity which has omgsition. It has no
extent and would therefore be invisible. Since an objecsmbimg of points as
de ned above would be rendered invisibly, a different deion is given.

A point used for rendering has a position and optionally othributes, and
has an extent of at least one pixel on screen when visible fiemaurrent camera
position.

The word point in this diploma thesis always means “a poietdusr render-
ing”, and is described at the minimum by a 3-tupel,
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Point = (x;y; 2); (1.2)

wherex, y andz are coordinates in a cartesian coordinate system. If th& poi
is colored, it is described by a 6-tupel,

P oint with Color = (x;y;z;r;9;D); (1.2)

wherer, g, andb are the values of the red, green, and blue color channel
respectively. Note that no alpha value is used, as only gaidt samples are
used.

1.2 Why Use Points for Rendering?

Any geometrical model that should be rendered must rst heveded to some
rendering primitive, that is a geometrical primitive whicén be sent through the
rendering pipeline. When using a software-based rendeipaipe, every stage
is under the control of the programmer and can be optimizeddmeeds of the
available models. One advantage of point-based modelaitsht setup process
for triangles can be skipped during rendering. The setupga® for triangles
includes for example polygon clipping, scan conversiorg sxture mapping.
These things are time consuming considering a softwangioplementation of
the rendering pipeline. Today consumer graphics cardslacgiious, and they
provide hardware accelerated rendering pipelines. Theséhat the setup pro-
cess for triangles is handled in hardware, and the pure rendspeed advantage
of point-based models is therefore fading away. In factnilmaber of point prim-
itives that can be rendered per second on the current gereaditgraphics cards
is the same as the number of triangles that can be renderegg@and. From the
original idea of Levoy and Whitted [LW85] of using points as sokind of 3D
texture by converting all geometrical models to points, d@pelication areas of
points as rendering primitives have shifted.

1.3 Application Areas of Points as Rendering Primitives

Today with the wide availability of the hardware-acceletatendering pipeline on
graphics cards, the conversion from triangle-based madgisint-based models
does not promise much of an advantage, since the graphids ase tuned to
rendering triangle-based models as fast as possible. Tpleaon areas for
point-based models are where the geometric models origic@hsist of points, or
where scienti ¢ data can easily be converted to points, cenetstill no hardware-
accelerated rendering pipeline exists, like on low-enddhaid devices.
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Fig. 1.1: An example of a terrestial laser scanner. Here a Riegl LMSi ig2hown.
The range measuring laser is situated behind the blue windows in the ssarasémg.
After taking range samples from the environment, the camera on top of theesdakes
photographs of the scanned environment.

1.3.1 Visualization of Range Scans

One area where the rendering of point-based models is o€sites the visualiza-
tion of point-sampled environments. Point-sampled emvitents are becoming
more common due to the increased availability and usagengieracanning de-
vices. Range scanners scan a real environment, and the ofigptinge scanner
is a set of 3D coordinates. These coordinates are the synéets of the scanned
environment. A point viewer, which is a program to visualize coordinates on
screen, interprets these 3D coordinates as points for neigdeThe interpreted
3D coordinates are referred to psint cloud If the scanning resolution is high
enough, the point viewer can reconstruct the environmem ihe output of the
range scanner.

The dif culty when rendering the point clouds directly fromrange scanner
is the lack of information between the points. The geometthe model is only
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known at the sampled points. Admittedly the color, comirggrfrthe photographs
taken by the camera mounted on top of the scanner, is alslalaleaior the area
between the samples. Apart from converting the whole maodek triangle mesh,
which is tedious and time consuming, it is theoreticallygible to apply a texture
to each point, but then the points would have to be de ned withdius to describe
their extent in space. Furthermore a normal would also baired, to orient

neighboring points along the surface they describe. But fioronal is available,
the texture cannot be utilized in a meaningful way. Todaynpolouds from a

range scanner usually store only one color per point.

When the camera of the point viewer is in some distance to th& ploud,
then the projected points will probably result in a continsianage of the scanned
model on the viewplane. The continuous image becomes wdetsed when the
viewpoint moves away from the model. To accommodate for #iiker the image
in screen space could be Itered, or the points could be reweith Itered
textures to avoid aliasing. When the camera moves towardgdim¢ cloud and
the resolution of the scanned model does not allow for a woatis image on
the viewplane any more, a gap- lling strategy has to be usesirhulate a solid
model.

In Figure 1.1 a range scanner is shown. The mode of operatianrange
scanner is described in the following: The distance to absstan the environment
is measured by the time of ight of a laser pulse. Figure 1.ficks a situation
where a scanner is situated in the environment. The lasaensc#éakes discrete
samples on one vertical line, then rotates around its \& s and scans another
line. The angle between two consecutive samples taken mdictions can be
chosen by the user. The scanner is able to scan a 360 degréeal\feustum
around itin one run, and afterwards it takes pictures fromsttanned environment
with the camera mounted on top of the scanner's casing. Tdtarps are later
used to colorize the taken samples. The point clouds arealotized by the
scanner automatically, but by an external program.

1.3.2 Scienti c Visualization

Another area where point-based models are of interest igishalization of sci-
enti ¢ datasets. In such cases like volume rendering, goane well suited to
represent the data. Isosurfaces can be extracted from eotlatasets, and the
measured or simulated values at the positions in space cagpbesented with
points. An example is shown in Figure 1.3, where an isosariaextracted from
a dataset and then rendered as a point cloud.
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Scan Area

360°
Obstacles

Fig. 1.2: A laser scanner scanning the environment. The total angeiaiomcan be up
to 360 degrees. The scan area depicts the limitation of the laser measurenventicdh
direction. After the range scan, photographs of the scanned envimrmameetaken by the
camera on top of the scanner's casing.

Fig. 1.3: Closeup view of an isosurface feature in the mixing interface ofgases for
a simulation of a Richtmyer-Meshkov instability in a shock tube [M®@] as rendered
with the Layered Point Clouds algorithm [GMO04].
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1.3.3 Rendering Models on Handheld Devices

The third area where point-based models are useful, arehk&hdevices like
PDAs, which do not have a dedicated graphics processor. &exbes mostly
have screens with about 240x320 pixels resolution and havsé a software-
based rendering pipeline. Due to the low screen resoluti@mgles will often be
projected to only one pixel, so the gain of triangle-based@®that can take ad-
vantage of rasterization coherence is not existent. Tiesng)so need to be set up
for rendering, which needs time. Such devices also havelioniked memory, and
a point-based model can be ef ciently compressed. All thbgggs make point-
based models very well suited for handheld devices. Efti@gorithms exist
that can render point-based models at interactive franes @t PDAs [DDO04].

1.4 Contribution

Most point-rendering algorithms have certain requirermémtvork properly. Nor-
mals are always assumed to be available, and the modelsisdiealbe uniformly
sampled. There exists no dedicated algorithm for rendeasimgocessed point
clouds. This is where the contribution of this diploma tsesbmes in, as we
present the rst point rendering system with minimal reguanents, and which
does not demand for postprocessing of point clouds and asahe time ren-
ders enormous amounts of unprocessed points at interaate® with negligible
preprocessing. With unprocessed point clouds we mean plointls that are not
interpreted in any way, i.e., no triangulation or normalreation has been per-
formed. A point in an unprocessed point cloud is only de ngdali3D position.
It can optionally have an RGB color, if the color is availabhlenh the scanning
process.

Having only a limited amount of attributes available pempgihe visual qual-
ity of the rendered models cannot compete with models trepastprocessed
and rendered with a high-quality splatting algorithm. Se1tiain contribution of
this thesis is to show how to trade this reduced image quadjaynst signi cantly
increased visualization speed and improved memory regeinés. We introduce
two new data structures, which are

Memory Optimized Sequential Point Trees and

Nested Octrees.

The Memory Optimized Sequential Point Trees (MOSPTSs) boildhe Se-
guential Point Trees (SPT) [DVSO03]. A MOSPT is a sequerzialihierarchy that
can be traversed completely on the GPU and requires onlyripmal points for
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providing a level-of-detail mechanism. The memory requeats are decreased
by more than 50% compared to the SPT data structure.

The Nested Octree data structure is used as an outer higradeich holds a
MOSPT at each node. The build up algorithm of the Nested @dsrespecially
well suited for the processing of many point clouds which eatirectly from a
range scanner. The only thing the user has to do for each gound, is to de ne
the region where the important points are. From then on tild bp process is
automated. The rendering includes view frustum culling andut-of-core part,
so models that do not t completely in the main memory of thenpaiter can be
shown. During rendering, also occlusion culling is perfednwhich tries to nd
areas in the model that are hidden, and then these hiddes éGoe®t have to be
rendered. The system maintains interactive frameratesyatime, and the user
can set a limit for the minimum rendered frames per second.

1.5 Overview

This is the overview of the content of the following chapters

Chapter 2 gives an overview of existing rendering algoritHorspoint
clouds. The algorithms reviewed here concentrate on faslereng or out-
of-core rendering of point clouds.

Chapter 3 explains the Memory Optimized Sequential Poirg @ie¢a struc-
ture, which is needed for rendering point clouds as fast asiple. The pre-
sented data structures are effective for point clouds thiatthe memory of
the graphics card.

Chapter 4 explains the Nested Octree data structure, neededtfof-core
rendering of point clouds. With this data structure it is gibke to render
point clouds that do not t in the main memory of a PC.

Chapter 5 describes special problems that occurred durengriplementa-
tion of the rendering algorithm and the build up algorithm.

Chapter 6 shows the results of the point-rendering algorihnharge and
small models and demonstrates the effect of the out-of-stoategy.

Chapter 7 nally summarizes the presented data structureéskgorithms,
and also gives an outlook to possible future enhancements.



Chapter 2

Previous Work

In recent years points have become increasingly populagratering primitives.
From the seminal work of Levoy and Whitted [LW85] on points asdering
primitives, it took more than ten years until Grossman antlyDaesented their
implementation of a point-rendering system [GD98]. Levaoyl &Vhitted sug-
gested to use points as a universal meta primitive. Thea wias to convert all
geometric objects to points, so that the rendering pipelngd be the same for all
geometric objects, independent of the way the objects wedetad. They also
proved that it is possible to render any geometry consigtinppints as a continu-
ous object on screen. The point-rendering system of Grassma Dally showed,
that arbitrary models consisting only of points can be readén real time. They
also introduced visibility cones for testing the visilyjliof several points at once,
and they introduced incremental block warping, which mehasblocks of points
are warped to image space using incremental calculations.

The development of point-based rendering algorithms cadioded in two
different areas. In one area the development leads towartshégher quality
surface rendering algorithms, and in the other area thel@favent is more con-
centrated on the fast rendering of point clouds but therst®xio de nite distinc-
tion between the two areas. The main focus of this thesis th@ifast rendering
of point clouds, whereas the visual quality of the renderexties will not be
considered as important.

2.1 High-Quality Point Rendering Algorithms

In the year 2000 P ster et al. [PZvBGO00] presented an algoritivhich im-
proves the rendering quality of point-based models contprgrevious meth-
ods [LW85, GD98], by introducing visibility splatting and réel mipmapping.
They give the de nition of asurfelas a zero-dimensional n-tuple with shape and
shade attributes that locally approximates an object serfahe additional in-
formations, like normal and radius, that are stored at aekuafe necessary for
aligning the surfels during rendering along the surfacg tlescribe. With visibil-
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local parameterization
3D object space n—— @ 2D parameterization

small neighborhood
around Q

basis function ry(u-uy)

Fig. 2.1: A continuous texture function is locally approximated by basis func-
tions [ZPvBGO1].

ity splatting the depth buffer is established in a sepaeteering pass before the
color buffer, so that visibility calculations are sepadeafiem the lighting calcula-
tions. The points then receive colors which are the resudtlofear interpolation
of the appropriate texture samples, similar to texture naipping, therefore this
process is called surfel mipmapping. The texture samptae stnly one color
at each mipmap level. The surfels algorithm is a fast and-bigddity rendering
algorithm for point-based models.

In 2001 Zwicker et al. [ZPvBGO1] formulated a screen spacepfidihbl
Weighted Average (EWA) Iter [Hec89], which makes EWA texrdu ltering
available to point-based rendering techniques. The diffeg to previous ap-
proaches for texturing point-based models is, that EWArikig actually recon-
structs, bandlimits, and resamples the texture duringamngl, which results in
superior antialiasing. Previous point rendering systesesiipre Itered textures,
and antialiasing could be done with supersampling or tigrthe already ren-
dered images. In their paper they present the mathematicalfation of screen
space EWA texture ltering for irregular point data. To mak®VA texture |-
tering possible, each surfel needs a position and normalsaadsociated with
a radially symmetric basis function. Further it needs coeints that represent
continuous functions for red, green, and blue color comptmeAs basis func-
tions they use elliptical Gaussian functions. The coehtgeare computed during
a preprocess by sampling a continuous texture. Any pointhenstrface of a
point-sampled object can then be textured by summing updhtibutions of the
weighted basis functions of a small neighborhood aroundpthet. Figure 2.1
shows the contributions of different basis functions fooampQ on a surface. In
Figure 2.2 a one-dimensional signal reconstruction is shaw it is used by EWA
texture ltering.

After warping the basis functions to screen space and thedlibaiting them,
they are referred to as reconstruction kernels. The funstigsed for the ban-
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¢ warp T sample
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warped texture function W band limited texture function

Fig. 2.2: Here in the one-dimensional case the warping, bandlimiting, aathptisg of
a continuous function from basis functions is shown [ZPvBGO01].

dlimiting Iter and the basis functions are both elliptic@haussian functions, so it
is possible to express the resampling kernel as a singlesizauginction. Dur-
ing rendering the reconstruction kernels are evaluateditfair contributions are
added up for each pixel and normalized, which nally resutsan antialiased
texture for the point-sampled model. This method is callediase splatting. It
provides high-quality texture mapping for point-based eisd

Several papers from then on improved high-quality pointezimg based on
the ideas of P ster et al. [PZvBGO00] and Zwicker et al. [ZPvBGOA/ith the ad-
vent of vertex- and pixel shaders and the hardware acceterandering pipeline,
EWA- ltered rendering techniques are now able to achieverd®0 million ren-
dered splats on a 512x512 pixel viewport [BHZKO05]. Figure gi®ws the dif-
ferent rendering passes for the algorithm presented by Basal. [BHZKO05].
The use of several rendering passes is necessary for hajltyggplatting algo-
rithms, but this also means that they cannot provide the mmaixi throughput in
terms of vertices per second (VPS). The high-quality spigtalgorithms need
additional attributes at each point, especially normalesg additional attributes
also prevent them to achieve maximum rendering rates.

2.2 Fast Point Rendering Algorithms

Rendering algorithms which try to render as many points asiplesper second
trade visual quality against the number of rendered points.
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Visibility Pass Attribute Pass Shading Pass

Fig. 2.3: The deferred shading pipeline for GPU-based splatting asmiessby Botsch
et al. [BHZKO05]. The visibility pass lls the z-buffer, such that the attribytass can
correctly accumulate surface attributes, like color values and normalrsesiceparate
render targets. The nal shading pass computes the actual color @weath image
pixel based on the information stored in these render targets.

This can be useful if the models do not provide all informagithat are nec-
essary for high quality rendering, e.g., a normal for eacimtpaor if the sam-
pling density is highly varying. There are several ef cianethods to estimate
the normal vectors required for point rendering technigiiesctly from the point
cloud [TKDSO05]. However, normal estimation assumes thatabints represent
suf ciently dense samples of an underlying surface, whighrot be assumed for
all models, e.g., long range scans, where the data is siroplgparse in many
regions. Figure 2.4 shows the result of a range scan, wheraréa around the
scanner's position is sampled densely. For areas furthay,atlve distance be-
tween neighboring points increases. This is due to the sagiptocess, where
the laser takes samples in discrete steps. The angle betwesecutive shots
of the laser remains constant, and so the distance betweetotrgecutive taken
samples is larger if the samples are at a greater distanbe 8canner.

To enable normal estimation, lengthy manual postprocgssirinevitable,
where the geometry is reconstructed from the available deten and the noise
within the scan data has to be removed. Then a surface campbmxapated to the
available points, and from the surface the normals can bgressto the points.

It can also be useful to maximize the number of rendered péantarge mod-
els in a real-time application like a walkthrough. In thiseat is more important
to render many frames per second than to render them in higlitygurhere ex-
ist algorithms which approximate parts of the point-basexdials with textures
like Wahl et al. [WGKO5] did, or with normal-mapped polygons shown by
Boubekeur et al. [BDS05], but they have to resample the origioiat cloud, and
so not all original points are preserved. To render verydargpdels, an out-of-
core part in the algorithm seems inevitable. An alternasve use compression.
Kruger et al. [KSWO05] presented a very effective data stmecfor resampling
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Fig. 2.4: A range scan as seen from above.

the original point cloud and managed to store models withentban 160 mil-
lion points in 256MB of graphics memory. The graphics cand tteen be used to
decompress the compact representation on the y and stereettiices in vertex
buffer objects (VBOs). In OpenGL, VBOs are used to store infdiom in the
graphics card memory. If the information is needed durimgdeging, e.g., the
coordinates of a vertex, the GPU has fast access to it, asitbenation does
not have to be sent over the system bus (in DirectX the VBOs aledcvertex
buffers). By using VBOSs, they achieve 50 million VPS, whichlutes decoding
and rendering of the vertices. It is a lossy compressionrilgo, but because of
this the compression is also very effective. Compressionsandt yet part of the
system presented in this thesis.

The following algorithms are discussed in greater detail{heey are closely
related to the rendering system that was developed for ipisrda thesis.

2.2.1 QSplat

The QSplat algorithm uses a very compact data structuregdong and render-
ing point clouds. The input for the algorithm are either paamples from a
laser scanner, or models consisting of polygons which ae sampled and rep-
resented as a point cloud in a preprocessing step. The lajthut data structure
is a bounding sphere hierarchy. Every child bounding splsecempletely sur-
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rounded by its parent. The build up of the structure includdsg normals and
assigning a bounding sphere to each point. If polygon magtelsised, it is easy
to compute the normals. The radii of the bounding sphereseaterived from
the distance between neighboring vertices such that n laoéeleft during ren-
dering. If point samples are used as input, rst a plane hdeta to the vertices
in a small neighborhood to nd the normals. Then the whole elaglsurrounded
by a bounding box, from which the bounding sphere hieraramyhle built up by
further subdividing the bounding box and splitting up thataaned point samples.
The result of this is a binary tree which contains succelssmaller bounding
spheres for each level, down to the original points. A highranching factor at
the interior nodes will reduce the number of interior nodEsr better memory
ef ciency, interior nodes are combined to increase the agebranching factor to
approximately 4. The points within the hierarchy contaieraged informations,
like colors and normals, from their children. So an interratginode represents
all informations from its children. These intermediate e®dre used during ren-
dering for a level-of-detail (LOD) mechanism, where theurs@n only steps
down a level in the hierarchy if the projected size of the libng sphere of the
current intermediate node covers more of the screen thent@rcéhreshold. If
it falls short of the threshold, then the following levelstb& hierarchy will cer-
tainly not contribute to the appearance of the model, andvadraiversal of the
following levels can be skipped. Instead a splat with thelattes of the current
intermediate node is drawn.

After the bounding sphere hierarchy has been built, théates of the nodes
are quantized. In the bounding sphere hierarchy, it is ptessb encode the po-
sition and the radius of a bounding sphere relative to itemasphere. QSplat
uses 13 different values for the radius of a sphere, whichesgthe size relative
to the parent's sphere radius. So it is possible to have aisatiat isl—l3 up to
% of the parent's radius. Similar the position of the boundspipere's center is
described, only that then the distance on the X, Y, and Z arigaantized to parts
of 13. This would givel3* possible combinations for the attributes of a bounding
sphere, but in reality only 7621 combinations are valid [RL@Xher ones result
in bounding spheres which are not completely covered by déinerpp sphere. The
valid combinations can be encoded in 13 bits, and these aregh13 bits for
the description of a QSplat node. The normals are also qeghtinstead of sav-
ing coordinates of a normal vector, the possible directafres normal vector are
given by a 52x52 grid for each of the six sides of a cube arobaghbint sample.
This quantization suf ces to produce no visible artifactgidg rendering due to
errors in the shading calculations. This way a normal vezaorbe encoded in 14
bits, and the direction can be decoded during rendering lyghestable lookup.
The color of a node is quantized to a 5-6-5 format, therefooam be saved in
16 bits. The size of a cone of normals for a node is encodedsin?jibits. The
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(a) Bounding Sphere Hierarchy

(b) File Layour for
Circled Nodes at Left

- , Tree Width of ) |
Position and radius  Strucrure Normal Normal Cone ~ Oprional Color

(c) Node Layour [ | | [ |

13 bits 3 bits 14 bits 2 bics 16 bits

Fig. 2.5: The le and node layout of QSplat. (a) The tree is stored in ireast order.
(b) The link from parent to child nodes is established by a single pointaer &a@roup
of parents to the rst child. At leaf nodes the pointer is not present. (sjngle node
occupies 48 bits.

bits describe half angles, whose sinesafes, -z, andfe. The cone of normals
is used for backface culling, and despite its quantiza@@percent of the nodes
which would be culled using exact normal cone widths areasttked.

The quantized hierarchy is written to disk. For renderihg,hiierarchy is read
into memory. At rst, only visible parts are read in. This ckrad to lags when
the user turns to a part of the scene which is not already inangrince then
it has to be loaded from a disk. In this case, QSplat does rat dne scene
to its entire detail level. This is possible because the dmgnsphere hierarchy
is laid out in breadth- rst order. This means that the sceneepresented as a
whole at a certain LOD once this level has been read into mgnSar if the user
zooms into the scene, the next level has to be loaded, an@ im#&antime, the
last available level in memory is drawn to the screen onlyatger splats. If the
user waits, the rendering will re ne to the highest avaitatktail level, as soon
as it has been transferred to memory. QSplat uses splatawotde nodes of the
bounding sphere hierarchy. They are correctly sized amhtad elliptical splats.
On average, the QSplat data structure with quantizatiotieappses 50 bits per
node, and includes node position, bounding sphere radws)ail, color, cone of
normals, and 3 bits of information for the traversal. To mmize the number of
pointers needed for hierarchy traversal, QSplat uses atreade only one pointer
to the children of this node. Furthermore, the pointer ismextded if all of the
children are leaf nodes. The average branching factor fada im the bounding
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sphere hierarchy is 3.5, which means the total number ofswadlebe 1.4 times
the number of leaf nodes. The storage requirements for ttiewthee equals
approximately 9 bytes times the number of leaf nodes. A dmcy of QSplat is
that the encoding of the position and radius and the hiei@attraversal require
it to use the CPU for decoding the information.

2.2.2 -grids

An octree can be described as a recursive grid, with a regathuniform subdivi-
sion at each level. One octree node is subdivided2m@x 2 = 8 sub cells at the
next octree level, such that the original cube is regulanty@aniformly subdivided
by the cells of the next octree levekgrids are a generalization of this idea. They
subdivide each node intox x  sub cells.

Duguet et al. showed that agrid with = 3 is the best compromise in terms
of rendering cost and memory cost if the attributes per nadeat exceed 16
bits [DD04]. Duguet et al. use a quantized normal encodeditifis similar
to [RLOO], and 3 bits for a material index. For= 3 a -grid is dubbed trigrid.
To get the actual position of a splat, the information whiglmplicitly encoded
by the position of a cell in the trigrid is decoded. The pasitof the root cell
is known. It is projected to window coordinates, which ygltbmogeneous co-
ordinates before viewport transformation. To get the pmsiof the child cells,
their displacement vectors relative to the parent cell aeegmputed, projected
to window coordinates, and stored in a table. This is doneéwh trigrid level.
Then during rendering the trigrid is traversed in depth-osler, and the positions
of the child cells can be computed from the position of thairgmt cell with just
three additions. What remains to be done is the viewport fioamsition.

The trigrid is a hierarchical rendering algorithm. The demn if an interme-
diate node can be rendered or the recursion has to step dosuelad done by
projecting a screen bounding rectangle. This is a congeevapproximation of
the projection of the bounding box of a cell. If the rectariglearger then a certain
threshold, for example larger than a pixel, then the reoarsontinues. Otherwise
the recursion stops, and a splat is drawn with the size of tbegted rectangle.
This screen bounding rectangle can also be used for viewufrusulling. The
shading of materials is precomputed for every value of thentjiged normal.
This means that for every angle that can be represented bgratized normal,
the shading is available in a table. So shading can be donéahealookup. The
total bitcount for a node in the trigrid is composed of 16 botsthe attributes, and
27 bits for the childhood information. This totals 43 bitg pede. The branch-
ing factor of the intermediate nodes is approximately 9,clvhis very ef cient.
Including 32 bits per intermediate node for a pointer to tbdes children, the
memory consumption per leaf node is approximately 4 byt&0d].
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Fig. 2.6: The leftimage shows agrid rendering a model consisting of 1.3M points at 2.1
FPS on a 200MHz Compagq IPAQ. The model in the right image is rendered BPS.

We must mention though, that a trigrid is only ef cient if tlkeordinates of
the encoded point samples are clustered in three dimenasronad a small area,
because then the trigrid is massively occupied. If the psamples are spread
over some larger area, so that the resulting trigrid is ghaeccupied, then the
amount of intermediate nodes becomes dominant, and cam upato 70 percent
of the whole trigrid structure. This is not only inef cientdff storage but also for
rendering. A shortcoming of the structure which preventsoitn using hardware
acceleration is that the decoding has to be done on the CRi#, gositions of the
splats are dependent on the position calculation of theargaells in the trigrid.

2.2.3 Sequential Point Trees

The SPT algorithm [DVSO03] uses a hierarchical data stre¢twhich is sequen-
tialized so that it can be processed on the GPU. A GPU cansolvwethe hierar-
chical dependencies of a data structure like the CPU canubedhe GPU does
not have access to the whole data structure. So a restngisgmeeded.

At rst the points are inserted into an octree. Each pointesats center posi-
tion p, an average normal and the diameted of a bounding sphere surrounding
p. The leaf nodes are the original points, and diameters fanfimg spheres
around leaves should be roughly equal. The inner nodes afdtiee represent
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Fig. 2.7: As perpendicular error for a disk the distance between the tweglzarallel to
the disk enclosing all children is used.

Fig. 2.8: The tangential error measures how well a parent disk apprtegritee children's
disks in the tangent plane.

the averaged informations of their children. The point$belvisualized as splats,
and to calculate the informations for the inner nodes, a sp@omputed that cov-
ers the splats of its child nodes [DVS03]. This results in ®vomor measures,
namely a so called perpendicular error and a tangential. efiee perpendicular
error measures the error when looking at the silhouettesedfian object (see
Figure 2.7), and the tangential error measures how exagigrent splat covers
the child splats when looking along then direction of the parent splat onto the
child splats (see Figure 2.8). The errors can be combinedjememetric errog,.
This geometric error is projected to screen space duringemémg, resulting in the
image errore. If e exceeds a user de ned error threshoJdvhich is measured
in pixels, then the recursion steps one level down the taayarlf an acceptable
level is reached, a splat is drawn with si@Ze d=r.

The data structure so far can only be processed by the CPU.ckgsmg by
the GPU requires a different error measure. When traversimerarchy, it is im-
plicitly known if an ancestor node has been rendered, bedhes the dependent
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Fig. 2.9: The same nodes as hierarchical point tree and as sequeintiatrpe. Left
column: Nodes a:m with [rmin :::rmax] @s point tree in the upper row and as SPT
sorted byr max in the lower row. Other columns: In the upper row the black line shows the
tree cuts for different view distances. In the lower row the cut in the &pfesentation.
The process bar shows which nodes are sent to the GPU, and the engtytha process
range show, which nodes are culled by the GPU.

subtree will not even be processed. If the data structureggentialized, it is not
known if an ancestor has already be rendered, so the algoh#s to check for
this case as well. The SPT algorithm uses two simple errosurea for the two
cases. It calculates ap,, and arr .« for each splat, which is the minimum and
maximum distance to the viewpoint for which the splat will dmeed. If the dis-
tance lies within, the splat will be rendered. The test intitearchical traversal
is whethere = €;=r < , which can be rewritten as,, = €;=. The erroreis
independent of the viewpoint. The valug;, is stored at each node. The value
for rmax Is calculated by taking.,, of the parent node and adding the distance
between the two nodes, which will result in a display with rdels in it. These
error measures can be checked by a vertex program on thecgagind.

Thernax value allows for another optimization. In the left colummyéiie 2.9
depicts how a hierarchical point tree is represented as BRie SPT is sorted
by rmax, then the CPU can cull the nodes whagg, value is too small for the
current viewpoint, so that they will not be rendered. It tisends all points from
the rst one in thera ordered list to the last one that will not be culled to
the GPU (this situation is shown for three different disesto the viewpoint in
the bottom row on the right side of Figure 2.9). So the GPU ligved to cull
fewer nodes. The SPT is sorted hy,x only once in a preprocessing step. All
other computations can be done directly by the GPU. The geetd®U usage is
only 0.4 percent during rendering, and an average of 60dililendered splats is
achieved [DVSO03]. A disadvantage of the SPT algorithm is\within an SPT, no
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Fig. 2.10: Hierarchical rendering with layered point clouds. The gurbust from an
accumulation of different point clouds. From left to right: level O reledewith 2 clusters
and 4K splats, level 0+1 rendered with 6 clusters and 12K splats, arily the& whole
model rendered with a pixel tolerance of 1 with 1720 clusters and 343Bitssp

view-frustum culling can be applied. Another disadvantesg®at it is limited to
objects that t completely into the memory of the graphicsd;aince the VBOs
it uses to draw the models are stored in graphics card merkorglly it needs a
global LOD selection, so even if parts of the model could belezed at a coarser
LOD, the LOD is the same for all parts. Therefore more poihemtnecessary
have to be processed.

2.2.4 Layered Point Clouds

Layered point clouds [GMO04] use a quite different data strecfor hierarchical
rendering compared to the two afore-mentioned algorithinstead of creating
new points which average the contributions of their chitdirethe hierarchy, no
new points have to be created for hierarchical renderings i§la consequence of
the data storage used by layered point clouds.

The input is a set of evenly sampled points which are surrediy a bound-
ing box. Then a subset of these points is extracted by a tieumethod, such
that the points in the resulting subset are again evenlyildised. This means
that the distance between two points of the subset is cloaa tiverage value.
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This average value will then be used in the rendering staggel§elow). The re-
maining points are divided in two groups at the midpoint @ lilngest axis of the
bounding box. The two groups are then recursively subdiyidatil only a few
points <M are left, in which case a leaf node is produced. This mearighiba
sum of all levels of this point cloud's hierarchy, startingtlae root node, repre-
sents the whole model at a certain level without producing medes. Each level
re nes the representation from the upper levels. Figur® 28Hows how different
point clouds contribute to the appearance of the nal moBel.each level in the
hierarchy, the mean distancebetween two neighbouring points is known, so
minimum distance between points for the projected poinadsocan be given as
a matching criterion. If the minimum distance is reachednttihe traversal of the
hierarchy stops and the model should be completed. The mmidistance also
serves as the splat size that will be rendered. As a secondmeiaving method,
the attributes of one sample are quantized, delta encodd&dhan compressed
with the free available LZO compression library. The pasitis quantized such
that the quantization error is inferior to half of the inpath#ling distance. This
results in 13 to 15 bit for each of the X, Y, and Z axis. The ndris@uantized
to 16 bits. Delta encoding is then applied, which means traifo given values,
not both values will be saved, but only the value of the rsepand then the dif-
ference to the next one is saved. This can be done for sewuas/ and it is done
as a sort of preprocessing for the nal step, the entropy éimgpwith the LZO
algorithm. This results in a sample size of 40 bits or lesschvls quite good, but
no color is saved, compared to the QSplat algorithm. Theopptdecoding can
be done in real-time with the LZO algorithm.

The hierarchical structure is split in two parts, namely agex tree and a
cloud repository. The index tree is used for traversing thecture. One node of
the index tree references its associated point cloud wit@ kiBindex. A node
contains information that is needed for traversal, that manding sphere, the
sample spacing, a cone of normals, and the index of the twdrehi The index
tree does not need very much memory, since each node refg®sgioints. M
is user de ned and can range from 1 to several millions, bistithhdependent on
the memory of the graphics hardware (see below). The cosgagoint clouds
are stored in a repository, which is accessed by the rerglatgorithm through
a data access layer. If a point cloud is needed for displ@yattess layer will
fetch it, and decompress it. Since the access layer masksctt@on of the repos-
itory, it can also be on a remote site. Through the use of the aecess layer,
models can be rendered that do not t as a whole in the memotlyeofendering
client. Another bene t of this data structure is that it sops a representation of
point clouds that is amenable to hardware accelerationsad¥iantage is that the
build up process needs uniformly sampled point clouds agtirfo actually only
postprocessed models can be used with this algorithm. Eumahguality of the

a
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rendered models cannot compete with high-quality rendealgorithms, as only
non anti-aliased point primitives are used for rendering.

2.2.5 XSplat

In XSplat [PSLO5] Pajarola et al. took the idea of the SPT algm [DVS03] one
step further, and developed a data structure that allowg$tm be stored not only
in graphics memory, but also in main memory and virtual mgmdrherefore
they use a block-based sequentialized multiresolutiorakéy. The input is a
level-of-detail (LOD) hierarchyH, where the original points are at the leaf cells,
and the interior nodes average the information of theirdchi. In this hierarchy
each node represents a surfel and stores several attrilbgteshe positionp,
color € normals, and bounding sphere radius For each node ammin and
anrmax value are calculated, which are the minimum and maximunaxcs to
the viewpoint for which the splat will be used. This is donmitar to [DVS03],
but Pajarola et al. use a simpler screen-space error metichvonly takes into
account the projected size of the bounding sphere. This snézat with XSplat it
is not possible to adjust the point size according to the looavature of the object
or to changes in the geometry, like surface edges. In theesiglized hierarchy
thermin andrmax values are used as a substitute to the hierarchical trdversa
This is possible because the two distances can be used ttedkaipoint should
be rendered without the knowledge if the parent cell or thielan cells will be
rendered as well. For each node also a layer iddexcalculated, which is the
length of the longest path from that node to a leaf node in tidrse below it.
The length is expressed in the number of nodes the path tewn$isAnd nally

a z-index is calculated for each node, which is a linear inolexhe leaf nodes
that can be generated by a proper traversal of the hierdtichyAn inner node
gets the z-index that is the smallest of one of its childrerFigure 2.11 a tree is
shown where the layer index and the z-index are already gtkerand each node
is assigned an index-pdik;; z;).

After all nodes in the hierarchy have the necessary inditeshierarchy is
sequentialized. The sequentialized hierar&is then sorted according to the
index pairs in lexicographical order, with decreasing tagdex and increasing z-
index. Figure 2.12 shows the sequentialized and orderedrbley of Figure 2.11.
The sorting according to the previously found indices causades which are
likely to be rendered at the same LOD to be close togetherimigrarchys.

This hierarchyS could be used for rendering models that t in the memory of
the graphics cards. To allow the rendering of larger modieéshierarchy is sub-
divided into blocks, as depicted in Figure 2.13. The numbéiacks is an order
of magnitude smaller [PSLO5] than the number of points withie hierarchy, and
therefore the list of blockB can be managed in main memory. Each blocBin
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Fig. 2.11: Hierarchical layer-based LOD classi cation for the noddse [BEaf nodes are
linear ordered in z-index.

Fig. 2.12: Final ordering of nodes in the sequentialized hiera&hy

Fig. 2.13: The hierarch is subdivided into blocks. Empty spaces in the blocks are
padded with NULL points.
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Fig. 2.14: Ordering of blocks in B with respect to the block's rmax valuessaiection
of range.

averages the attributes of the nodes contained within. &blerrendering from
the sequentialized representation, it also stores valogs andrmax, which are
calculated bymin = min( rmin;) andrmax = max(rmax;) from the nodes
contained in the block. The list of bloclg is then ordered by decreasingax
which can be seen in Figure 2.14.

The rendering in the XSplat algorithm is now as follows. Hoe turrent
viewpointv and a user-de ned screen-space error toleraneeblockB; is only
E’endered, if the blocksmin; < drBin andrmax; > dmax, wheredmin =

- (jm M+rg)anddmax =" (jp % ro). The valueg, andrg
are the position and bounding sphere radius of the blocktiwéhargest bounding
sphere ilB. An example is shown in Figure 2.14, where only some blockb®f
hierarchy are selected for rendering. The blocks can beechichthe memory of
the graphics card to increase the rendering performance.afifays ofS andB
are accessed with memory mapped les. The blocks can be ®tlappand out
of graphics card memory, depending on the coarse LOD bloektsen for the
current viewpoint. The ne-grain LOD selection of singleipts is accomplished
as described in [DVS03].

The XSplat system has the advantage that large models whidotdt into
the main memory of the computer can be rendered. For rergpdrepoints can
be cached on the graphics card, so hardware-acceleratddrirem is possible.
Nevertheless Pajarola et al. report only 1.2 FPS for rengeximodel consisting
of 14M points, which includes the out-of-core processinige @isadvantage of the
XSplat system are the requirements of the proposed datwteu The memory
requirements for models encoded with the XSplat algorithersanilar to models
encoded with the SPT algorithm, and both systems use addliyocreated points
to represent the inner nodes of the original point hierarchiyese additionally
created points prevent the systems to reach the maximum emailrendered
points per second that a graphics card is capable of, besanse inner points



Chapter 2. Previous Work 29

will always be culled by a vertex shader, but they have to begssed as well.

2.3 Summary

From the original idea of using points as rendering priregiyLW85], the further
development of point-rendering algorithms can be dividethio areas. In one
area the main focus is on rendering the point-based mod#idwgh visual qual-
ity. In the other area the main focus is on rendering as mamtgas possible
within a given time period. High-quality rendering needsrenmformation per
point and uses several rendering passes to create imagesfotie the number
of vertices per second is not as high as possible. Algoritdev&loped for the
fast rendering of points usually set the visual quality esidorder to be able to
render more points per second, which is advantageous &raictive applications.
But none of the algorithms is designed to get by with only madimformation
available at the points, i.e., the position without a norasdociated to it. With
minimal information per point the visual quality will not kes good as of any
of the aforementioned algorithms, but on the other handaiitlouds can be
rendered, even if only a position per point is available.



Chapter 3

Memory Optimized Sequential Point
Trees

The main contribution of this thesis is a new algorithm [WS@glich renders
point-based models as fast as possible. The vertices pend€vPS) that the
algorithm can render are close to the theoretical limit & g¢inaphics card (see
also Chapter 6). The data structures that were developedhdéoalgorithm are
used for two different purposes. The Memory Optimized SatakPoint Trees
(MOSPTSs) described in this chapter are used for holding tteah points the
model consists of, whereas the Nested Octree described ipt€h&is used to
organize the MOSPTs in a way that allows for out-of-core egimg) of a model.
A smaller point cloud that ts entirely in the memory of theaghics card can be
converted to a MOSPT, without using the Nested Octree streict

Both data structures were developed for rendering poindsdiat have only
minimal attributes. Such point clouds are typical for thépow of range scanners.
With only position and sometimes color available at a pcamhle, the presented
algorithm can be used for fast reviewing of the scans comirgcty from the
scanner without the need for postprocessing.

3.1 Motivation

A MOSPT is a new sequentialized hierarchy which is optimitmdusage in the
memory of the graphics card. The points and associatedscelithin the hi-
erarchy are stored in arrays in the memory of the graphiod, @ard therefore
the graphics processing unit (GPU) can access and prooassvéry fast dur-
ing rendering. A MOSPTuses only the points of the original point clquahd
it does not create any additional points for the inner nod&kis is much in
the sense of vertex clustering algorithms, as describedusbke [LE97] and
Rossignac [RB93], where one vertex is taken from the input cestio repre-
sent all vertices in a hierarchy node. A MOSPT only needs thstipns of
points to work properly, and there is no need for normals méntp This can
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Fig. 3.1: A binary MOSPT after all points have been inserted. Only leaéa@dntain
points. The leaf nodes at the maximum recursion level can contain more tegroo,
if leaf node strategy 3.a is used.

be of importance if the raw data from a range scan is used asritjeal point
cloud. Raw data from range scanners usually cannot provideraat for each
point. Instead the normals would have to be estimated in gppmess, which
is a time-consuming and especially error-prone procedUigng a MOSPT as
data structure, an ef cient LOD algorithm can be used whioksinot need any
additionally created points, and this is in contrast to matimer point-based LOD
algorithms [RLOO, PZvBGO00, DD04, DVS03], where one level ia thierarchy
represents the model at a certain LOD as a whole.

3.2 Build Up

necessary attribute for one point is the coordinate of tletp@ther attributes are
not necessary, but if a color is available, it can be used #s lvis not necessary
to provide a normal for each point, because the renderingyittign also works
without normals. The downside of not having normals is tleedidivanced lighting
or backface culling is possible.

The points are then inserted into an octree one after ancilhere are three
possibilities when a point reaches a leaf cell:

1. If the leaf cell is empty, the point is stored there.
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2. If there is already a point in the leaf cell, then the lea$pdit, and both
points are Itered down in the hierarchy. The leaf node scdoees an inner
node.

3. If the leaf node is at the maximum recursion level for therdichy and
already contains a point, then there are two differentesgias:

(a) Addthe point to the node.

(b) Rejectthe new point and write it to disc in the proper rejection le,
because it does not add any new information.

The leaf node strategy 3.a is used either if only one MOSPTTheibuilt up,
or if a Nested Octree will be built up, and the number of poistselow a certain
threshold (see Chapter 4.2).

After inserting the points in the octree, only leaf noded fld points. In a
second phase, a bottom-up strategy is used to choose a poait nner nodes
that were created during inserting the points. For thishdeaf node chooses a
representative. Different criteria could be used here,@ediecided to choose
the point which has the least distance to the averaged cblibieqgooints in the
leaf node. The distance between colors is calculated byrauiar which takes
into account the perceptual color distance [Com06]. Theesgntative is then
pulled up the hierarchy, and put into the parent node. Theguhare is repeated
recursively, until the root node of the MOSPT gets a pointifjure 3.2 a MOSPT
with 4 levels is shown. Note that not all inner nodes hold i his is a result
of the LOD mechanism used by the MOSPT, where each LOD is ddedrfrom
the points of a level in the hierarchy together with all psititat reside in levels
above the chosen level. Each additionally rendered leveésethe geometry of
the levels above it.

Figure 3.3 shows how the different LOD levels look when ugimgMOSPT
of Figure 3.2. At LOD level O the hole MOSPT is represented bly @ne point.
At LOD level 1 the one point of LOD level 0 is used to represéstleft part of the
MOSPT and the only one point stored at level 1 in the hierafsbg Figure 3.2)
is used for the right part. At level 2 already 4 points are et represent the
whole MOSPT, but again the points from the upper two leveldeathil can be
used to represent parts of the LOD. At level 3 nally all pairitom the original
hierarchy (see Figure 3.1) are used. At any LOD only the pawfithe original
hierarchy are used.

The LOD algorithm of the MOSPT relies on the fact tladitpoints that are
within the bounding box of a node in the hierarchy are projdcte the same
pixel on screen if the node appears as large as or smaller thpixel on screen
Utilizing this property, it does not matter which point toodse, e.g., for the root
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Fig. 3.2: In the second phase a bottom-up algorithm is used that pulls ugpresen-
tative of the children to the parent nodes. The numbers beside the dndieate the
iteration step at which the pull-up occurs.

node of the MOSPT. Any point in the hierarchy can be chosetheswould all
be projected to that same pixel.

This is convenient for the build up of the LOD hierarchy, lh#lso means that
aliasing will occur at the higher levels of detail, due to ershmpling of the point
cloud. For better results the color contributions of thengoshould be Itered
some way to avoid aliasing.

3.3 LOD selection

The points which represent a level of detail in a MOSPT arerabted from all
levels above a certain level in the hierarchy. This levehigsen by a screen space
error metric. For this, each node in the MOSPT is associatddam errore, and
we choosee to be the bounding sphere diameteof the node. When a node is
projected to screen, the error becomees. The valuer is the distance from the
camera position to the vertex of the object's bounding bat th closest to the
camera (see Figure 3.4). This is the same bounding box dsgoobt node of the
MOSPT.

Let be the error threshold which should not be exceeded by the, 163D,
1 pixel. This means that the projected length of the boundpigere diameter of
the appropriate LOD should not exceed the size of 1 pixel ogesc The test for
nding the appropriate LOD can then be writtenessr <

The bounding sphere diameters for the levels in the hieyaaoh stored in an
array, sorted by level number in the hierarchy, beginninthwhe highest level.
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Fig. 3.3: The points of the MOSPT that are used for the different levalgtil.

Fig. 3.4: The value of measures the distance between the camera and the bounding box
of the object.
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Attribute | size
positionp | 12 bytes
colorc 4 bytes

Tab. 3.1: Attributes of a point in the MOSPT data structure.

For each level the diameter is projected to screen spachdarurrent value of,
and it is calculated how many pixels the diameter takes aaescIThe appropriate
LOD is then found by simply comparing the projected dianeeterthe threshold

, beginning at the highest level in the hierarchy. The rselevheree=r < can
then be used for rendering.

3.4 Memory Requirements

A point must store only its position and color. The boundipdpere radii for
the different levels are stored outside the MOSPT. Theeetbe MOSPT data
structure uses only 16 bytes per point (see Table 3.1). Becddesbounding
sphere radii are not stored with the points, the whole MOS&T use only one
LOD at a time. This means that more points than necessarendered. Since
a model usually has some extent, not all areas in a model hav&ime distance
to the viewpoint. Some areas could be rendered at a coarserit. ey are
further away from the viewpoint, but when only one LOD can kedy they will
be rendered at a LOD that is too ne for their distance to trexwgoint.

3.5 Sequentialization

The hierarchy described so far can be processed by the CPfdy fast rendering
it is preferable to store the geometry on the graphics caod ttts the hierarchy
has to be transformed into a representation that can be ggeddy the GPU.
Similar to the SPT data structure [DVS03], the hierarchyepuentialized into an
array, with the root node being at the rst position. The saugjialization can be
achieved with a simple level order traversal of the hierartinthe resulting array
the points are already sorted by decreasing recursion, lemdlall points of one
level are within a continuous block. In Figure 3.5 the hiehgrof Figure 3.2 is
represented in the sequentialized form. The sorting bysdeing recursion level
is an optimization that allows the selection of the appmteriLOD by simply
rendering a pre x of the array. The optimized speed of the &aresult of this
selection, not because of the culling of unnecessary esrticthe vertex shader.
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Fig. 3.5: The MOSPT of Figure 3.2 in the sequentialized representation.agbrléOD
only a pre x of the array has to be rendered. The upper levels of thaiiey are also
used for the lower levels of detalil.

3.6 Rendering
The rendering of a MOSPT requires three steps:

1. Find the rst hierarchy level at whicle=r < . This is the level which
represents the appropriate LOD together with all levelvaliin the hier-
archy. The viewing distanaeis measured at the position of the model that
is closest to the camera, e.g., at the closest vertex of theddeg box of
the model.

2. Get the number of poinisthat have to be rendered for this level. This is
then the index into the array where the sequentialized tulkyas stored.

3. Instruct the GPU to render the rspoints of the MOSPT.

For rendering no vertex program is needed to process theaspairthe MO-
SPT, but it could be useful to implement a simple point sizeratation vertex
program for view distance dependent point sizes. Thergsetkise OpenGL com-
mand glPointParameters which can be used to attenuate the point sizes
according to the view distance, but this command slows d@ndering speed by
some 30%.

3.7 Comparison MOSPT with SPT

The MOSPT data structure is developed starting from the S&f@ dtruc-
ture [DVS03]. An SPT is a sequentialized hierarchy (see GirghP.3), which
uses the inner nodes in the hierarchy for a level of detaill). @presentation of
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the model. With this it is possible to render the model witlvée points if the
viewpoint of the user is in some distance to the model. Thiates of one inner
node of the hierarchy are the averaged values of the agshaftthe children of
the inner node. This means that an SPT does not only contaipdimts of the
original model in the leaf nodes, but it also contains addaily created points
in the inner nodes. These additionally created points habe fprocessed during
rendering, even if some of them are culled by a vertex sh&tethe number of
processed points always exceeds the number of renderets pdien using the
SPT data structure. The overhead of the SPT data structarbecdescribed as
a combination of a structural overhe@d and a memory overhedd,, per leaf
node. The structural overhe&i can be computed as [DD04]

1 .
1

and is dependent on the average branching factof the inner nodes. The
branching factor of an inner node refers to the number oflodil that the inner
node has. If a plane is sampled with a range scanner and this jpoe then sorted
into an octree, the branching factor will be approximatelyrAerefore a plane in
the SPT data structure has a structural overtl@&adf 33%. A higher branching
factor is better, because it results in less inner nodesreslisea lower branching
factor results in more inner nodes. For long range scansrdneching factor is
around 3, which results in &g of 50%.

Each point has to store additional attributes that are rieddeng rendering
the sequentialized hierarchy. These attributes can begtitai as memory over-
head, as they are not necessary for rendering the point, whgmot inserted
into a hierarchy. Table 3.2 shows the attributes of the gamthe sequentialized
hierarchy of an SPT. The bounding sphere radibas to be stored at every point,
although the nodes at one level all have the same boundirgespadius. This
is necessary because a node in the sequentialized hietrzasno information at
which level it resides. Alternatively an index to an arrayoofuinding sphere radii
could be used as attribute, and the bounding sphere radpaased as uniform
variables to the vertex shader.

The bounding sphere radius together with the split- and endigtance ac-
count to an 12 bytes increase in memory for each point, wisch5p6 of the
memory of the original attributes and shall be called the wwsmoverhead,, of
a point. Together with the structural overhead, the totarlogadO of the SPT
structure can be calculated. Lt be the memory requirements without any over-
head, leM o be the memory requirements including the total overheadi|etN
be the number of the original points in the model. Then K @int with Color
equals 16 bytes, the structural overh€ads 50%, and the memory overhe@y,
is 75%, so

Os
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Attribute size
positionp 12 bytes
colorc 4 bytes
bounding sphere radius | 4 bytes
split distancemin 4 bytes
merge distancemax 4 bytes

Tab. 3.2: Attributes of a point in the SPT data structure.

M = N Point with Color;

Mo=(N+ N Og) (Pointwith Color + Point with Color Oy,);

o=Mo M _ 16250
M

which indicates that the memory requirements of an SPT are than double
the memory requirements of the original point cloud! The MOSlata structure
is able to avoid the structural overhead as well as the memaeyhead, while
still providing an ef cient LOD selection. The SPT data stture needs the addi-
tionally created points for the inner nodes, to render thelehat a coarser level
of detail. The MOSPT data structure only uses the points efatginal point
cloud and can avoid the additionally created points. Tloeeeit can render the
same model with more FPS. In Figure 3.6 the SPT hierarchyowishhat results
from the hierarchy created in 3.1. Compared to the MOSPT tulyashown in
Figure 3.2, the SPT hierarchy has to create additionallgtpdor the inner nodes.

The error metric for a MOSPT is the projected size of the bngndphere di-
ameter in screen space. The test for the appropriate LODnsltihe level in the
hierarchy wheree=r < with r being the distance of the model to the viewpoint,
e being the error associated with the node, aring the error threshold. This
error metric can only be evaluated on the CPU. To be able taatathis error
metric on the GPU, the test could be rewritten by de ningx = e=, and then
assigning each level in the hierarchy a distangg at which it should be ren-
dered rst. The test for the appropriate LOD would then neechtl the last level
in the hierarchy where > r 5« and render it. Additionally a value,, has to
be de ned, which is the distance at which a level in the hignguis rendered last,
given the case that the viewpoint is approaching the modeldtso Chapter 2.2.3
and [DVSO03]). This conversion is only necessary if the LOBeagected for each
point by a vertex shader [DVSO03], it is not necessary whengusiOSPTs. A
MOSPT renders only one LOD, and there is no LOD selectioneaptints.



Chapter 3. Memory Optimized Sequential Point Trees 39

Fig. 3.6: The SPT that results from the hierarchy created in 3.1. The poittie inner
nodes average the information of their children.

The SPT actually uses a more sophisticated error metridribatto estimate
the correct splat size depending on the local curvature eihtbdel, as well as
on how well a splat covers its children. This is possible beeahey assume a
normaln for each point (see also 2.2.3). The error metric they usdtsas values
for rmin andr ok that are varying even for nodes at the same hierarchy level.

In an SPT the LOD is really chosen at each node, i.e., regilmseicto the
viewpoint will be rendered at a ner LOD as regions furtheragw This is pos-
sible, because the bounding sphere radius of each nodeesl stbthe node (see
Table 3.2). But there is no advantage to this behaviour, secthe number of
points that have to be processed remains the same. The hadiésve to be pro-
cessed by the GPU are selected by the CPU, and for the regitierfaway from
the viewpoint also the points for the ner levels of detaiéarthosen, even if they
are later culled by the vertex program. In Figure 3.7 thepaft shows the cut
through the hierarchy, where thes in a fuzzy zone betweanin(r) andmax(r),
wheremin(r) is the viewing distance to the part of the model that is clbses
the viewpoint. In contrast, for a MOSPT the LOD is chosen anige, and it is
determined for the part of the model that is closest to the/pa@nt (see 3.4), so
r = constin the right part of Figure 3.7. The model is then renderedgisinly
one LOD.

The rendering of the SPT is also different than the rendesirthe MOSPT.
Both data structures store their sequentialized hieranctgniarray. Within the
sequentialized SPT hierarchy, the points are sorted by.thevalue, within the
sequentialized MOSPT hierarchy, the points are sorted é¥idrarchy level. In
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Fig. 3.7: Left: Inan SPT, = const selects different levels of the hierarchy. Furthermore,
nodes above and belowneed to be culled. Right: In an MOSPIT,= const selects
exactly one level in a hierarchy from an MOSPT due to the screen splatreetric.

Figure 3.8 the difference can be seen for the viewpoimtat25. The MOSPT
only selects points from the original point cloud and alsalers all of the selected
points, while the SPT has to select and process the addlfiane@ated points from
the upper levels of detail. They are then culled by a vertegam. The MOSPT
in contrast does not need a vertex program. Both data stegctannot use view
frustum culling, so for viewpoints in the center of the modkpoints of the data
structures have to be rendered. In the case of the SPT, #dentohber of points
is larger than the number of original points, and therefbie rendering of the
SPT is even slower than rendering all original points in asanted VBO, if the
viewpoint is in the center of the model.

Note that the SPT in Figure 3.8 is built up using a differembemetric as
described by Dachsbacher et al. in [DVS03]. The SPT in Fi§uBaises an error
metric where only the projected size of the bounding sphemmeter is used to
determine the values fog,, andr,a. The result of this error metric is that all
nodes of one hierarchy level have the same valuesfgprandr pax .

The levels of detail for the SPT average the information frive children,
therefore the colors in the coarser levels of detail arelamo a low pass Itered
image of the model. The MOSPT shows more aliasing, and thigiésto the
undersampling of the model for the coarser levels of desa (Figure 6.5).

3.8 Summary

The MOSPT data structure is based on the SPT data struciteesto retain the
speed of the SPT algorithm while reducing its memory reaquénets. A MOSPT
uses only the points of the original model, and only needddeghe position
and color of each point, which cuts the memory requiremeytsibre than 50%
compared to an SPT. A MOSPT provides an ef cient LOD algontrand does
not require the models to have a normal at each point. It usespler error
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Fig. 3.8: The left side shows the MOSPT resulting from the hierarchy irtt3Ijght side
shows the SPT resulting from the same hierarchy. The SPT has to pnogesgoints for

the camera distance at= 25, but the number of rendered points is the same as with the
MOSPT.

metric than the SPT algorithm, so only one LOD can be choseth®whole

model. Finally the hierarchy is sequentialized and can beedtin the graphics
card memory, where it can be directly accessed by the GPUagtrréndering.
The selection of the appropriate LOD is done on the CPU, whashlme done
fast. The MOSPT does not allow for view-frustum culling. ®iee of a MOSPT
is limited to the memory of the graphics card. For this, sexdllOSPTs can be
embedded into an outer hierarchy, e.g., a Nested Octre€(sgater 4).



Chapter 4

Nested Octree

Point clouds of large objects can consist of several 100dilboints, and for such
huge point clouds special data structures are necessag,thiey usually do not t
in the memory of a computer. For rendering such huge modelksf, @ent out-of-
core strategy has to be used, where only the part of the mddehvis currently
visible is loaded into memory. It is also preferable to nd atal structure that
allows for using the hardware acceleration of current giegpbards. This is not
possible if just a simple octree with a single point per nadesed. The traversal
of the octree does not allow for an appropriate usage of taphycs API. With
the hardware-accelerated pipeline, it is preferable taldia model into blocks
that can be stored in the memory of the graphics card, so thay wertices are
passed to the GPU in one call. It is not so important that thel @fécesses only
vertices that are actually rendered. If the selection ofdréices is good enough,
processing more points than necessary is faster than gsaticting only visible
points for rendering. This problem is similar to renderiagge triangle meshes
at different levels of detail. GeoMipMaps introduced by deBfBO0O] use a
quadtree to divide a triangle mesh into blocks, and suocgelgsie ne the blocks
depending on the distance to the viewpoint. Geometry clgsmatroduced by
Losasso and Hoppe [LHO4] center the levels of detail abauvidwer, use nested
regular grids for the levels of detail, and allow for comies and synthesis of
the terrain. Although these two algorithms do not containairof-core part, they
take advantage of the hardware-accelerated renderinfinape

For the rendering system presented in this thesis, the tl€xiFee data struc-
ture is used to divide huge point-based models into smadidgspwhich can then
be rendered using the hardware-accelerated renderintngipe

4.1 Motivation

The Nested Octree is a new data structure, that allows terenddels that do not
t entirely in the memory of the graphics card. It consistsanf outer hierarchy
where at each node a MOSPT is stored. The outer hierarchyostege, and a
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Fig. 4.1: In the one-dimensional case a nested bintree is created. Théimmnees have
a depth of 3. The outer bintree could have more levels as well.

MOSPT is the sequentialized version of an octree (see Chapterhich leads
to an interesting distribution of points in space, as eachSRD has cells that
overlap with the cells of other MOSPTs. This can be seen inur€id.2, where
the leaf nodes of the red MOSPT share the same space as theodsst of the
other four MOSPTSs. If all nodes would have bounding boxean tthe leftmost
leaf node of the red MOSPT, the root node of the green MOSRiTttanleftmost
node of the second level of the Nested Octree would all havsame bounding
box, because they share the same cell in space.

The MOSPTs in a Nested Octree all have the same number o ldvetl 5
be the maximum number of levels per MOSPT, then the maximumbeu of
points that a cell in space can be associated with, is sitggly This can be seen
in Figure 4.1, wheré,.x = 3. In the third level, called level 2, there are 3 nodes
at each cell in space, and the MOSPT of the Nested Octregsnomte ends at
this level. A new MOSPT can only be created at the next lewethe maximum
number of nodes that share a cell in space cannot increasaaey

In a Nested Octree each point of a cell in space is part of andtOSPT.
This can be used for an effective LOD algorithm, becausendurendering each
added MOSPT of a lower level causes a re nement in the gegmeélre Nested
Octree also allows for view-frustum culling and out-of-eoendering, which is
not possible if the points are stored only in a MOSPT. It wdadgossible to store
all points in an octree, and convert only the lower levelshef octree to SPTs or
MOSPTs. The problem with this approach is that the uppeldevkethe octree
also hold a lot of points. They would either have to be vieustum culled one
by one with inappropriate usage of the graphics API, or staneanother data
structure. The Nested Octree with MOSPTs included provédisly integrated
solution, from build up to rendering, where the coarsest agdt levels of detall
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Fig. 4.2: In the two-dimensional case a nested quadtree is created. Enajimadtrees
have a depth of 2. In the bottom row the left square shows all availabléspdihe other
squares show the points used at the different levels.

are all stored in the same data structure. This is similahéoltayered Point
Clouds [GMO04], but the build up process for the Nested Octsegimpler and
does not rely on a uniform sampling density.

In Figure 4.1 a nested bintree is shown. Each node of the buteee holds
an inner bintree, which in turn holds the actual points. Téks®f bintrees that
start at different levels share the same space when thebsmaverlap. The inner
bintrees have a depth of 3, whereas the outer bintree coutdrtenued as well.
Figure 4.2 shows the two-dimensional case with a nestedtepgad The inner
quadtrees have a depth of 2.

4.2 Build Up

The input for a Nested Octree is a set of points, which do netlraay attributes,
especially they do not need normals. A color value for eachtp® preferable, or
else the shape of the model will not be easily visible. Thesirgmint set is rst
processed to determine the bounding box of the model. Theddog box is then
in ated to a cube, which is then also used for the root nodehefduter octree.
The set of input points may be distributed over several &g,, the output les of
a range scanner, and can then be composed during build ugolits are sorted
into the inner octrees, which later become the MOSPTSs. Thebeu of maximum
levelslhax should not be too small, as this would result in too many lesdisc,
andlnax should not be too large, as this would cause the view frustulfimg to
become less ef cient, because the nodes on the edges of élefrastum will
always render all points in it.
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Then the root node of the outer octree is created with thediogrbox found
earlier, and starting with the root node, the following altfon is performed until
all points are sorted into the nested octree.

1. Create an empty MOSPT for the current node.
2. Setthe MOSPT leaf-node strategyrégect (see Chapter 3.2).

3. Create a rejection le for each child node of the currentenadthe outer
octree, using a unique identi er (see below).

4. Process the input le for this node, and write each reggi@int into one of
the 8 rejection les.

5. Delete the input le.
6. Setthe MOSPT leaf-node strategyaiid

7. Check for each rejection |&; of the current node if the number of points
in f; is below a certain threshold. ff is that small, process the rejection
le f; and add all points to the current MOSPT.

8. Pull up the representatives in the MOSPT. After the pulisupished, the
creation of this inner MOSPT is completed (see Chapter 3.2).

9. Write the current MOSPT to disc.

10. Create a new child of the current node in a recursive tsaleaind check if
a rejection le exists for that child. If yes, make the childde the current
node and start another pass of this algorithm.

The unique identi er for each rejection le is created by eding the path
which is needed to reach the node the rejection le is assediwith, from the
root node of the outer octree. The children of each node irother octree are
identi ed with the numberdl.::: 8, and the root node of the outer octree has the
identi er r. Examples for such encoded paths0&84andr 342 The identi ers
are used as the lenames of the rejection les, so it is easyheck if a rejection
le for the current node exists.

The MOSPTSs are written to disc in such a format that they castigamed
directly to the graphics card memory and used by the GPU whkeded for ren-
dering (see Chapter 4.4).

After all points have been inserted into MOSPTSs, the outéreeds written
to disc as one le. The outer octree is small enough that itlwameld in main
memory during the whole build up process. When using an caboé build up
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algorithm, the number of disc accesses should be kept asdgeossible. The
described build up algorithm has a theoreti©glog n) time complexity, but this
can be alleviated by holding some levels of the inner octie@semory. If then
a point is rejected by a MOSPT, it is possible to try to somibithe MOSPT of
the next hierarchy level. The rejection les are only needethose levels where
the MOSPTSs for the following level are not held in memory.e&fall points have
been sorted into the MOSPTSs that are held in memory, a rejeds is opened,
and new MOSPTs for the necessary levels are created in meivittythe 1GB
machine that we used for testing, we were able to hold 3 coisedevels of
inner octrees in memory, which reduces the number of negedsaaccesses
also by a factor of 3.

4.3 LOD selection

The LOD selection is based on nding the “best” image at anyegitime. For
this we select the point clouds to render in a way similar tokhwuser and
Séquin [FS93], where the geometry at different levels ohitles associated
with a benet and a cost value, and the LODs are selected dowpito their
Benefit=Cost ratio. The bene tis dependent on qualitative and quarniggfac-
tors, e.g., the size of the object, or the position of the dlijethe scene. Then the
cost of rendering the geometry at the different levels chiflet evaluated, and the
geometry will be rendered at a LOD where the bene t is maxediand the cost
does not surpass a user de ned threshold.

In our system the cost for all point clouds is assumed to bedhee, as we do
not use different rendering algorithms at different lewalsletail. The bene t of
rendering a point cloud is used to sort the point clouds withe traversal queue.
The traversal queue is a priority queue, and the rst entryhef queue will be
rendered rst. The calculation of the bene t value is debed below.

Let frei be the center of the cell, 1§iewpoine b€ the position of the viewpoint,
and let¥e = frel  iewpoint D€ the vector of the viewpoint to the center of the
cell. The bene t is dependent on the angldetween the view vecter and+e,
and the projected sizeof the cell on the screen.

= arccos(M):
IYcenl] ] V)

The projected size has to be a monotone function. This is important for cells
which are partly behind the near plane of the view frustunt zZ:gpiane be the
z-distance of the near plane to the viewpoint in eye cootdsdets be the size of
the cell on the near plane , and tebe the smallest z-value of a vertex of the cell's
bounding box in eye space. Then if a cell holding a point clsucbmpletely in
front of the near plane,
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s= s=r
If a cell is partly behind the near plane ther r  Zearplane » and
S=s F
The bene t of a cell is then calculated as
Benefit = d :

This bene tis used to re ne the LOD for cells in the center bétscreen rst.
This is supposed to be the region the user looks at most oirttee $0 it is better
to re ne the cells there rst. The bene tis calculated andr&d at a cell before it
is put into the traversal queue. The higher the bene t, thibezat will be popped
from the traversal queue and put into the rendering queue.

It is possible to select the cells in this quite arbitraryesrbdecause the Nested
Octree algorithm has random access to the point cloudsdstorgéhe harddisk.
For this we rely on the fast access to les, which is providgdhimndern lesys-
tems, e.g., the NTFS lesystem uses B-Trees to index the tekige directo-
ries [Mic03]. Each point cloud is stored in a separate leg(Section 4.2) and
loaded into memory as decided by the LOD selection algoritomd the les are
not memory mapped. Apart from the root node, which is alweystrsed rst, the
traversal of the Nested Octree is only based on the LOD setegt the currently
available nodes in the traversal queue.

4.4 Rendering

For rendering the Nested Octree, the outer octree is tradergth the help of a
traversal queueThe outer octree is small and can be kept in memory at all.time
Within the traversal queue the nodes are sorted by their b@se Chaper 4.3).
The traversal always starts at the root node. For the cuneté that is being
processed, the following steps are performed:

1. Check if the node is inside the view frustum. If not, skip tiogle.

2. Check if the projected size of a cell in the lowest level e MHOSPT that is
associated with the node is above a certain threshold. )iskqi the node.
This can be done because only the lowest level of a MOSPT sethe
geometry of the upper levels (see Figure 4.1). So it is ptessibomit the
rendering of point clouds whose points would appear too lsomakcreen
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and not contribute to the appearance of the model. The thictslan be
set by the user, and usually is 1 pixel or 2 pixels. The thriesineans the
length of one side of the splat that will be rasterized on treen when
rendering a point.

3. Calculate the bene t of the node according to Chapter 4.3.

4. Put the node into the traversal queue.

Within the traversal queue the node will then be ranked atiogrto its pri-
ority, and eventually be popped from the traversal queuduidher processing.
After leaving the traversal queue, the setup calculatiensdéndering are per-
formed, and the node is nally put into thendering queugwhich is a simple
FIFO queue:

1. Check if the MOSPT associated with the current outer octogke is avail-
able in graphics card memory. If not, request the MOSPT frask, dlo not
render the node in the current frame, and continue with tkemae in the
traversal queue.

2. Calculate the level down to which the MOSPT has to be rendelepend-
ing on the view distance.

3. Put the node into the rendering queue.

The rendering queue is necessary because the calculattbe splat size is
dependent on the children of each node. If no children of &natl be rendered,
than the splat size calculated for that node will be used. fRiniidren of the node
are also rendered, than the splat size of the child that fsedbtvest level will be
used. In Figure 4.3 an outer octree is shown. The splat sire fhe leaf nodes
is pulled up to the nodes in the higher levels. The root nodleeis rendered with
the splat size from the node, that is furthest down the hebgar The splat size
is described as the length and width of the splat in pixelsa Splat size of 2 is
rasterized witt2 2 pixels.

The splat size of the children will only be used if all childrehat are visible
from the current viewpoint will also be rendered. It can hepghat not all chil-
dren of a node are available, for example if a child is justiéx or if a child was
skipped because it would not contribute to the model. Sasfiththe case, then
the parent node has to render the points with its own splat siz

The user can select the number of pointguagef that will be rendered at
most. This can be coordinated with a target frame rate, doriteaactive naviga-
tion through the model is kept up at any time.
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Fig. 4.3: An outer octree, with the splat sizes that will be used for rengléhi@ points
of the associated MOSPTs. The splat sizes of the hierarchy levelsehatigthe view
distancer.

The requests for the nodes from disk are handled by a sephratal, so that
rendering can continue without waiting for the points todeded. The points are
then streamed directly to the graphics card. On the graglicka least recently
used (LRU) cache is used to determine the point clouds thabeasswapped to
main memory when a new point cloud is loaded. In main memoojter LRU
cache is held, and this LRU cache is managed by the secorafitineich also
loads the points from disk. So if a point cloud is requested, rst searched for
in the main memory, and if it is not available, it has to be kddom disk. The
effect of the LRU cache in main memory is that a point cloudchlis currently
not needed will only be deleted if graphics card memory andhnremory are
full.

4.5 Occlusion Culling

Instead of simply rendering all nodes that are in the rendegueue, it is possible
to add occlusion culling to the algorithm. With occlusionlitl, it is possible to
avoid rendering nodes that are hidden by nodes in front oh théh respect to the
current viewpoint. We implemented the occlusion cullingaaithm proposed by
Gobbetti and Marton [GMO04], which uses the hardware ocolugueries that are
available on modern graphics cards. The algorithm consistair steps, outlined
below:

1. Find a potentially visible set (PVS) of MOSPTSs. This is tiseial hierarchy
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traversal, but the point clouds are only stored at the rengeueue, and
not rendered yet. In the Nested Octree the MOSPTSs are stotbé puter
octree nodes.

2. Render all outer octree nodes of the PVS that were visibledrprevious
frame.

3. Issue an occlusion query for all outer octree nodes in Y&, lPegardless if
they were visible in the last frame or not.

4. Getthe result of the occlusion queries. If a visible ootgree node was not
already rendered, render it now. All visible outer octrede®ware marked,
so they can be identi ed in the next frame.

The algorithm uses four different queues to store the nodesglthe dif-
ferent stages of the algorithm. First the nodes are stordélenraversal queue
as described in Chapter 4.3. Then they are put into the remglgueue. When a
node is popped from the rendering queue, it is only rendéiedas visible in the
last frame. After this all nodes are put into a FlBeCclusion query start queue
When a node is popped from this queue, an occlusion queryusdssFinally
each node is stored in a FIFg2clusion query result queurom where the nodes
are then processed after the query results are available.

For the occlusion queries a node of the outer octree is appated by the
bounding box of that node. For bounding boxes that are cdeiglen front of
the viewplane, backface culling is activated. The occlusialling is effective for
large models which use out-of-core rendering, as the esulChapter 6 show.
For small models that completely t into the graphics cardnmoey, the latency
due to the occlusion queries is noticeable. The implemeatetusion culling
algorithm is the same as used in the Layered Point Cloudsrs){&&104], ex-
cept that with the Nested Octree an additional renderingigjie necessary (see
Chapter 4.4). The backface culling is an optimization to thgdred Point Clouds
occlusion culling algorithm and reduces the number of rastd pixels, but the
framerate did not increase due to this optimization.

4.6 Comparison Nested Octree with Layered Point
Clouds

The Layered Point Clouds algorithm described in [GMO04] issh fint-rendering
system. It is similar to the Nested Octree algorithm, as @&sus re nement of
points to display different levels of detail. One differenis that the points of
the input set for build up should be uniformly distributed the Layered Point
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Clouds, because this is important during rendering also. bihie up process
relies on the uniform distribution of points to select psimt a heuristic manner,
and during rendering the splat size is derived from the @e=distance between
points. The Nested Octree does not rely on a uniformly disted input set of
points, neither for build up, nor for rendering. The advgetaf one method or
the other is dependent on the use case.

As Pajarola et al. mention in [PSL0O5], the results for the Ld¥gbrithm were
acquired with models that completely t in main memory, as test machine
was equipped with 2GB memory, and all models could be storéuere, because
they were compressed. So the reported 40 million splatsgqoensl [GM04] were
actually measured for a model, that did not use the out-oé-part of the LPC
algorithm.

The LPC algorithm orders the point clouds so that point céotlnéht are close
by in space are also close by in the point cloud repository. d€gess, the le
holding the point cloud is memory mapped, and so the cohgrpaygs off. The
Nested Octree in contrast relies on the fast access to lesadern le systems,
and stores each point cloud in a separate le.

4.7 Comparison Nested Octree with XSplat

The XSplat algorithm described in [PSLO5] constructs a klbased sequential-
ized hierarchy which can be used for out-of-core renderimpe point clouds

stored at each block are rendered with the SPT [DVSO03] dlgari This is also

the biggest difference to the Nested Octree, as XSplat resditionally created

points to represent the different levels of detail. The mgnmequirements are
similar to the SPT algorithm [PSLO5], and therefore theltatamory require-

ments are more than doubled compared to the original pantalsee also Chap-
ter 3.7). The additional memory is used to render models &lsehquality than

it is possible with the Nested Octree, assuming models geotlhie necessary in-
formations.

Although the XSplat algorithm orders the point clouds difgly than the
LPC algorithm, the purpose of the ordering is also to stotiatpdouds that are
close by in space on disk in close by regions. For access, lthbolding the
point clouds is also memory mapped, and so the coherencyqgffayas already
mentioned before, the Nested Octree relies instead on theaess to les in
modern lesystems, and stores each point cloud in a sepadeate
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4.8 Summary

The Nested Octree is a data structure that consists of anlaaetarchy where at
each node an inner hierarchy is stored. The outer hieranctiyhee inner hierar-
chies all share the same space, and overlap each other. Aiitih is possible to

incrementally re ne the model for different levels of détalhe build up of the

Nested Octree has a time complexity which is belo@log n) and can use the
data les that are coming directly from a range scanner. Erglering includes
an out-of-core part, and it uses the hardware-acceleratetering pipeline. The
points used for rendering are stored in the memory of thehycagard. Occlusion
culling can be used to further speed up the rendering.
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Implementation of the System

In this chapter some implementation speci ¢ aspects of testédd Octree algo-
rithm are discussed. At rst the optimal memory layout fortex attributes is
described. We used OpenGL as graphics API, and the resgtg be speci c for
OpenGL. The second implementation speci c case is to do Afrestum culling
in clip space. The third one is the alignment of point clowmftm a large model
when the point clouds come from different scan positions.

5.1 Maximizing the Rendering Speed Using VBOs

A vertex buffer object (VBO) is used to store the vertices ofeargetric object
and their attributes in the memory of the graphics card. Astioeed above,
this is advantageous during rendering, because if thenrdton is needed, e.g.,
the coordinates of a vertex, the GPU has fast access to ith &t information
stored in graphics card memory, it does not have to be sentlowsystem bus (in
DirectX the VBOs are called vertex buffers). From the VBO eaeftex together
with its attributes is processed one by one by a vertex prograhe dif culty
is, however, to nd out how to store the vertices and theirilagtes so that the
graphics card driver and the hardware on the graphics cardazess them as fast
as possible. For this purpose we wrote a simple C# applicatleere we could
change the rendering parameters quickly. Figure 5.1 shiogvsger interface of
the application with the different options.

During the development of the MOSPT (see Chapter 3) datatstejave also
implemented the SPT [DVS03] algorithm, although with a dengrror metric.
Therefore we had to store at most 3 vertex attributes.

1. The position, in 3 oats, using 4 bytes per oat.
2. The color, in 4 bytes.

3. Atexture coordinate representing the minimum and maxirmdex to the
recursion level at which a point will be rendered, in 2 shotégers, using
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Fig. 5.1: A simple OpenGL application for testing different layouts of verticesemory.

Fig. 5.2: Each vertex attribute is stored in its own array.

Fig. 5.3: All vertex attributes are stored in one array interleaved, atdiffeoffsets.

Fig. 5.4: Position and color are stored in one array interleaved, and @estardinates
are stored in their own array.
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layout VPS
3 attribs. in different arrays (Figure 5.2) 103
3 attribs. in one interleaved array (Figure 5.3) 107
2 attribs. in one interleaved array, 1 attrib. in an extray(Figure 5.4) 116

Tab. 5.1: The results for the different memory layouts.

2 bytes per short integer. Note that the texture coordirsat®i used with
the MOSPT data structure.

The position and color together need 16 bytes, and if theitexdoordinates
are also used, then all attributes together need 20 bytes.difierent memory
layouts are shown in gures 5.2 to 5.4. Independent of the orgrtayout, there
is the possibility to store all arrays in one large VBO at d#fat offsets. This is
something different than an interleaved array, where tti#ates within an array
are stored at different offsets from the correspondingaxerysing only one VBO
for the different arrays has the advantage that the numb®B@is that have to
be bound during rendering is reduced. During developmeriaeed the situation
that we needed some 10,000 arrays with vertex attributesakof them were
stored in different VBOs. This nally resulted in a large CPUeokiead just for
binding the VBOs for rendering.

In the test program 5 Million points are rendered. They axddd into 5
VBOs, each containing 1 Million points. In the user interfaélce different mem-
ory layouts can be selected with buttons. The grid aroundiMeoints is only
rendered for better orientation, because it is possibledgenthrough the world.
In the tests we used a GeForce 6800GTO, which has a thedme@oamum of
116.67M processed vertices per second (VPS). This is becdashardware lim-
itation, as the hardware has a clock speed of 350MHz andresjBiclock cycles
to rasterize a primitive, according to a staff member of NMADThis limitation
also means that the maximum number of point primitives peorsé that can be
processed is the same as the maximum number of triangletpesper second.
In Table 5.1 the results from the tests are shown. Clearly tmony layout
from Figure 5.4 is the optimum, as points from it can be reedeat maximum
speed. The reason for this seems to be that the position aodattysibutes for
one vertex are together 16 bytes long, and that this alightoelt bytes can be
processed most ef ciently by the hardware. In this case evédnrd attribute can
be processed at no cost. Because of these results, in thefigbssible future
enhancements, we store the color and position of a vertéxeimemory layout
of Figure 5.4. We do not need the texture coordinates arrthyeanoment, but if
it becomes necessary, we could add one more attribute aboegsing cost.
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5.2 View-Frustum Culling in Clip Space

We evaluated different view-frustum culling algorithmgridg research. At rst
we implemented the point-rendering system of tkgrids [DD04] algorithm, and
used a view-frustum culling algorithm in clip space. Witle thgrids algorithm,
a complete hierarchy is stored in a compressed form, andddeaduring render-
ing. The coordinates of the cell's centers are not storechte snemory. With
this algorithm view-frustum culling in clip space is eadi®@do, because the cell's
centers are calculated incrementally in clip space. Thithatkof view-frustum
culling worked well also with other algorithms, so we had eason to exchange
it. In the current rendering system this is not a requiremieetause the coordi-
nates of the cell's centers do not have to be calculated insglace. They could
be stored at the cells of the Nested Octree as well.

In the rendering pipeline, the clip space is the coordingstesn that the ver-
tices reach after the projective transformation, but keefbe perspective division.
For view-frustum culling, an approximation of the cell issled, and we use the
axis-aligned bounding box (AABB) of an outer octree node (seap@r 4) for
this. We do not store the positions of the AABB vertices in tbdes, but instead
we store the displacement vectors to the corners of an AABEet éierarchy
level. For reconstructing an AABB on the vy, the center of artexuctree node
has to be available. The center of a node also does not hawe stoied at the
node, only the center of the root node has to be stored. bhstethe centers the
displacement vectors are stored at each level. By addingsptadement vectors
to the centers of the different levels during rendering, ¢aster of a node can
be reconstructed. In Figure 5.5 the right cube shows an@ctoele with its 8
children. The displacement vectors are used to reach therseof the children,
starting from the center of the parent node.

The sum of the displacement vectors to the centers and toAlBBA/ertices
is calculated in clip coordinates. Only the displacememtats have to be mul-
tiplied with the combined modelview-projection matrix,dathen the projected
displacement vectors are added. The center of the root rfdde outer octree is
the only center directly projected to clip space. For this mnultiplied with the

combined modelview-projection matrix, a 4x4 matrix,

0 1
Xc

0 X 1
Ve g % Ye g
= MVP
% Zc Zc
Wc 1

and for each level of the outer octree, the displacemenbreeire also pro-

jected to clip space, by multiplying them with the combinead®lview-projection
matrix,
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Fig. 5.5: On the left side the displacement vectors from the center of a ¢bk wenters
of its children are depicted. On the right side the displacement vectorstfi®eenter of
a cell to the vertices of the AABB are depicted.
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Note that the displacement vectors have a w-coordinate lmé€quse they do
not describe a position but a direction in homogeneous coates. Then for each
level the proper displacement vector is added to the alreattyilated center of
the parent cell, to nd the centers of the children in clip spawith

0 1 0 1 0 1
X Xc X4
Y, Ez Ye §+ v, g
Z: Zc Zy K
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The vertices of the AABB of a cell can be calculated similally,projecting
the displacement vectors from the center of a cell to thece=stof the AABB,
and then adding them to the center of the cell in clip coonesa Having the
vertices of the AABBs in clip space, view-frustum culling isn@oas described by
Bloomenthal and Rokne [BR93]. The test is for the maximum andmum X,
y, and w values of the AABB lying either completely outside side the view
frustum. There are 3 possible outcomes of the test:

1. If they are completely outside or behind the viewpoing, lode is invisible.
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2. If they are completely inside, the node and all of its al@iidnodes are
visible.

3. If the node is neither completely outside nor inside, tbdenis rendered,
and all children have to be checked against the view frustimel.

The test requires 10 comparisons at most. View-frustumnguih clip space
trades lower memory requirements for extra additions toutate the AABB ver-
tex positions on the .

5.3 Alignment of Point Clouds

When building up a point cloud that consists of several diiférscan positions,
the point clouds usually do not t together. One problem iattthere are er-
roneous points in the raw data of the scans, which do not geiothe model

at all (see Figure 6.7). Another problem is, that the poioudk overlap each
other, and the overlapping region should be kept small.dfaverlapping regions
are not trimmed, then too many points have to be renderetielpoint cloud is

scanned indoors, then the lighting of points too far awagnftbe scanner position
is wrong. In Figure 6.6 the scans were not trimmed, resultinglack spots all

over the model.

Because of this, we try to trim the raw data of the scanner alsasglossible,
by de ning an oriented bounding box (OBB) for each point clowdtbat the
model only uses points that actually contribute to the amgrez of the model.
There is no information about the bounding box containedhéraw data from
the scanner, therefore it is necessary to measure the extdrithe alignment of
the OBB directly within the point cloud. The information albdbe measured
OBB is then stored in a text le with each point cloud, and usadrty the build
up of the model.

Figure 5.7 shows an OBB and the possible parameters. Thevaignof an
OBB can be de ned in two different ways, either by giving théeotation of the
OBB in angles, or by giving the orientation as normals. Theyd® ned with the
keywords “OBB-ANGLES” and “OBB-NORMALS” in the point cloud lisgnd
after the keywords the parameters are given.

The parameters given with OBB-ANGLES are used to set up aootatatrix.
The x-value is used to nd the rotation matrix for the x-axise y- and z-value
are used to nd the rotation matrices for the y- and the z-eespectively. These
matrices are then multiplied, and rst the rotation matrax the x-axis is multi-
plied with the rotation matrix for the y-axis, then the reéssiimultiplied with the
rotation matrix for the z-axis. When using this method, theeoiof rotations has
to be respected.
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Fig. 5.6: At each scanner position the SOCS coordinate system is in adiffetentation
relative to the PRCS coordinate system.

Fig. 5.7: An oriented bounding box is used to cut out the useful partafvgoint cloud.
The OBB is de ned byh,, b,, andh,, which are the normalized vectors for the local
coordinate system of the OBB. Further by, hv, andhy,, which are the length of the
half-vectors of the OBB in direction of the base-vectors. And also by ¢émeec of the
OBB, relative to a superior coordinate system.
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OBB-ANGLES parameter Data
Center of the OBB 3 oats
Half-length for side u 1 oat
Half-length for side v 1 oat
Half-length for side w 1 oat
Angle to axis x of SOCS (PRCS) 1 oat
Angle to axis y of SOCS (PRCS) 1 oat
Angle to axis z of SOCS (PRCS) 1 oat

Tab. 5.2: The center and the angles a, b, and c are all relative to SGRCSjRoordinate
system (e.g., the center / angle as seen from the SOCS (PRCS) coosystata).

OBB-NORMALS parameter Data
Center of the OBB 3 oats
Half-length for side u 1 oat
Half-length for side v 1 oat
Half-length for side w 1 oat
Orientation of side u 3 oats
Orientation of side v 3 oats
Orientation of side w 3 oats

Tab. 5.3: The center and the normals u, v, and w are all relative to SORSS}Pco-
ordinate system (e.g., the center / orientation as seen from the SOCS )P&Zdnate
system).

The parameters given with OBB-NORMALS are also used to set ufaton
matrix. With the given vectors an orthonormal basis can beeatk which can
then be used as a rotation matrix. The vectors have to be ptama, i.e., when
they are written as columns in a 3x3 matrix, their determimanst not be 0.

Besides the orientation of the OBB, the coordinate system ictlwtiie OBB
is de ned has to be given as well. The possible values are “S@@SScanners
Own Coordinate System” and “PRCS” for “PRoject Coordinate Syst&0OCS
is the coordinate system in which the scanner delivers tivedata. PRCS is a
coordinate system which is de ned by the user, which is faregle an already
existing coordinate system at the scan site, e.g., a faciibrdinate system. The
connection between the PRCS and the SOCS coordinate systerpiéteden
Figure 5.6. At each scanner position the SOCS coordinatemsyistin a different
relative position to the PRCS coordinate system.

During build up the bounding boxes are applied to the poifis scan. If a
point is within its bounding box, then the coordinates ofplet are transformed
to the PRCS coordinate system.
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5.4 Summary

Implementation-speci ¢ issues can be dealt with in variays. The presented
solutions work for our implementation, and the memory layfou the fast ren-
dering of VBOs even seems to be the optimal solution. To nd@&Bs for all
point clouds is a quite time-consuming work, and it would beainly easier to
have a program where the alignment of the OBBs could be donallyisu



Chapter 6

Results

The results are divided in two parts. First the Nested Ocares the MOSPT
algorithms are compared to the SPT algorithm, with a pomi@ithat completely
ts in the memory of the graphics card, and second the perémee of the Nested
Octree with a huge point cloud is tested.

6.1 The Test System

For testing we used a Dell Pentium4 3.2GHz computer with Hippeading en-
abled, which had a NVIDIA GeForce 6800GTO with 256MB insdll The
GeForce has 5 vertex shaders, and a theoretical limit of6Z1@iillion trans-
formed primitives per second. This is because of a hardwanigation, as the
hardware has a clock speed of 350MHz and requires 3 cloclkesyol rasterize
a primitive, according to a staff member of NVIDIA. In the cpuater 2 Western
Digital Raptor drives were installed as RAID 0 array, each efdnves spinning
at 10.000 RPM. The OpenGL viewport has a size of 640x640 pixeless oth-
erwise noted.

6.2 Rendering a Small Point Cloud

At rst we implemented the SPT algorithm with a simpler erroetric than de-
scribed in [DVSO03], because we wanted to have a benchmarthéorendering
speed of our new algorithm. For the error metric we only ubeddrojected size
of the cell on the screen, due to the lack of normals for ourehddVe also used a
second benchmark, which was a point cloud rendered as a VB@ Roachmarks
do not use view-frustum culling. The model is a range scamftioe Stephans-
dom scanning project, consisting of 6,609,305 points. miosresampled and ts
completely into the memory of the graphics card. In tabletBel memory re-
quirements on the graphics card for the different algorglare shown. Note that
the SPT requires less memory than calculated in Capter 3i¢hvugdue to the
simpler error metric. With the simpler error metric it is m#cessary to store a
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Algorithm Memory Requirements on the Graphics Card in Bytes
VBO 105,748,880
SPT 200,414,120
MOSPT 105,748,880
Nested Octree 105,748,880

Tab. 6.1: The memory requirements for the different algorithms.

bounding volume at each node. The Nested Octree storeslonlyiIOSPTs on
the graphics card, so the memory requirements are the safoe the MOSPT
and VBO algorithms. The outer octree of the Nested Octreemnaledut 500KB
in main memory.

We compared the Nested Octree and the MOSPT to the two benksiraad
chose three different locations for the viewpoint to docaotribe behavior of the
algorithms in different situations. In Figure 6.1 the thvé@wvpoint positions rel-
ative to the model are drawn in the picture, together withvieging direction.
Figure 6.2 shows the model as seen from the different viewogjtions. Note
that the visual quality of all algorithms is essentially #ane. They all render the
model as seen in Figure 6.2. The only difference is that tretédieOctree requests
the parts of the point cloud one by one, whereas the VBO, SRIVEDSPT algo-
rithms store all points on the graphics card before rendel algorithms used
a constant point size of 1 for the tests. The difference inL@® algorithms is
shown in gures 6.3 to 6.5. The VBO algorithm always rendetpaints, so it is
the benchmark for the visual quality. The difference betwee Nested Octree
and the VBO rendered image is a bit larger than the differeet@den the SPT
and VBO rendered image, as can be seen in the difference imBgedest qual-
ity is achieved with the MOSPT algorithm, as can be seen idtffierence image
in Figure 6.5.

The Nested Octree uses undersampling to represent theediflevels of de-
tail. As can be seen in Table 6.3, the Nested Octree is abledose a coarser
LOD when the viewpoint is at the border of the model than theeoalgorithms,
so it renders the model with fewer points. This also meansibizall points of the
original model are available, and the appearance is onlyoappated. Therefore
the visual quality is a bit worse compared to the other atgors.

The SPT uses the averaged color of the original points tesemnt different
levels of detail. The SPT can also choose the LOD within theehoPoints that
are further away are rendered at a coarser LOD. The pointeeimiddle of the
screen are furthest away from the viewpoint, and exhibitesemor because they
are rendered at a coarser LOD than the other points in theain¥dge points not in
the middle of the screen are rendered at the nest LOD. Thianaehat original
points are rendered, so there is no difference in the VBO rexdenage.
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Fig. 6.1: The different viewpositions as seen from above. The moalists of 1 point
cloud.

The MOSPT uses the nest LOD for the viewpoint at the bordethefmodel.
The whole model is rendered at the same LOD, so all pointseobtlginal point
cloud are shown. Therefore the errors in the difference erag very small,
theoretically there should be no differences at all. But thdepin which the
points are rasterized is different to the VBO algorithm, s@ipossible that the
depth bufferis lled in a different order, and if some poim@ve the same distance
to the viewpoint, different points may be used to repredemsame pixel.

In Table 6.2 the resulting FPS are shown. The model storedervVBO al-
ready gives an interesting result, because the FPS vamguglh always the same
number of points is processed by the GPU. At the rst view posiall points are
visible and the model is rasterized quite small (see Figu2g 8o many pixels
have to be overdrawn during rendering. This slows down nenglebecause due
to overdraw many pixels in the depth buffer have then to usad-modify-write
cycle. Itis especially slow if a pixel modi es its value seaktimes during render-
ing a frame. When the viewpoint gets to the center of the madi@pst no pixel
has to be overdrawn, and therefore the peak FPS is reacheak gosition. The
SPT algorithm shows quite a different behavior. At the viewmpin the distance
the FPS reach their peak. Here the LOD algorithm of the SPksvef ciently.
For the viewpoints at the border and at the center, the FP8ffahnd eventually
become even lower than the FPS of the VBO algorithm. So an SHiE ahows
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Fig. 6.2: The model as seen from different viewpositions. In the left pdte viewpoint
is 300 meters from the center, in the middle picture 50 meters, and in the righiepticéu
viewpoint is at the center of the model.

Algorithm Distance| Border | Center
VBO 15 17 18
SPT 240 12 12
MOSPT 308 17 18
Nested Octree 722 49 122
Nested Octree with occlusion culling 428 44 100

Tab. 6.2: The Frames per Second for the different algorithms at differewpoint posi-
tions.

de ciencies if the user wants to walk through the model. ThH@$PT is the com-
bination of the VBO and SPT algorithm, and is always fasten ttee SPT and
never slower than the VBO. The Nested Octree is the algoritlitin tve highest
FPS at all positions, because it can use view-frustum gudimd a LOD selection
within the model. It gets even close to real-time perforneafwehere 60 FPS are
minimum). The Nested Octree was also tested with occlusidimg enabled,
and here the latency due to the occlusion queries is noleedthe latency is
especially high for the viewpoint positions at the distaand at the center.

Table 6.3 charts the number of processed points at the elffesiewing po-
sitions. Here the ef ciency of the different LOD algorithrean be seen, for ex-
ample between the MOSPT and SPT level-of-detail algorithhe MOSPT uses
only original points, whereas the SPT has to process additypcreated points
in addition, although some of them are culled by the verteedsh The VBO
algorithm always processes all points of the model, andeabtrder and center
positions it achieves even more FPS than the SPT algorithrtin [Bested Octree
algorithms use the same number of points to render the matiéth indicates
that the occlusion culling is not able to cull anything, €inbhe depth complexity
is too low for the viewpoints.
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Algorithm Distance Border Center
VBO 6,609,305/ 6,609,305 6,609,305
SPT 456,974/ 10,021,473 10,021,473
MOSPT 336,869| 6,609,305/ 6,609,305
Nested Octree 122,357| 2,335,790, 908,295
Nested Octree with occlusion culling 122,357 2,335,790, 908,295

Tab. 6.3: The number of rendered points for the different algorithmifateht viewpoint
positions.

Algorithm Distance| Border| Center
VBO 101M| 108M | 116.1M
SPT 109M | 116M | 116M
MOSPT 104M | 112M | 116.1M
Nested Octree 88M | 114M| 111M
Nested Octree with occlusion culling 52M | 102M 91M

Tab. 6.4: The vertices per second (VPS) for the different algorithrdgfatent viewpoint
positions. The VPS were measured with performance counters, avaifatile graphics
card.

In Table 6.4 the vertices per second (VPS) are charted. Timbers are read
from the performance counters on the GPU. Performance emuntake it possi-
ble to monitor and analyze the behavior of a physical composiech as the GPU.
Different performance counters exist, like the number ofiges processed each
second, or the number of pixels shaded per second. They caatevith a pro-
gram during rendering. For this we used the NVIDIA Develo@entrol Panel,
and an instrumented driver for the graphics card. This mélessy to compare
the performance of different algorithms.

The read numbers for the vertices per second are only ex#uinvad range
of 1%, but they give good indications of how ef ciently the GPU isad. The
maximum throughput is 116,67 MVPS, which is never achieveany test. The
VBO and the MOSPT algorithms are the fastest of all, with 118\APS, when
the viewpoint is at the center of the model. Here the SPT #lgarshows that
it uses the GPU very ef ciently with 116 MVPS. The Nested @etralgorithm
without occlusion culling shows similar results as the VB®,Tsand MOSPT
algorithms, only for the viewpoint position in the distartbe VPS fall off. This
is due to the small number of points that are selected by tlseleéOctree LOD
algorithm at this position. Here the rendering loop on the G$thie bottle neck.
When occlusion culling is enabled, the Nested Octree alyorpperforms quite
badly, because the latency for waiting on the occlusionygtesults restricts the
achievable VPS.



Chapter 6. Results 67

Fig. 6.3: Quality comparison of Nested Octree (left) and VBO (middle) réndeiThe
VBO represents the original model. The Nested Octree uses an LOD afgavitich is
able to select an LOD level for the model, so that the model is not rendetbd aest
resolution. There is a difference (right) between the VBO and Nested©otndered
images.

The Nested Octree algorithm without occlusion culling carubed for small
models that completely tin the graphics card memory. Itpmrforms the VBO,
SPT, and MOSPT algorithms by far at any position that wastesOnly for
viewpoint positions that are further away, the VPS fall aihgpared to the afore-
mentioned algorithms, but this is due to the effective LORaton of the Nested
Octree which renders only few points at this position. Whealsmodels are ren-
dered, it is not usefull to enable occlusion culling, beesall® depth complexity
of the model is too low, and so no points can be culled.

6.3 Rendering a Huge Point Cloud

The Nested Octree is a data structure tailored to the ragemés of rendering
huge point clouds with 100M points and more. The model we @zethis was a
scan of the Vienna Stephansdom, the largest cathedral m¥jexnd a landmark.
The Stephansdom was point sampled during a campaign thed lasveek. Scan-
ning was always performed at night, where no visitors wousdudb the work.
The range scanner used during the campaign belongs to the [LB¥¥n center
of competence, and the campaign was also planned and adgsbatpby TUW-
ILScan. TUW-ILScan is a group of scientists and instituteshe Vienna Uni-
versity of Technology that seeks to improve the Image LasanBing (ILScan)
technology and also to develop application-oriented im@listations for it. The
ILScan technology is developed by Riegl LMS, a company whiclipces range
scanners. They are also a cooperation partner of TUW-ILS@4th the ILScan
technology it is possible to colorize range scans from phta&en during scan-
ning (see Chapter 1.3.1). This is the technology that was fsestanning the
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Fig. 6.4: Quality comparison of SPT (left) and VBO (middle) rendering. TBOMWep-
resents the original model. The SPT uses an LOD algorithm that is efféctiie center
of the model. In the other areas, the model is rendered at the nest tiesollThere is a
difference (right) between the VBO and SPT rendered images.

Fig. 6.5: Quality comparison of MOSPT (left) and VBO (middle) renderinge T8O
represents the original model. The MOSPT uses an LOD algorithm, but thie wiodel
is rendered at the nest resolution. There is nearly no differencéatjrtlgetween the VBO
and SPT rendered images.
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Fig. 6.6: On the left side the model without trimming the scans. The points in thecksta
do not receive enough light, and appear very dark or even blackh®right side, the
size of the OBB relative to the raw data from a scan as seen from above.

Stephansdom.

For lighting the Stephansdom, spotlights were necessdrng causes an un-
even illumination at the different scan positions. The o#fect of the working at
night is that point samples in some distance received lgksthan the samples at
the scanner position, or none at all. Due to this, the coldh@point samples be-
comes darker the further away they are from the scannenguosithis is visible
in Figure 6.1, which is the result of one point scan. The ssactually done for
the piling directly above the scanner, so the useable p#neacan measures only
10x10 meters on the oor, and 25 meters in height. The reduftob removing
enough points can be seen in Figure 6.6, where the blackspmiake the model
look ugly.

For sampling the whole cathedral, more than 200 differeahser positions
were necessary, but in the model we actually used only 77musitions, because
this is enough to render a somewhat complete model of theh&tsplom. The
other scan positions could be used to re ne the geometry.pbivé clouds from
the different scan positions overlap, and so it is necegeamyt out the useful parts
of the point scans to achieve a somewhat uniform model whepaimt clouds of
different scanner positions are composed. In the raw datseadcans, there also
existed point samples in areas far off the actual model,mbeaeen in Figure 6.7.
These points are the result of measurement errors, causspeylar surfaces,
where the laser from the scanner is re ected. If the re ectiecurses over some
stations, the error becomes very large and results in alfjet"structure, as can
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Fig. 6.7: Points at weired positions in space. The Stephansdom wasedcom the
inside. These erroneous points have to be culled in a postprocessatsaraewhat clean
model. The cleanup process can be automated. The “jet” in the left imagkl dfeout,
and the “ ying windows” in the right image are undesired as well.

be seen in the left image of Figure 6.7.

To trim the point clouds, an oriented bounding box (OBB) is dedrfor each
point cloud as described in Chapter 5.3. The OBBs of neighbgrogt clouds
should overlap a bit, so that there is no gap between the ploatds. On average,
50% of the points in the scans can be removed. The measureitdre OBB
was done for each point cloud individually, as the diffeneoint scans differ with
respect to position and alignment relative to the scanned bay. The different
relative positions are a result of the interior design of $tephansdom, and the
case bays do not always have the same measurements. So iegessary to
measure all OBBs by hand. The trimming of the point clouds wes gerformed
during build up, so that an intermediate storage of the tapoint clouds was
not necessary. The complete build up of the model, whichlynabnsisted of
262M points, took about 2 hours and 30 minutes, which indutie initial step
of nding a bounding box for the model. The model needs 4.2@Rlisk for the
37,232 MOSPTSs, and 14MB for the outer octree.

In Figure 6.8 the complete model of the Stephansdom is shdwe. scans
were taken from inside the cathedral, so the arches can Ineasei¢ the roof is
missing. Figure 6.9 shows the model from the south-eastecorRigure 6.10
shows the Stephansdom from inside, after moving very fds¢ ilicremental re-
nement cannot keep up with the motion, and therefore a @B@D is rendered.
Due to missing points, the LOD is rendered with large spldtse geometry of
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Fig. 6.8: The Stephansdom as seen from above. All 77 scan positiensstre. At the
top is the main entrance, and at the bottom the Albertinian choir.

the interior design is nearly unrecognizable.

After 5 seconds the necessary point clouds are streamexhirifarddisk to the
graphics card memory. Figure 6.11 shows the same positiéigase 6.10 after
loading has completed. The minimum size for MOSPT leaf nquegected to
screen is 2 pixels. This resolution is very reasonable foringpquickly through
the model, and not waiting too long for the point clouds tadlo@fter waiting
another 16 seconds, or 21 seconds overall, the model is defum¢her, and the
minimum size for MOSPT leaf nodes projected to screen is thpixel. This is
the highest achievable visual quality, but it takes considly longer to load.

The reason for the long loading can be seen in gures 6.13 abdl. 6The
number of MOSPTSs that have to be loaded is way smaller for jeqgtexd cell size
of 2 pixels than for a projected cell size of 1 pixel. When usaniireshold of 2
pixels only 252 MOSPTs have to be loaded, whereas when usingeshold of
1 pixel, 559 MOSPTSs have to be loaded. In the gures, each MDiSBhown
with its bounding box. The magenta bounding boxes mean thtaalhchildren
of that outer octree node are rendered, although they acditise view frustum.
The reason they are not rendered is that the projected sthe ohild nodes is too
small, so they would not contribute to the appearance (sept@h&4). The more
saturated the magenta is, the more children are skippeenegd The number
of bounding boxes that are visible is the same, no matterafuson culling is
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Fig. 6.9: The Stephansdom from outside, looking from south-east to dtb-west.
Along the right border and below the Albertinian choir still some erroneaistg can
be seen, which were not cut by OBBs.

Fig. 6.10: The inside of the Stephansdom. After the user has moved &tthfaugh the
model, the interior design is rendered very blocky.
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Fig. 6.11: The inside of the Stephansdom rendered with a minimum projecesfbsihe
MOSPT leaf nodes of 2 pixels. This is a very reasonable compromise breteeeering
speed and visual quality.

Fig. 6.12: The inside of the Stephansdom rendered with a minimum projectefbsthe
MOSPT leaf nodes of 1 pixel. This is the highest available visual quality.
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Fig. 6.13: Only relative few and large bounding boxes are visible, apaiely 208.
Almost all bounding boxes are in some shade of magenta, indicating thdt doiidren

nodes of these cells are rendered, because the projected sizes dafthedes of the
children are too small.

enabled or not. Occlusion culling uses the bounding boxelseohodes to check
if an MOSPT is occluded, so hidden bounding boxes will notiséle anyway.

In Table 6.5 the number of rendered cells and points are ethavthen us-
ing different minimum projected sizes for the MOSPT leaf @dThe maximum
number of points that were allowed to be rendered was 12M,1& were al-
lowed to be loaded to graphics card memory. In the rst rovg timit is almost
reached. The loading was complete, because no better apyatmn to the nal
image was found with the available amount of points. Whenusich culling
was enabled, the number of rendered points is about 1.5Menmalit the num-
ber of points in the memory is the same. The decision if a pdoud is occluded
is independent of the decision if the point cloud is loadetheamory. When the
minimum projected size for the MOSPT leaf nodes is increasélpixels, then
the number of points loaded to memory is cut in half, for batihegions, whether
occlusion culling is enabled or not.

In Table 6.6 the values of some GPU performance countershairtec. The
performance counters were read out using the NVIDIA Dev&l@pontrol Panel,
and an instrumented driver for the graphics card. Occlusidimg decreases the
number of processed vertices per second (VPS) due to thecyatehen waiting
for the occlusion query results. The number of points intr@tato the number
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Fig. 6.14: Many bounding boxes are visible, approximately 499. About 60them are
also white, which means all children nodes of these cells are rendered.

"2

Parameters Rendered Cells Rendered Point;
Min. proj. size 1 pixel 559 11,999,872
Min. proj. size 1 pixel, with OC 499 10,530,638
Min. proj. size 2 pixels 252 6,101,295
Min. proj. size 2 pixels, with OC 208 5,007,273

Tab. 6.5: The number of rendered cells and points. OC means occludlomg.cuA

decreased visual quality is traded for rendering fewer points.



Chapter 6. Results 76

Parameters VPS | GPU idle | FPS
Min. proj. size 1 pixel 112M 0.04% 9
Min. proj. size 1 pixel, with OC | 109M 0.20%| 10
Min. proj. size 2 pixels 108M 0.06%| 18
Min. proj. size 2 pixels, with OC 102M 0.50%| 20

Tab. 6.6: The evaluation of performance counters on the GPU. Occlugliarg increases
the latency when waiting for the results of the occlusion queries.

of pixels, used for the occlusion queries, is higher for gdamodel, so here the
framerate for rendering the model with occlusion queriesbigve the framerate
for rendering the model without occlusion queries. Thisiisantrast to the results
for rendering a small model (see Table 6.2) where occlusumrigs lowered the
framerate. When using a threshold of 2 pixels for renderimdy dalf of the
points are necessary as when using 1 pixel as threshold &@e G.5), and the
CPU processing time during the rendering loop is too long ¢ol 'enough points.
This is similar to Table 6.4, but when using a large model,rthber of points
that have to be rendered is much higher, so the GPU is betdrtagull capacity.

The following images from Figure 6.15 to Figure 6.20 weretaken with
modi ed parameters. The resolution of the viewport was eet@00x1200, the
OpenGL eld-of-view was set to 80 degrees, the number of {mihat were al-
lowed to be rendered in one frame was set to 14M, and the mmiprojected
size for the MOSPT leaf nodes was set to 1. This results in@ddrihi-res” im-
ages. From a blocky representation to the fully loaded mivdebk 35 seconds
on the average.

In Figure 6.16 many empty regions are visible. The rhomikesHoles are at
the places where the scanner was installed. At each of tiesesgwo scans were
taken. The empty regions between the benches lie within tcider shadow
volume of the benches for the scanner position from whichpihi@t samples
were taken. In the image the lighting can be seen in the regidrere the point
clouds of two scan positions overlap. The color of the oor&y dark, as the
intensity of the light is falling off toward the border of tseanning area. The light
intensity is also falling off toward the arches, so they apgeo dark anyway.

Figure 6.17 is kind of a worst case scenario for the pointeend system, as
many objects are visible near the viewpoint, and the modstreiching far into
the distance. The maximum number of rendered points, 14Masdy hit, and
still some regions are not fully re ned, as can be seen on ityat side of the
fence, where the LOD is too coarse for the distance to thepoaw.

Figure 6.18 shows the lighting problems which appear wheryimg several
different scan positions to one model. The altar on the rigie in front of the
benches is brighter than the altar on the left side. Theihgrgituation is not only



Chapter 6. Results 77

Fig. 6.15: A look through the Stephansdom from the main entrance.

changing within one scan, but especially between diffeseans.

Figure 6.19 the lighting problems are also visible. Therattéghe left center of
the image is lit very brightly, whereas the benches rightamf of the altar appear
very dark, because they were sampled from a different scsitigg@ The statues
in the upper regions of the columns are also sampled froraréifit scan positions,
and here the bright and dark samples overlap, giving theesat spotted surface.

6.4 Summary

We tested the Nested Octree with a model consisting of 262ktgol he model
is built up from 77 different scan positions, where from eachn position only
the contributing points were selected. The selection isdnnoriented bounding
boxes, which have to be de ned by the user. The renderinggsystin achieve a
high vertex throughput when using large models. Occlusidiing can be used
to increase the framerate. When using small models that hérhemory of the
graphics card, also a high vertex throughput can be achiewtdcclusion culling
should then be disabled. Interactivity is maintained attamg, even during load-
ing new point clouds from the harddisk. The memory requineisief the outer
octree are minimal compared to the size of the model, and sanitbe kept in



Chapter 6. Results

78

Fig. 6.16: Hovering inside the Stephansdom just below the arches.

Fig. 6.17: The inside of the Stephansdom as seen from the eye levelsitioa v
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Fig. 6.18: The view from the center of the Albertinian choir to the high altar.

Fig. 6.19: Three altars in the northern part of the Stephansdom'’s nave.
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main memory. The visual quality provided by the LOD algamitis quite good,
although undersampling occurs at the coarser levels ofl détais assumed that
only minimal attributes are available for each point in thiginal point cloud, i.e.,
position and color, then the model can be rendered with gasdiquality.
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Fig. 6.20: The Leopold altar as seen from the scanner. Thereforestiraeyry in the
image does not show large holes. On the right side of the oor the oveflawacanning
positions can be seen, where dark pixels from each of the two scan pesitie in the
direct neighborhood of bright pixels respectively from the other gzsition.



Chapter 7

Conclusion and Summary

In this diploma thesis a new rendering system for point-basedels was pre-
sented, which includes hardware-accelerated renderaafysion culling, and an
out-of-core rendering algorithm. It is especially welltsai to build up and ren-
der unprocessed point clouds, where only the position atidragly a color are
available at each point.

7.1 Features

The rendering system takes point clouds as input. The otripate that is neces-
sary per point is its position in space. Using also color iwéxer advisable. The
point clouds can come directly from the output of a range seartJsing oriented
bounding boxes (OBBS), itis possible to compose a large fx@ised model from
the point samples of several different scan positions.

The points from the original point clouds are then sorted mtnovel data
structure called Nested Octree (see Chapter 4). A Neste®®dran octree
where each node has an MOSPT associated with. An MOSPT (sqaeCi3a
is a sequentialized hierarchy that can be processed catyptat the GPU, and
which uses only original points to provide a LOD mechanisior. iendering one
LOD, all points from the upper levels are rendered down ta¢eired level, and
together the levels represent a certain LOD. All points #natprocessed and sent
to the GPU are also rendered. The MOSPT alone allows fortsgjeane LOD at
a time, but it does not allow for view-frustum culling.

The Nested Octree is used to provide view-frustum culling aat-of-core
rendering. Each node in the Nested Octree contains the segaaformation to
render the associated MOSPT, like the number of hierarclgldeand the bound-
ing box of the MOSPT. The MOSPTSs from different nodes in thetié Octree
can overlap in space. The nodes to render are chosen by athehae, which
depends on the relative position of the node to the viewpdind node is cho-
sen for rendering, than a request is sent to a second thrdach wanages the
loading of point clouds into memory. The point size that isdu$or rasterizing
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a point on screen depends on the projected size of cells &vlest level in the
MOSPT. The same point size is also used by all parents of ttie, icthe node is
at the lowest level in the hierarchy that is actually rendefiéhis ensures, that the
point size is always as large as the nest available LOD forambh in the Nested
Octree hierarchy.

The rendering system is mainly focused on the fast rendefipgint clouds,
and not on rendering high-quality images of point-basedet®dThis is on the
one hand necessary, because we do not assume normals foode¢son the
other hand it is intended as a fast reviewing algorithm fonglad point clouds,
where the models can be reviewed at lower visual qualitysbah after the scan-
ning.

7.2 Conclusion

Having implemented a point-rendering system from the gdoup, one of the
most important parts was to nd out about the charactessticthe graphics card
and driver. We were not sure how to achieve to highest vehsughput, be-
cause we could not reach the number of vertices per secohd/ésaadvertised
by NVIDIA. We nally asked NVIDIA what the theoretical perfomance is. So
testing the graphics card is certainly a good idea to nd dadgud the limits of
the hardware. The testing for the memory layout of the VBO& samme time.
We nally came up with the MOSPT data structure which seemset¢he fastest
way to render small point clouds. The MOSPTs have to be iedento an outer
hierarchy to allow for view-frustum culling.

In Figure 7.1, three alternatives of how to place MOSPTsiwithhierarchy,
e.g., an octree, are shown. The placement in the left higyavould seem straight
forward, but it has the problem that the granularity of theD.8election is too
coarse, and so too many points are stored on the graphicsmact are not
needed for rendering. The granularity of view-frustumiogilis also too coarse,
so too many points have to be processed. Another possilalghace the MOSPTs
is shown in the middle. Here the lower levels of the hieraralg/converted into
MOSPTSs. This works well for point clouds that t completely the memory of
the graphics card. For larger models this cannot be done.pidtdem is that
the upper levels of the hierarchy are still within a convendil hierarchy, and
how should they be traversed? They could be traversed pgipbmt, but for
really large models the upper levels will contain many p®isb this will be slow.
Finally the third alternative shows the idea we developethér, where MOSPTS,
which are stored in VBOs, overlap each other. Here the LODcseteis ne
enough, so that most of the points that are stored on the igsapard are also
rendered, and the view-frustum culling is good enough, &b itiost processed



Chapter 7. Conclusion and Summary 84

Fig. 7.1: Three alternatives how to convert an octree hierarchy to M&®SPach MOSPT
is stored in a VBO. The bar to the right of each hierarchy indicates the letedse the
MOSPTSs are placed.

points are actually inside the view frustum.

The next challenge was the out-of-core rendering and buydld The design
and implementation of the system was not that hard, but #ighnthat the build
up of the model and the rendering of the model, i.e., the lmadf VBOs from
disk to graphics card memory, takes much longer as when radindewith out-
of-core algorithms was striking. Theoretically the systwan handle point clouds
with 231 points, but if we cannot nd some optimizations for the build pro-
cess, testing this will be infeasible. The fewer data theafttore system has to
process, the better. For even larger models than the Stegbiary) a compression
algorithm would certainly be advantageous. The time neggdsr compressing
and decompressing the point attributes is probably less ttia time it takes to
store and fetch the uncompressed data from disk.

7.3 Possible Enhancements

The problems when rendering large point clouds are manifdlde amount of
data that has to be processed during build up and rendemnmgetection of points
from the raw scanner data, the organization in a LOD hiesartie parameters
during scanning, the selection of points for rendering, smadn.

For out-of-core rendering the number of disk accesses imthie performance
criterion, since it takes an order of magnitude longer toffetata from disk than to
have it in main memory or even graphics memory ready for rendeThe time to
load the point clouds from disk is not going to decrease safthough the main
memory and graphics memory are certain to increase on thaga€omputer
every year. So the number of points that can be stored in memajoing to
increase, which will result in an improved quality for thendered images. On
the other hand, the models will continue to grow, consisthd billion points
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or more, so there is likely always the need for a fast outaye@oint rendering
algorithm.

When composing models from several different scan positithes lighting
of the scans can vary widely, resulting in heterogeneousimadels, where the
different scanning positions can be easily identi ed. Omsgbility to address
this problem is the use dfigh dynamic range imagin¢HDRI) during the sam-
pling process. HDRI was rst introduced by Ward in the Radiarex&ering sys-
tem [War94]. Debevec [DM97] developed it further, showirghHDR images
can be created from several photographs of the same sceeeg waich photo-
graph is taken with different exposure settings. The diffiee between HDR im-
ages and normal photographs is that HDR images store phigsitiaance values,
whereas normal photographs only store a color value. Ifitigihg situation is
known when taking HDR images, it might be possible to cakeudeuniform light-
ing for the model, or to re-light each point to simulate diiet lighting situations.

The current rendering system is completely point baseds Ehthe fastest
method when converting raw data from range scanners to biewaodels. To
increase the rendering speed further, some more postgingest the raw data
is necessary. Taking the model of the Stephansdom as exatinpte are some
regions that could be very well approximated by polygonsvi@is choices are
the oor as a whole, and the walls in part, as they are intdeskloy columns. The
oor could even be textured by only one pattern. It is alsosead very densely,
as it is close to the scanning positions. The speedup fogymitygons instead of
points should be quite noticeable. Even when using polyganD will have
to be considered. To optimize the selection of the areassti@ild be replaced
could be done interactively, although automatized systainemady provide good
results [WGKO05]. The rendering system would then be implaegtashybrid
rendering systemwhere models can consist of only points, only polygons, or
both, similar to the rendering system of Chen and Nguyen [CNO1]

The build up process is automated, after the user has de neaparopri-
ate OBB for each scan position. Nevertheless, the build upggis time-
consuming, so a possible enhancement could be@emental build upf the
Nested Octree. This means that a new scanning position carcleled in an
already existing Nested Octree, and the new points are il¢ol the hierarchy.
The problem is that the leaf nodes of the Nested Octree ca@ioamore points
than necessary, so they should be re-opened and their gbiotsd be inserted
again.

When scanning the environment, there will likely be areas¢hanot be seen
by the scanner's laser, because they are occluded by somealtject. Another
problem are areas where the sampling density varies due tiffierent number
of scans that sampled the areas. A very densely sampledamdzecadjacent to
a poorly sampled area. A possibility is teconstructthe model in these areas,
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which could be done by a set of tools that interactively clesting model. It will
certainly be interesting to see whether editing can be datereally large models
that do not t completely in main memory.

Since the models are ever increasing in size, a possilslity compress the
point attributes, like position and color. There are twdet#nt methods of com-
pressing, lossy and losslessmpressionHigher compression rates are achieved
with lossy compression, but this also requires the modeteteesampled. Loss-
less compression on the other hand preserves the origimasp@onsidering the
increasing size of models, a compression of the attributagdwbe very interest-
ing, especially if the decoding can be implemented diremtiyhe GPU [KSWO05].

7.4 Summary

The newly developed point-rendering system is well suitedbbiilding up mod-
els directly from the raw data of range scanners and renglérem fast, using the
hardware-accelerated rendering pipeline. The only theguser has to do is to
de ne an OBB for each scan position, which is needed to nd theickd points
from the raw data of the scanner. Future enhancements aoellete an incre-
mental build up of the hierarchy, compression of point bitiés, reconstruction
of the model, or a hybrid rendering system for using polygons
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Class Diagram

The point rendering system is implemented in the Yare Rengétngine, which
was developed by the real-time rendering group at the utstiof Computer
Graphics and Algorithms at the Vienna University of Tecloggl The point ren-
dering system includes several different algorithms, ttee -grid, the SPT, the
SPTs in an octree hierarchy, the MOSPT, the MOSPTs in anebtesarchy, and
the Nested Octree algorithm. For accessing the raw dataegbdint scans, the
riscanlib from Riegl is used. The programming language ferithplementation
is C++.

The class layout for the Nested Octree algorithm is maintyeal to support
the outer and inner octrees. The main classes are:

GraphicsLruCachenanages the point clouds in graphics card memory. The
LRU strategy is very simple, as all point clouds can be regdaonly the
point clouds that were needed for rendering in the last fraar@ot be
replaced.

LruCachemanages the point clouds in main memory. The cache is simply a
list where new elements are appended to the back. The rsg enthe list

is the oldest one. Elements can also be requested direatiytfre list. The
second thread asks at rst if a point cloud is stored in the Lé&idhe, and
only if the point cloud is not available there, it loads thenpaloud from

the harddisk.

NestedTrigridbuilds up the runtime structure of the Nested Octree, and
manages the rendering. The name Nested Trigrid is refergisome of the
ideas we had during development.

NestedTrigridFilehandles the build up of the MOSPTs and the outer octree
structure. For this it needs a stream of points, which is ipexV by the
ScannerFileConverter class.
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NestedTrigridSecondThreaslresponsible for delivering point clouds from
the harddisk or main memory cache to the graphics card mermbgycom-
munication between the threads is accomplished by a messagce. If
the rendering thread needs a new point cloud, the necessarynation
is dispatched in a message. After loading the point clouchfharddisk,
the second thread sends the information where the pointlatostored in
memory back to the rendering thread. But also other messagdsecsent,
like the number of points contained in the main memory cache.

ScannerFileConvertezan read a list of scanner les, and then provide them
as a stream of points, which can then be processed by thedVegtedFile
class.

TestAppwhich is an application that instances the scenegraph NEiséed
Octree is attached to the scenegraph as a geometric object.

In Figure A.1 the UML class diagram of the Nested Octree pantering
system is shown.
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Fig. A.1: The UML class diagram of the implemented Nested Octree.
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