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Abstract

Visibility computation is crucial for computer graphics from its very beginning. The first visibility al-
gorithms aimed to determine visible lines or surfaces in a synthesized image of a 3D scene. Nowadays
there is a plethora of visibility algorithms for various applications. The thesis proposes a taxonomy of
visibility problems based on the dimension of the problem-relevant line set, i.e. set of lines forming the
domain of the visibility problem. The taxonomy helps to identify relationships between visibility prob-
lems from various application areas by grouping together problems of similar complexity. The thesis
presents a general concept of a visibility algorithm suitable for solution of several classes of visibil-
ity problems. The concept is based on three main ideas: an approximate occlusion sweep, an occlusion
tree, and hierarchical visibility tests. The central idea of the concept is the occlusion tree representing an
aggregated occlusion map by means of a hierarchical subdivision in line space. The thesis presents sev-
eral applications of the concept. The major focus is placed on visibility culling algorithms for real-time
rendering acceleration. First, we describe an algorithm for real-time visibility culling. The algorithm is
used to accelerate rendering of large densely occluded scenes. It improves previous results by efficiently
performing occluder fusion in real-time. We propose several techniques exploiting temporal and spatial
coherence applicable to most existing hierarchical visibility culling methods. Second, we propose an
algorithm for computing visibility maps in polygonal scenes. The algorithm provides a comprehensive
description of the topology of the given view of the scene. We discuss an application of the algorithm to
discontinuity meshing. Third, the proposed concept is applied to computation of from-region visibility

in 2D scenes. We present and evaluate an exact analytic algorithm for computing a potentially visible
set for a polygonal region in the plane. Fourth, we propose two algorithms for computing from-region
visibility in Z%D scenes. Both algorithms are targeted at visibility preprocessing for walkthroughs of
outdoor urban scenes. The methods are compared with another recent technique. Finally, we describe
an exact analytic algorithm for computing from-region visibility in 3D scenes suitable for various appli-
cations. The algorithm usesiRker coordinates and maintains a hierarchical subdivision of 5D space.
We discuss its application to visibility preprocessing, occluder synthesis and discontinuity meshing.
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Chapter 1

Introduction

Visibility is a phenomenon studied in various research areas. Computation of visibility is important for
computer graphics, computational geometry, computer vision, robotics, telecommunications, and other
research areas. The thesis focuses on visibility computations in computer graphics with the emphasis
placed on real-time rendering.

The first visibility algorithms in computer graphics aimed to determine which lines or surfaces are
visible in a synthesized image of a 3D scene. These algorithms solve the problems kvisilol@tne
or visible surfacedetermination. A different formulation of these tasks states the goal as to eliminate
hidden lines or surfaces in the image. Therefore these tasks are ofterheddled lineor hidden surface
removal. The first visibility algorithms developed in late 60’s and the beginning of 70’s were designed
for the use with vector displays. Later with increasing availability of raster devices the traditional
techniques were replaced by the z-buffer algoriti@atin73. Nowadays, there are two widely spread
visibility algorithms: the z-buffer for visible surface determination and ray shooting for computing
visibility along a given ray. The z-buffer dominates the aregeaf-time renderingvhereas ray shooting
is used in the scope oéalistic rendering Besides these two well known algorithms there is a plethora
of techniques designed for various specific applications. The next section provides a motivation for
further research in the area of visibility computations.

1.1 Motivation

Visibility is inherently connected witlhenderingthat aims to synthesize images of a 3D scene. Gen-
erally, we distinguish between real-time rendering and realistic rendering. In real-time rendering the
time devoted to synthesis of an image is severely limited by the desirable image refresh rate. In realistic
rendering the ultimate goal is to provide an accurate simulation of the light propagation at the expense
of a higher computational cost. Prospectively, real-time rendering and realistic rendering merge as the
computational resources enable to implement realistic rendering techniques in real time.

Below we discuss visibility problems occurring in the context of real-time rendering, realistic ren-
dering, and other application areas. The discussion is followed by a summary of challenges in the area
of visibility computations.

1.1.1 Real-time rendering

The desirable image refresh rate for real-time applications is at least 2BI6IDP] and preferably it

should match the refresh rate of the display device to provide a visually pleasing results. Although the
power of computational resources permanently increases so does the user expectation of the quality of
the visualization. The user wants to interact with complex scenes rendered in the highest possible qual-
ity. Consequently, many today’s applications such as architectural walkthroughs, driving simulation, or
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visual impact analysis, have to cope with large amount of data representing the scene.

Many acceleration techniques were developed to speedup rendering of such large idodioas [
Among these theisibility culling methods aim to efficiently cull the invisible part of the scene so that
it does not have to be processed by the rendering pipelinbd02. Visibility culling provides a great
benefitin large densely occluded scenes where only a fraction of scene objects are visible to the observer.
This is a typical situation for architectural walkthroughs in both indoor and outdoor environments.

We can distinguish betweanffline visibility culling methods that precompute visibility, amdline
methods that are applied in real-time. Offline techniques typically subdivide the scengeintoells
and for each view cell they computepatentially visible se{PVS) of scene objectjre90, Tell91,
Cohe98aDura0Q Scha0QWonk0Q Kolt01]. During an interactive session the precalculated informa-
tion is used to render only objects that are potentially visible from the view cell the observer is located
in. The final visibility is usually resolved using the z-buffer algorithm. See Fidutdéor an example
of the offline visibility culling.

Figure 1.1: Offline visibility culling. The figure depicts 8knof Vienna and a view cell of 0.1k
(shown in blue). The red objects form the PVS for the view cell.

Online visibility culling technigques do not preprocess visibility in advance, but they recompute the
PVS for each change of the viewpoitfeb95 Huds97 Zhan97h Coor97 Wonk99 Klos01]. Some
online techniques compute the PVS for a small neighborhood of the viewpoint to amortize the cost of
the PVS computation over several fram€ehe98¢cWonk01. See Figurel.2for an illustration of an
online visibility culling.

Most online visibility culling algorithms solve thigom-pointvisibility problem, i.e. they compute
visibility with respect to the given point. On the contrary, most offline visibility culling methods com-
pute thefrom-regionvisibility accounting for visibility from any point in the given view cell.

1.1.2 Realistic rendering

One of the ultimate goals of computer graphics is to synthesize realistic images of three-dimensional
virtual scenes using a physically based simulation of the light propagaBtas93. Visibility is a
crucial factor in this simulation.

In the simplest case rendering uses only a local illumination model, i.e. a visible surface is shaded
according to its material properties and light sources with a global impact. This model does not account
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Figure 1.2: Online visibility culling. The figure depicts a top view of an indoor scene. The blue regions
were found invisible using an online hierarchical visibility culling.

for shadows and secondary illumination. The only visibility algorithm involved in this model is the final
visible surface determination with respect to the viewpoint.

A more advanced simulation accounts for shadows due to primary light sources. A visible surface al-
gorithm can be used to determine shadows with respect to a point light sBild&8| Chin89 Wo0904
(see Figurel..3).

(@) (b)

Figure 1.3: (a) A view of the scene from the point light source. (b) The figure depicts a mesh resulting
from subdividing the scene into polygons visible and invisible to the light source. Parts of the scene
invisible from the light source are in shadow.

Much more complicated is the illumination due to an areal light source. A shadow due to an
areal light source consists of umbra and penum@@ok84 Camp90Q Chin92 Heck97 Chry97. An
analytic description of illumination in penumbra is complicated and thus it is advantageous to de-
termine loci of discontinuities in the illumination function. This task is called discontinuity mesh-
ing [Heck92 Lisc92, Dret94h Stew94. Discontinuity meshing aims to subdivide the scene surfaces
into patches so that each patch sees a topologically equivalent part of the light source (se&.Bigure
Discontinuity meshing is used in the scope of the radiosity global illumination algorithm to capture
illumination due to primary light sources. Less important light transfers are typically solved by an
approximation of mutual visibility\\Vall89, Cohe83.
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Figure 1.4: A subset of a discontinuity mesh due to a rectangular light source.

View-depend global illumination algorithms such as ray tracidéhit79], distributed ray trac-
ing [Cook84 or path tracing Kaji86] use huge amounts of rays to sample light paths. The task of
solving visibility along the given ray is calledy shooting Efficient ray shooting is a key factor influ-
encing the total computational timéfvo89, Havr004. Ray shooting can be accelerated by precom-
puting visibility from light sourcesHlain86 Choi97 or other techniques restricting the set of objects
potentially hit by the given raygimi94, Havr004. Global visibility algorithms describing visibility
in the whole scene can be used to reduce the ray shooting problem to a point location in the global
visibility data structurelPocc93 Dura96 Dura97 Cho99.

1.1.3 Other applications

There are many other applications where visibility is import&nirg99. In computer graphics visi-

bility is significant for finding a representative view of an object for presentation purposes. In robotics
visibility is important for planning the optimal path for a mobile robot or sweeping the scene using
mobile robots. In telecommunications visibility analysis is used in design of cellular networks in moun-
tainous or urban areas. The work developed in the thesis can possibly be applied to some of these
problems, but such an application is not discussed.

1.1.4 Challenges in visibility computations

The most important requirements on an ideal visibility algorithm can be stated as follows:

1. Itis suitable for scenes with a general structure (possibly dynamic).
2. Itis accurate (e.g. accounts for occluder fusion, finds precise shadow boundaries, etc.).
3. Itis efficient in terms of the expected running time and memory requirements, particularly:

(a) it exploits visibility coherence,
(b) itis output-sensitive.

4. It requires minimal preprocessing of the input data.

5. Itis simple to implement.
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The current visibility algorithms fail to provide at least one of the above stated goals. The priority
of the goals differs depending on the context of the application, e.g. the type of the typically processed
scene, the available hardware, the time available for the implementation of the algorithm, etc. Conse-
guently, most visibility algorithms address rather narrow application area (e.g. computing form-factors,
computing hard/soft shadows, etc.), often using various ad hoc design decisions. A challenging topic is
thus providing a solution that is potentially useful for a large class of applications while satisfying most
of the requirements stated above.

The thesis aims to address most of the goals in the context of several application areas. We present
a general concept of a visibility algorithm that serves as a basis of all algorithms proposed in the the-
sis. The most complex application of the concept is an algorithm solving the from-region visibility in
general 3D scenes. This method provides a comprehensive description of from-region visibility and it
is applicable in the context of visibility culling as well as rendering shadows, discontinuity meshing, or
visibility preprocessing for ray tracing acceleration.

1.2 Contributions of the thesis

The thesis aims to provide the following contributions:

1. A new classificatiorof visibility problems based on the dimension of {®blem-relevant line
setand thetype of the answetob the given problem (published iBitt02hby]).

2. A general concepbf a visibility algorithm suitable for several classes of visibility problems.
The concept aims at exploiting coherence of visibility and achieving output-sensitivity of the
algorithm.

3. Several visibility algorithms were designed as an application of the proposed concept. These
algorithms address the following problems:

(a) Real-time visibility culling.
We present an algorithm for real-time visibility culling designed for walkthroughs of large
scenes (published irBjtt98]). The algorithm extends previous results achieved by con-
tinuous visibility culling methodsHuds97 Coor97 by efficiently accounting for occluder
fusion in real-time. Further, we discuss a general technique making use of temporal coher-
ence that can be applied to accelerate most existing visibility culling methods (published
in [BittO1b, Bitt014d]).

(b) Computing visibility maps.
We describe a new output-sensitive algorithm for computing visibility maps and discuss its
application to discontinuity meshing (published Bitf02&]). The algorithm illustrates the
applicability of the proposed concept for solving a from-point visibility problem requiring
a comprehensive description of visibility from the given point.

(c) Computing from-region visibility in 2D and%:D scenes.
We present new algorithms for computing from-region visibility in 2D ar%dD%cenes
(published in BittOlc, Bitt0O1le Bitt01d]). The proposed algorithms include an exact an-
alytic solution of the %D from-region visibility problem that is suitable for large scenes.
The algorithms extend previous results achieved in the context of the from-region visibility
in 22D scenes\Vonk0Q Kolt00, Kolt01].

(d) Computing from-region visibility in 3D scenes.
We propose a new analytic solution to the from-region visibility in 3D scenes suitable for

various applications. We discuss the application of the method to computing potentially
visible sets, occluder synthesis, and discontinuity meshing.
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1.3 Structure of the thesis

Chapter2 presents an overview of the visibility problems and algorithms. It contains a taxonomy of
visibility problems based on the problem domain and the type of the desired answer. Further, it classifies
visibility algorithms according to several important criteria and discusses the important concepts in the
design of a visibility algorithm.

Chapter3 presents the concept of a visibility algorithm suitable for solution of various classes of
visibility problems. In the following chapters we present algorithms based on the concept introduced
herein. These chapters also summarize and discuss related work in the particular application area.

Chapted presents an application of the proposed concept for real-time visibility culling. The chapter
contains the description of the proposed algorithm and evaluation of its implementation on several test
scenes. The second part of this chapter presents a general techniques exploiting temporal and spatial
coherence in the scope of hierarchical visibility algorithms. Chapteresents a new algorithm for
computing a visibility map of a given view of the scene. The algorithm is evaluated on several scenes
of moderate complexity. Chaptérpresents an algorithm for computing from-region visibility in 2D
scenes. The description of the method is followed by its evaluation on several test scenes. Thapter
presents an extension of the algorithm from Chagptérat deals with gD scenes. We describe and
evaluate a conservative and an exact algorithms for from-region visibilitiﬁh Zhapte8 presents an
algorithm dealing with from-region visibility in 3D scenes. The algorithm provides an analytic solution
to the problem suitable for complex 3D scenes of general structure. We discuss an application of the
method to visibility preprocessing, occluder synthesis, and discontinuity meshing. CBaptans
conclusions and presents suggestions for further research.

The appendix consists of three chapters presenting an overview of the important visibility algorithms.
These chapters provide an extended context for the thesis with the aim to make the thesis self-contained.
AppendixA discusses the traditional visible surface algorithms. AppeBdiiscusses visibility algo-
rithms in real-time rendering. Append@ discusses visibility algorithms exploited in the context of
realistic rendering.



Chapter 2

Overview of visibility problems and
algorithms

This chapter provides a taxonomy of visibility problems encountered in computer graphics based on the
problem domairand thetype of the answerThe taxonomy helps to understand the nature of a partic-
ular visibility problem and provides a tool for grouping problems of similar complexity independently
of their target application. We discuss typical visibility problems encountered in computer graphics and
identify their relation to the proposed taxonomy. A visibility problem can be solved by means of var-
ious visibility algorithms. We classify visibility algorithms according to several important criteria and
discuss important concepts in the design of a visibility algorithm. Finally, we discuss specific issues of
visibility in urban scenes that are exploited in Chapte8, and7 of the thesis. The taxonomy and the
discussion of the algorithm design sums up ideas and concepts that are independent of any specific algo-
rithm. This can help algorithm designers to transfer the existing algorithms to solve visibility problems
in other application areas.

For a more detailed discussion of the state of the art visibility algorithms we refer an interested reader
to Appendice#\, B, andC.

2.1 Taxonomy of visibility problems

We propose a taxonomy of visibility problems that is based onpthblem domairand thetype of

the answer The specification of the problem domain and the scene description provide an input to
an algorithm solving the given visibility problem. The type of the output of the algorithm is given by
the type of the answer for the given problem. In this taxonomy we do not classify visibility problems
according to the type of the scene description. This criterion will be used later for classification of
visibility algorithms (Sectior2.3.J).

2.1.1 Problem domain

Computer graphics deals with visibility problems in the context of 2?),20r 3D scenes. The actual
problem domain is given by restricting the set of rays for which visibility should be determined.
Below we list common problem domains used and the corresponding domain restrictions:

1. visibility along a line

(a) line
(b) ray (origin + direction)
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2. visibility from a point(from-point visibility)

(a) point
(b) point + restricted set of rays

i. point + raster image (discrete form)
ii. point + beam (continuous form)

3. visibility from a line segmer(from-segment visibilify

(a) line segment
(b) line segment + restricted set of rays

4. visibility from a polygon(from-polygon visibility

(a) polygon
(b) polygon + restricted set of rays

5. visibility from a region(from-region visibility)

(a) region
(b) region + restricted set of rays

6. global visibility

(a) no further input (all rays in the scene)
(b) restricted set of rays

The domain restrictions can be given independently of the dimension of the scene, but the impact
of the restrictions differs depending on the scene dimension. For example, visibility from a polygon is
equivalent to visibility from a (polygonal) region in 2D, but not in 3D.

2.1.2 Type of the answer

Visibility problems can further be distinguished according to the type of the desired answer to the given
problem. The taxonomy treats the desired answer as an integral part of the problem formulation. This
enables a more precise specification of the given class of problems and allows better understanding of
its complexity. The type of the answer restricts the domain of the output of an algorithm solving the
problem. We identify three classes of answers to visibility problems. Each class consists of several
types of answers:

1. visibility classification

(a) visible/invisible
(b) visible/invisible/partially visible

2. subset of the input

(a) a single scene object

(b) set of scene objects (e.g. triangles)

(c) set of group objects (e.g. nodes of a bounding volume hierarchy)
(d) set of regions (e.g. nodes of a spatial subdivision)

(e) setof rays
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3. a constructed data structure

(a) set of points

(b) set of rays

(c) setof curves or line segments (e.g. visibility discontinuities on surfaces)
(d) set of surfaces (e.g. visible/invisible patches)

(e) a volume (e.g. antipenumbra/umbra/penumbra)

(f) set of volumes (e.g. cells of the aspect graph)

The first two classes of answers induce a finite domain of the possible result. The third class consists
of answers for which the solution is constructed from generally infinite number of choices in solution
space. Consequently, problems with answers from the first two classes (visibility classification, subset
of the input) are often simpler to solve than those with an answer from the third class (a constructed
data structure). Furthermore, algorithms solving such a decision-making problems are often more robust
with respect to numerical stability.

2.2 Dimension of the problem-relevant line set

The six domains of visibility problems stated in Secti®ii.1can be characterized by tipeoblem-
relevant line setlenotedC . We give a classification of visibility problems according to the dimension
of the problem-relevant line set. We discuss why this classification is important for understanding the
nature of the given visibility problem and for identifying its relation to other problems.

For the following discussion we assume that a lingpirmal spacecan be mapped to a point in
line space For purposes of the classification we define the line space as a vector space where a point
corresponds to a line in the primal space

2.2.1 Parametrization of lines in 2D

There are two independent parameters that specify a 2D line and thus the corresponding set of lines is
two-dimensional. There is a natural duality between lines and points in 2D. For example a line expressed
as:l :y = ax+cisdual to apoinp = (—c,a). This particular duality cannot handle vertical lines. See
Figure2.1for an example of other dual mappings in the plane. To avoid the singularity in the mapping,
alinel : ax +by +c = 0 can be represented as a pgint= (a, b, ¢) in 2D projective spac®? [Stol9]].
Multiplying p; by a non-zero scalar we obtain a vector that represents the sanie hhere details
about this singularity-free mapping will be discussed in Chafiter

To sum up: In 2D there are two degrees of freedom in description of a line and the corresponding
line space is two-dimensional. The problem-relevant lineCsgthen forms a-dimensional subset of
P2, where0 < k < 2. Anillustration of the concept of the problem-relevant line set is depicted in
Figure2.2

2.2.2 Parametrization of lines in 3D

Lines in 3D form a four-parametric spadedll97. A line intersecting a given scene can be described
by two points on a sphere enclosing the scene. Since the surface of the sphere is a two parametric space,
we need four parameters to describe the line.

Thetwo plane parametrizatioof 3D lines describes a line by points of intersection with the given
two planes Gu97. This parametrization exhibits a singularity since it cannot describe lines parallel to
these planes. See Figuze8for illustrations of the spherical and the two plane parameterizations.

IA classical mathematical definition says: Line space is a direct product of two Hilbert speeis9g. However, this
definition differs from the common understanding of line space in computer grajghicadg
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slope mapping parabola mapping
p(a,b) <= p*:ax+y+bh=0 p(a,b) <= p*:2ax-y-b=0
y,b y,b
L/
X, a \ X, a
. . Y, b / \

/ X, a

7

polar mapping
p(a,b) <= p*axt+by-1=0

Figure 2.1: Duality between points and lines in 2D.

Another common parametrization of 3D lines are figcker coordinatesPlicker coordinates of an
oriented 3D line are a six tuple that can be understood as a point in 5D oriented projectiveSspidp [
There are six coordinates iniRker representation of a line although we know that fheis four-
dimensional. This can be explained as follows:

e Firstly, Plicker coordinates ateomogeneous coordinatega 5D point. By multiplication of the
coordinates by any positive scalar we get a mapping of the same line.

e Secondly, only 4D subset of the 5D oriented projective space corresponds to real lines. This
subset is a 4D ruled quadric called tRkicker quadricor theGrassman manifolfiStol91, Pu9g.

Although the Plicker coordinates need more coefficients they have no singularity and preserve some
linearities: lines intersecting a set of lines in 3D correspond to an intersection of 5D hyperplanes. More
details on Rlicker coordinates will be discussed in Chapeend8 where they are used to solve the
from-region visibility problem.

To sum up: In 3D there are four degrees of freedom in the description of a line and thus the corre-
sponding line space is four-dimensional. Fixing certain line parameters (e.g. direction) the problem-
relevant line set, denote@lz, forms ak-dimensional subset ¢4, where0 < k < 4.

2.2.3 \Visibility along a line

The simplest visibility problems deal with visibility along a single line. The problem-relevant line set
is zero-dimensional, i.e. it is fully specified by the given line. A typical example of a visibility along a
line problem isray shooting
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visibility visibility visibility
along line from point from segment
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Figure 2.2: The problem-relevant set of lines in 2D. The for visibility along a line is formed by a
single point that is a mapping of the given line. Thg for visibility from a pointp is formed by points
lying on a line. This line is a dual mapping of the popmt Ly for visibility from a line segment is
formed by a 2D region bounded by dual mappings of endpoints of the given segment.

A similar problem to ray shooting is thaoint-to-pointvisibility. The point-to-point visibility de-
termines whether the line segment between two points is occluded, i.e. it has an intersection with an
opaque object in the scene. Point-to-point visibility provides a visibility classification (answer 1a),
whereas ray shooting determines a visible object (answer 2a) and/or a point of intersection (answer 3a).
Note that thepoint-to-pointvisibility can be solved easily by means of ray shooting. Another construc-
tive visibility along a line problem is determining timeaximal free line segments a given line. See
Figure2.4for an illustration of typical visibility along a line problems.

2.2.4 Visibility from a point

Lines intersecting a point in 3D can be described by two parameters. For example the lines can be ex-
pressed by an intersection with a unit sphere centered at the given point. The most common parametriza-
tion describes a line by a point of intersection with a given viewport. Note that this parametrization
accounts only for a subset of lines that intersect the viewport (see Ridnre

In 3D the problem-relevant line séf; is a 2D subset of the 4D line space. In 2D thgis a 1D subset
of the 2D line space. The typical visibility from a point problem is the visible surface determination.
Due to its importance the visible surface determination is covered by the majority of existing visibility
algorithms. Other visibility from a point problem is the construction ofusgbility mapor thepoint-
to-region visibilitythat classifies a region as visible, invisible, or partially visible with respect to the
given point.
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7

Figure 2.3: Parametrization of lines in 3D. (left) A line can be described by two points on a sphere
enclosing the scene. (right) The two plane parametrization describes a line by point of intersection with
two given planes.

y eof of
> B Tk

O

Figure 2.4: Visibility along a line. (left) Ray shooting. (center) Point-to-point visibility. (right) Maximal
free line segments between two points.

2.2.5 \Visibility from a line segment

Lines intersecting a line segment in 3D can be described by three parameters. One parameter fixes the
intersection of the line with the segment the other two express the direction of the line. The problem-
relevant line selly is three-dimensional and it can be understood as a 2D cross sectibn oept
according to the translation on the given line segment (see F&jére

In 2D lines intersecting a line segment form a two-dimensional problem-relevant line set. Thus for
the 2D case th€p is a two-dimensional subset of 2D line space.

2.2.6 Visibility from a region

Visibility from a region (or from-region visibility) involves the most general visibility problems. In
3D the Ly is a 4D subset of the 4D line space. In 2D thg is a 2D subset of the 2D line space.
Consequently, in the proposed classification visibility from a region in 2D is equivalent to visibility
from a line segment in 2D.

A typical visibility from a region problem is the problem cdgion-to-regionvisibility that aims to
determine if the two given regions in the scene are visible, invisible, or partially visible (see Bigure
Another visibility from region problem is the computation gbatentially visible sefPVS) with respect
to a given view cell. The PVS consists of a set of objects that are potentially visible from any point inside
the view cell. Further visibility from a region problems include computing form factors between two
polygons, soft shadow algorithms or discontinuity meshing.
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Figure 2.5: Visibility from a point. Lines intersecting a point can be described by a point of intersection
with the given viewport.

2.2.7 Global visibility

According to the classification the global visibility problems can be seen as an extension of the from-
region visibility problems. The dimension of the problem-relevant line set is the Jame2(for 2D

andk = 4 for 3D scenes). Nevertheless, the global visibility problems typically deal with much larger
set of rays, i.e. all rays that penetrate the scene. Additionally, there is no given set of reference points
from which visibility is studied and hence there is no given priority ordering of objects along each
particular line fromLz. Therefore an additional parameter must be used to describe visibility (visible
object) along each ray.

2.2.8 Summary

The classification of visibility problems according to the dimension of the problem-relevant line set
is summarized in Tabl@.1 This classification provides means for understanding how difficult it is
to compute, describe, and maintain visibility for a particular class of problems. For example a data
structure representing the visible or occluded parts of the scene for the visibility from a point problem
needs to partition a 2@ i into visible and occluded sets of lines. This observation conforms with the
traditional visible surface algorithms — they partition a 2D viewport into empty/nonempty regions and
associate each nonempty regions (pixels) with a visible object. In this case the viewport represents the
Lr as each point of the viewport corresponds to a line through that point. To analytically describe
visibility from a region a subdivision of 4IZ ; should be performed. This is much more difficult than
the 2D subdivision. Moreover the description of visibility from a region involves non-linear subdivisions
of both primal space and line space even for polygonal scde#i92g Dura99g.

According to the classification we can make the following observations:

¢ Visibility from a region in 2D and visibility from a point in 3D involve a two-dimension&gk.
This suggests that a mapping between these two problems is possitié §].

e Solutions to many visibility problems in 2D do not extend easily to 3D since they invbivef
different dimensions. This observation conforms wiilufa99.
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Figure 2.6: Visibility from a line segment. (left) Line segment, a spherical oldjeeind its projections

0§, O; 5, OF with respect to the three points on the line segment. (right) A possible parametrization of
lines that stacks up 2D planes. Each plane corresponds to mappings of lines intersecting a given point
on the line segment.
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Figure 2.7: Visibility from a region — an example of the region-to-region visibility. Two regions
and two occludersi, B in a 2D scene. In line space the region-to-region visibility can be solved by
subtracting the sets of line4* and B* intersecting objectsl and B from the lines intersecting both
regions.

2.3 Classification of visibility algorithms

The taxonomy of visibility problems groups similar visibility problems in the same class. A visibility
problem can be solved by means of various visibility algorithms. A visibility algorithm poses further
restrictions on the input and output data. These restrictions can be seen as a more precise definition of
the visibility problem that is solved by the algorithm.

Above we classified visibility problems according to the problem domain and the desired answers.
In this section we provide a classification of visibility algorithms according to other important criteria
characterizing a particular visibility algorithm.

2.3.1 Scene restrictions

Visibility algorithms can be classified according to the restrictions they pose on the scene description.
The type of the scene description influences the difficulty of solving the given problem: it is simpler to
implement an algorithm computing a visibility map for scenes consisting of triangles than for scenes
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2D
domain | d(Lr) | problems
visibility along a line 0 ray shooting, point-to-point visibility
visibility from a point 1 view around a point, point-to-region visibility
visibility from a line segment
visibility from region 2 region-to-region visibility, PVS
global visibility
3D
domain | d(LR) | problems
visibility along a line 0 ray shooting, point-to-point visibility
from point in a surface 1 see visibility from point in 2D
o . visible (hidden) surfaces, point-to-region visibility,
visibility from a point 2 visibility map, hard shadows
visibility from a line segment 3 segment-to-region visibility (rare)
visibility from a region 4 region-region visibility, PVS, aspect graph,
global visibility soft shadows, discontinuity meshing

Table 2.1: Classification of visibility problems in 2D and 3D according to the dimension of the problem-
relevant line set.

with NURBS surfaces. We list common restrictions on the scene primitives suitable for visibility com-
putations:

e triangles, convex polygons, concave polygons,
e volumetric data,
e poaints,

e general parametric, implicit, or procedural surfaces.
Some attributes of scenes objects further increase the complexity of the visibility computation:

e transparent objects,

e dynamic objects.

The majority of analytic visibility algorithms deals with static polygonal scenes without transparency.
The polygons are often subdivided into triangles for easier manipulation and representation.
2.3.2 Accuracy

Visibility algorithms can be classified according to the accuracy of the result as:

e exact,
e conservative,
e aggressive,

e approximate.
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An exact algorithm provides an exact analytic result for the given problem (in practice however this
result is typically influenced by the finite precision of the floating point arithmetics). A conservative
algorithm overestimates visibility, i.e. it never misses any visible object, surface or point. An aggressive
algorithm always underestimates visibility, i.e. it never reports an invisible object, surface or point as
visible. An approximate algorithm provides only an approximation of the result, i.e. it can overestimate
visibility for one input and underestimate visibility for another input.

The classification according to the accuracy is best illustrated on computing PVS: an exact algorithm
computes an exact PVS. A conservative algorithm computes a superset of the exact PVS. An aggressive
algorithm determines a subset of the exact PVS. An approximate algorithm computes an approximation
to the exact PVS that is neither its subset or its superset for all possible inputs.

2.3.3 Solution space

The solution space is the domain in which the algorithm determines the desired result. Note that the
solution space does not need to match the domain of the result.
The algorithms can be classified as:

e discrete,
e continuous,
e hybrid.

A discrete algorithm solves the problem using a discrete solution space; the solution is typically an
approximation of the result. A continuous algorithm works in a continuous domain and often computes
an analytic solution to the given problem. A hybrid algorithm uses both the discrete and the continuous
solution space.

The classification according to the solution space is easily demonstrated on visible surface algorithms
(these algorithms will be discussed in Sectidh The z-buffer Catm79 is a common example of a
discrete algorithm. The Weiler-Atherton algorithW/gil77] is an example of a continuous one. A
hybrid solution space is used by scan-line algorithms that solve the problem in discrete steps (scan-
lines) and for each step they provide a continuous solution (spans).

Further classification reflects the semantics of the solution space. According to this criteria we can
classify the algorithms as:

e primal space (object space),
e line space,

— image space,
— general,

¢ hybrid.

A primal space algorithm solves the problem by studying the visibility between objects without a
transformation to a different solution space. A line space algorithm studies visibility using a transfor-
mation of the problem to line space. Image space algorithms can be seen as an important subclass of line
space algorithms for solving visibility from a point problems in 3D. These algorithms cover all visible
surface algorithms and many visibility culling algorithms. They solve visibility in a given image plane
that represents the problem-relevant linegt— each ray originating at the viewpoint corresponds to
a point in the image plane.

The described classification differs from the sometimes mentioned understanding of image space
and object space algorithms that incorrectly considers all image space algorithms discrete and all object
space algorithms continuous.
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2.4 \Visibility algorithm design

Visibility algorithm design can be decoupled into a series of important design decisions. The first step
is to clearly formulate a problem that should be solved by the algorithm. The taxonomy stated above
can help to understand the difficulty of solving the given problem and its relationship to other visibility
problems in computer graphics. The following sections summarize important steps in the design of a
visibility algorithm and discuss some commonly used techniques.

2.4.1 Scene structuring

We discuss two issues dealing with structuring of the scene: identifying occluders and occludees, and
spatial data structures for scene description.

Occluders and occludees

Many visibility algorithms restructure the scene description to distinguish beteeendersand
occludees Occluders are objects that cause changes in visibility (occlusion). Occludees are objects
that do not cause occlusion, but are sensitive to visibility changes. In other words the algorithm studies
visibility of occludees with respect to occluders.

The concept of occluders and occludees is used to increase the performance of the algorithm in
both the running time and the accuracy of the algorithm by reducing the number of primitives used
for visibility computations (the performance measures of visibility algorithms will be discussed in Sec-
tion 2.4.3. Typically, the number of occluders and occludees is significantly smaller than the total
number of objects in the scene. Additionally, both the occluders and the occludees can be accompanied
with a topological (connectivity) information that might be necessary for an efficient functionality of
the algorithm.

The concept of occluders is applicable to most visibility algorithms. The concept of occludees is
useful for algorithms providing answers (1) and (2) according to the taxonomy of SectithSome
visibility algorithms do not distinguish between occluders and occludees at all. For example all tradi-
tional visible surface algorithms use all scene objects as both occluders and occludees.

Both the occluders and the occludees can be representédu®at objectsconstructed from the scene
primitives: the occluders as simplified inscribed objects, occludees as simplified circumscribed objects
such as bounding boxes. Algorithms can be classified according to the type of occluders they deal with.
The classification follows the scene restrictions discussed in SezBohand adds classes specific to
occluder restrictions:

e vertical prisms,
e axis-aligned polygons,

e axis-aligned rectangles.

The vertical prisms that are specifically important for computing visibility gDZScenes. Some
visibility algorithms can deal only with axis-aligned polygons or even more restrictive axis-aligned
rectangles.

Other important criteria for evaluating algorithms according to occluder restrictions include:

e connectivity information,

e intersecting occluders.
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Figure 2.8: Occluders in an urban scene. In urban scenes the occluders can be considered vertical prisms
erected above the ground.

The explicit knowledge of the connectivity is crucial for efficient performance of some visibility
algorithms (performance measures will be discussed in the S&ct@). Intersecting occluders cannot
be handled properly by some visibility algorithms. In such a case the possible occluder intersections
should be resolved in preprocessing.

A similar classification can be applied to occludees. However, the visibility algorithms typically pose
less restrictions on occludees since they are not used to describe visibility but only to check visibility
with respect to the description provided by the occluders.

Scene description

The scene is typically represented by a collection of objects. For purposes of visibility computations
it can be advantageous to transform the object centered representation to a spatial representation by
means of a spatial data structure. For example the scene can be represented by an octree where full
voxels correspond to opaque parts of the scene. Such a data structure is then used as an input to the
visibility algorithm. The spatial data structures for the scene description are used for the following
reasons:

e Regularity A spatial data structure typically provides a regular description of the scene that
avoids complicated configurations or overly detailed input. Furthermore, the representation can
be rather independent of the total scene complexity.

e Efficiency The algorithm can be more efficient in both the running time and the accuracy of the
result.

Additionally, spatial data structures can be applied to structure the solution space and/or to represent
the desired solution. Another application of spatial data structures is the acceleration of the algorithm
by providing spatial indexing. These applications of spatial data structures will be discussed in Sec-
tions2.4.2and2.4.3 Note that a visibility algorithm can use a single data structure for all three purposes
(scene structuring, solution space structuring, and spatial indexing) while another visibility algorithm
can use three conceptually different data structures.
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2.4.2 Solution space data structures

A solution space data structure is used to maintain an intermediate result during the operation of the
algorithm and it is used to generate the result of the algorithm. We distinguish between the following
solution space data structures:

e general data structures
single value (ray shooting), winged edge, active edge table, etc.

e primal space (spatial) data structures
uniform grid, BSP tree (shadow volumes), bounding volume hierarchy, kD-tree, octree, etc.

e image space data structures
2D uniform grid (shadow map), 2D BSP tree, quadtree, kD-tree, etc.

¢ line space data structures
regular grid, kD-tree, BSP tree, etc.

The image space data structures can be considered a special case of the line space data structures
since a point in the image represents a ray through that point (see also S8t8n

If the dimension of the solution space matches the dimension of the problem-relevant line set, the
visibility problem can often be solved with high accuracy by a single sweep through the scene. If the
dimensions do not match, the algorithm typically needs more passes to compute a result with satisfying
accuracy Pura0Q Wonk0(q or neglects some visibility effects altogeth&chaOQ.

2.4.3 Performance

The performance of a visibility algorithm can be evaluated by measuring the quality of the result, the
running time and the memory consumption. In this section we discuss several concepts related to these
performance criteria.

Quality of the result

One of the important performance measures of a visibility algorithm is the quality of the result. The
quality measure depends on the type of the answer to the problem. Generally, the quality of the result
can be expressed as a distance from an exact result in the solution space. Such a quality measure can be
seen as a more precise expression of the accuracy of the algorithm discussed inZS@&ion

For example a quality measure of algorithms computing a PVS can be expressedrblatitre
overestimatiorand therelative underestimationf the PVS with respect to the exact PVS. We can
define a quality measure of an algorithron input! as a tupleQ“(I):

QNI = (Q)D),Ql1), IeD (2.1)
A £

axn = 22)
£ A

QNI = 15 (@g\(f)ﬁ” (2.3)

whereT is an input from the input domaif, S4 (1) is the PVS determined by the algorithafor
input I andS¢ (1) is the exact PVS for the given inpu? (I) expresses theelative overestimationf
the PVS,Q4(I) is therelative underestimatian



20 CHAPTER 2. OVERVIEW OF VISIBILITY PROBLEMS AND ALGORITHMS

The expected quality of the algorithm over all possible inputs can be given as:

Q' = Bl (2.4)
= 3 A JQAU? + QA(D)? (2.5)
VYIeD

where f(I) is the probability density function expressing the probability of occurrence of infiite
quality measure“(I) can be used to classify a PVS algorithm into one of the four accuracy classes
according to Sectiog.3.2

1. exact
VI€D:QMNI)=0AQAI)=0

2. conservative
VI€D:QMNI)>0AQAI)=0

3. aggressive
VIED:QMNI)=0AQNI)>0

4. approximate
3,1, € D: QNI > 0AQA(Iy) > 0

Scalability

Scalability expresses the ability of the visibility algorithm to cope with larger inputs. A more precise
definition of scalability of an algorithm depends on the problem for which the algorithm is designed.
The scalability of an algorithm can be studied with respect to the size of the scene (e.g. number of scene
objects). Another measure might consider the dependence of the algorithm on the number of only the
visible objects. Scalability can also be studied according to the given domain restrictions, e.g. volume
of the view cell.

A well designed visibility algorithm should be scalable with respect to the number of structural
changes or discontinuities of visibility. Furthermore, its performance should be given by the complex-
ity of the visible part of the scene. These two important measures of scalability of an algorithm are
discussed in the next two sections.

Use of coherence

Scenes in computer graphics typically consist of objects whose properties vary smoothly from one
part to another. A view of such a scene contains regions of smooth changes (changes in color, depth,
texture,etc.) and discontinuities that let us distinguish between objects. The degree to which the scene
or its projection exhibit local similarities is callemherencgFole9q.

Coherence can be exploited by reusing calculations made for one part of the scene for nearby parts.
Algorithms exploiting coherence are typically more efficient than algorithms computing the result from
the scratch.

Sutherland et al.§uth74 identified several different types of coherence in the context of visible
surface algorithms. We simplify the classification proposed by Sutherland et al. to reflect general
visibility problems and distinguish between the following three typedsibility coherence

e Spatial coherenceVisibility of points in space tends to be coherent in the sense that the visible
part of the scene consists of compact sets (regions) of visible and invisible points. We can reuse
calculations made for a given region for the neighboring regions or its subregions.
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e Line-space coherencé&ets of similar rays tend to have the same visibility classification, i.e. the
rays intersect the same object. We can reuse calculations for the given set of rays for its subsets
or the sets of nearby rays.

e Temporal coherenceVisibility at two successive moments is likely to be similar despite small
changes in the scene or a region/point of interest. Calculations made for one frame can be reused
for the next frame in a sequence.

The degree to which the algorithm exploits various types of coherence is one of the major design
paradigms in research of new visibility algorithms. The importance of exploiting coherence is empha-
sized by the large amount of data that need to be processed by the current rendering algorithms.

Output sensitivity

An algorithm is said to beutput-sensitivé its running time is sensitive to the size of output. In the
computer graphics community the term output-sensitive algorithm is used in a broader meaning than in
computational geometnBerg91. The attention is paid to a practical usage of the algorithm, i.e. to an
efficient implementation in terms of the practical average case performance. The algorithms are usually
evaluated experimentally using test data and measuring the running time and the size of output of the
algorithm. The formal average case analysis is usually not carried out for the following two reasons:

1. The algorithm is too obscured/isibility algorithms exploit data structures that are built according
to various heuristics and it is difficult to derive proper bounds even on the expected size of these
supporting data structures.

2. It is difficult to properly model the input dataln general it is difficult to create a reasonable
model that captures properties of real world scenes as well as the probability of occurrence of a
particular configuration.

A visibility algorithm can often be divided into theffline phase and thenline phase. The offline
phase is also called preprocessing. The preprocessing is often amortized over many executions of the
algorithm and therefore it is advantageous to express it separately from the online running time.
For example an ideal output-sensitive visible surface algorithm ru6Xinog n + k?), wheren is
the number of scene polygons (size of input) &nd the number of visible polygons (in the worst case
k visible polygons induc®(k?) visible polygon fragments).

Acceleration data structures

Acceleration data structures are often used to achieve the performance goals of a visibility algorithm.
These data structures allow efficient point location, proximity queries, or scene traversal required by
many visibility algorithms.

With a few exceptions the acceleration data structures provig@tal indexXfor the scene by means
of a spatial data structure. The spatial data structures group scene objects according to the spatial
proximity. On the contrary line space data structures group rays according to their proximity in line
space.

The common acceleration data structures can be divided into the following categories:

e Spatial data structures

— Spatial subdivisions

uniform grid, hierarchical grid, kD-tree, BSP tree, octree, quadtree, etc.
— Bounding volume hierarchies

hierarchy of bounding spheres, hierarchy of bounding boxes, etc.
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— Hybrid
hierarchy of uniform grids, hierarchy of kD-trees, etc.

e Line space data structures

— General
regular grid, kD-tree, BSP tree, etc.

Use of graphics hardware

Visibility algorithms can be accelerated by exploiting dedicated graphics hardware. The hardware
implementation of the z-buffer algorithm that is common even on a low-end graphics hardware can be
used to accelerate solutions to other visibility problems. Recall that the z-buffer algorithm solves the
visibility from a point problem by providing a discrete approximation of the visible surfaces.

A visibility algorithm can be accelerated by the graphics hardware if it can be decomposed so that the
decomposition includes the problem solved by the z-buffer or a series of such problems. Prospectively,
the recent features of the graphics hardware, such as the pixel and vertex shaders allow easier applica-
tion of the graphics hardware for solving specific visibility tasks. The software interface between the
graphics hardware and the CPU is usually provided by Opem&il(2].

2.5 Visibility in urban environments

Urban environments constitute an important class of real world scenes computer graphics deals with.
The urban environments are the major focus in the design of the algorithms presented in the thesis.

We can identify two fundamental subclasses of urban scenes. Firstly, we comsideorscenes,
i.e. urban scenes as observed from streets, parks, rivers, or a bird’'s-eye view. Secondly, we consider
indoorscenes, i.e. urban scenes representing building interiors. In the following two sections we discuss
the essential characteristics of visibility in both the outdoor and the indoor scenes. The discussion is
followed by summarizing the suitable visibility techniques.

2.5.1 Analysis of visibility in outdoor urban areas

Outdoor urban scenes are viewed using two different scenariosflyowerscenario the scene is ob-
served from the bird’s eye view. A large part of the scene is visible. Visibility is mainly restricted due

to the structure of the terrain, atmospheric constraints (fog, clouds) and the finite resolution of human
retina. Rendering of the flyover scenarios is usually accelerated using LOD, image-based rendering and
terrain visibility algorithms, but there is no significant potential for visibility culling.

In awalkthroughscenario the scene is observed from a pedestrians point of view and the visibility
is often very restricted. In the remainder of this section we discuss the walkthrough scenario in more
detail.

Due to technological and physical restrictions urban scenes viewed from outdoor closely resemble a
2D height functioni.e. a function expressing the height of the scene elements above the ground. The
height function cannot capture certain objects such as bridges, passages, subways, or detailed objects
such as trees. Nevertheless buildings, usually the most important part of the scene, can be captured
accurately by the height function in most cases. For the sake of visibility computations the objects that
cannot be represented by the height function can be ignored. The resulting scene is thenz%'ﬂied a
scene

In a dense urban area with high buildings visibility is very restricted when the scene is viewed from
a street (see Figur29-a). Only buildings from nearby streets are visible. Often there are no buildings
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visible above roofs of buildings close to the viewpoint. In such a case visibility is essentially two-
dimensional, i.e. it could be solved accurately using a 2D footprint of the scene and a 2D visibility
algorithm. In areas with smaller houses of different shapes visibility is not so severely restricted since
some objects can be visible by looking over other objects. The view complexity increases (measured
in number of visible objects) and the height structure becomes increasingly important. Complex views
with far visibility can be seen also near rivers, squares, and parks (see EBiire

Figure 2.9: Visibility in outdoor urban areas. (left) In the center of a city visibility is typically restricted
to a few nearby streets. (right) Near river banks typically a large part of the city is visible. Note that
many distant objects are visible due to the terrain gradation.

In scenes with large differences in terrain height the view complexity is often very high. Many objects
can be visible that are situated for example on a hill or on a slope behind a river. Especially in areas
with smaller housing visibility is much defined by the terrain itself.

We can summarize the observations as follows (based on Wuvtkaki013) :

e Outdoor urban environments have basicag%tructure and consequently visibility is restricted
accordingly.

e The view is very restricted in certain areas, such as in the city center. However the complexity of
the view can vary significantly. It is always not the case that only few objects are visible.

e If there are large height differences in the terrain, many objects are visible for most viewpoints.

¢ In the same view a close object can be visible next to a very distant one.

In the simplest case the outdoor scene consists only of the terrain populated by a few buildings.
Then the visibility can be calculated on the terrain itself with satisfying accuréloyds Cohe95
Stew97. Outdoor urban environments have a similar structure as terrains: buildings can be treated as
a terrain withmany discontinuitiein the height function (assuming that the buildings do not contain
holes or significant variations in their facades). To accurately capture visibility in such an environment
specialized algorithms have been developed that compute visibility from a given viewpoinh1]
or view cell Wonk0Q Kolt01, BittO1€|.

The methods presented later in the thesis make use of the specific structure of the outdoor scenes to
efficiently compute a PVS for the given view cell. The key observation is that the PVS for a view cell in
a Z%D can be determined by computing visibility from its top boundary edges. This problem becomes
a restricted variant of the visibility from a line segment in 3D witi ) = 3.
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2.5.2 Analysis of indoor visibility

Building interiors constitute another important class of real world scenes. A typical building consists of
rooms, halls, corridors, and stairways. It is possible to see from one room to another through an open
door or window. Similarly it is possible to see from one corridor to another one through a door or other
connecting structure. In general the scene can be subdivided into cells corresponding to the rooms, halls,
corridors, etc., and transparent portals that connect the ééte90, Tell91]. Some portals correspond
to the real doors and windows, others provide only a virtual connection between cells. For example an
L-shaped corridor can be represented by two cells and one virtual portal connecting them.

Visibility in a building interior is often significantly restricted (see FigirdQ. We can see the
room we are located at and possibly few other rooms visible through open doors. Due to the natural
partition of the scene into cells and portals visibility can be solved by determining which cells can be
seen through a give set of portals and their sequences. A sequence of portals that we can see through is
calledfeasible

Figure 2.10: Indoor visibility. (left) Visibility in indoor scenes is typically restricted to a few rooms or
corridors. (right) In scenes with more complex interior structure visibility gets more complicated.

Many algorithms for computing indoor visibilityAire90, Tell92b, Lueb9] exploit the cell/portal
structure of the scene. The potential problem of this approach is its strong sensitivity to the arrangement
of the environment. In a scene with a complicated structure with many portals there are many feasible
portal sequences. Imagine a hall with columns arranged on a grid. The number of feasible portal
sequences rapidly increases with the distance from the given viewTed®2b if the columns are
sufficiently small (see Figur2.11). Paradoxically most of the scene is visible and there is almost no
benefit of using any visibility culling algorithm.

The approach presented later in the thesis partially avoids this problem since it does not rely on
finding feasible portal sequences even in the indoor scenes. Instead of determinimgmibawvisible
through a transparent complement of the scene (portals) the method determineanviwdbe visible
due to the scene objects themselves (occluders). This approach also avoids the explicit enumeration of
portals and the construction of the cell/portal graph.

2.6 Summary

Visibility problems and algorithms penetrate a large part of computer graphics research. The proposed
taxonomy aims to classify visibility problems independently of their target application. The classifica-
tion should help to understand the nature of the given problem and it should assist in finding relation-
ships between visibility problems and algorithms in different application areas. The thesis addresses the
following classes of visibility problems:
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Figure 2.11: In sparsely occluded scenes the cell/portal algorithm can exhibit a combinatorial explosion
in number of feasible portal sequences. Paradoxically visibility culling provides almost no benefit in
such scenes.

e Visibility from a point in 3D and visibility from region in 2Dd(Lg) = 2.
e Visibility from a region in 2D, d(Lg) = 3.
e Visibility from a region in 3D,d(Lr) = 4.
This chapter discussed several important criteria for the classification of visibility algorithms. This
classification can be seen as a finer structuring of the taxonomy of visibility problems. We discussed
important steps in the design of a visibility algorithm that should also assist in understanding the qual-

ity of a visibility algorithm. According to the classification the thesis addresses algorithms with the
following properties:

e Domain:

— viewpoint (Chapterd, 5),

— line segment or 2D polygon (Chaptg,
— vertical trapezoids/prisms (Chapf®r
— polygon or polyhedron (Chapt&)

e Scene restrictions (occluders):

— convex polygons (Chapteds 5 and 8),
— line segments (Chaptéy,
— vertical trapezoids (Chapt@)

e Scene restrictions (group objects):

— bounding boxes (Chaptefs5, Chapter7 and8),
— bounding rectangles (Chapigy.

e Output:

— PVS, answers 2-(b), 2-(c) (Chapterss, 7 and 8)
— Visible surfaces, answer 3-(d) (Chaptérs)
— Visibility discontinuities, answer 3-(c) (Chaptess8)
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Accuracy:

— conservative (Chaptets 7)
— exact (Chapterd, 5, 6, 7 and8)

Solution space:

— continuous, line space (Chaptdrs, 6 and8)
— continuous, line space / primal space (Chaggjer

Solution space data structure: BSP tree (all methods)

Use of coherence of visibility:

— spatial coherence (all methods)
— line space coherence (all methods)
— temporal coherence (Chapt®r

Output sensitivity: expected in practice (all methods)

Acceleration data structure: kD-tree (all methods)

e Use of graphics hardware: no

The algorithms described in the rest of the thesis are mainly focused on urban scenes. This chapter
also discussed specific issues of visibility in indoor and outdoor urban scenes and outlined appropriate
visibility technigques.



Chapter 3

The general concept of a visibility
algorithm

This chapter presents a general concept suitable for solution of several visibility problems. Applications
of the concept are then presented in Chaptels 6, and8, where it is used for the real-time occlusion
culling, computing visibility maps and computing from-region visibility in 2[32,[2 and 3D scenes.
These chapters then thoroughly discuss the details of the method and optimizations for the particular
application.

The concept is based on three main ideas: approximate occlusion swegghe occlusion tree
andhierarchical visibility tests The approximate occlusion sweép used to construct amggregated
occlusion magAOM) due to already processed occluders. The AOM is maintained bgdbtlesion
tree that represents a union of occluded rays by means of a hierarchical subdivision of the problem-
relevant line set. The occlusion tree serves as an abstraction layer allowing to apply the same concept
for various visibility problems: the tree can be used to represent visibility with respect to a point,
line segment or a region. Additionally, the hierarchical structure of the occlusion tree allows efficient
visibility tests making use of visibility coherence. Thierarchical visibility testaise the occlusion tree
to classify visibility of nodes of the spatial hierarchy. These tests are interleaved with the occlusion
sweep to achieve an output-sensitive behavior of the algorithm.

3.1 Related work

The proposed concept extends the ideas of several from-point visibility methods for solving other vis-
ibility problems. In particular it builds on the beam tracingelck84, the cone tracingAman84, the

frustum casting Tell98] and the projection of Binary Space Partitioning (BSP) trédésy]92. These
methods share a common idea of sweeping the scene in the direction defined by a certain set of rays
(beam, cone, frustum or the whole viewport). The scene is swept in a front to back order, which leads to
an output-sensitive behavior of the algorithm: once an unambiguous solution is found (e.g. the whole
beam intersects an object) the algorithm is terminated. Thus the invisible part of the scene need not be
processed by the algorithm. Another common principle is the use of visibility coherence. Whole sets
of rays are cast at a time. In the case that the rays intersect the same object the algorithm terminates.
This contrasts to the classical ray shooting for example, which needs to sample visibility by casting
independent rays until sufficient precision is achieved.

3.1.1 Beam tracing

Thebeam tracingvas designed by Heckbert and Hanrahdadk84 to overcome some problems con-
nected with ray tracing. Rather than shooting a single ray at a time it casts a pyramid (beam) containing

27
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infinitely many rays. The resulting algorithm makes better use of coherence of neighboring rays and
eliminates some aliasing connected with the classical ray tracing by providing analytic description of
visibility.

Beam tracing starts by casting a pyramid corresponding to the whole viewing frustum. A modified
Weiler-Atherton algorithm (see Sectidn3.2) is used to find intersections of the current pyramid with
the scene polygons. The current pyramid is subdivided into frusta (beams) each intersecting a single
polygon. The algorithm continues by recursively casting reflected and refracted beams. The drawback
of the algorithm is that the beams might become rather complex and the implementation of a robust and
fast beam casting algorithm is difficult.

3.1.2 Cone tracing

Thecone tracingoroposed by Amanatidesiman84 traces a cone of rays at a time instead of a polyhe-

dral beam or a single ray. It was designed to simulate glossy reflections and soft shadows. In contrast to
the beam tracing the algorithm does not determine precise boundaries of visibility changes. The cones
are intersected with the scene objects and at each intersected object a new cone (or cones) are cast to
simulate reflection and refraction. The cone angle can be adjusted based on the surface roughness or
fitted to match sizes of areal light sources.

3.1.3 BSP tree projection

Naylor [Nayl92H developed an elegant and efficient visible surface algorithm for rendering polygonal
scenes represented by a BSP tree. The algorithm combines principles of Warnock’s algorithm and
Weiler-Atherton’s algorithm.

The scene is swept in a front to back order using an ordered traversal of the BSP tree. The view of
the scene is represented by a 2D BSP tree resulting from projections of the visible scene polygons. The
2D BSP tree is used to clip the invisible polygons using an efficient hierarchical traversal of the tree.

The front to back traversal of the scene BSP tree is interleaved with visibility tests of cells corre-
sponding to interior nodes of the tree. These tests are carried out using a polygonal representation of
the cell and the 2D BSP tree representing the current view. The hierarchical visibility tests lead to an
output-sensitive behavior of the algorithm. The drawback of the method is that it requires that the whole
scene is represented using a BSP tree. This poses a significant problem for large and especially dynamic
scenes.

3.1.4 Frustum casting

Teller and Alex TTell9g] characterize visible surface algorithms bwarking setandoverdraw They

define the working set as the extent to which, and the order in which, the algorithm accesses virtual
memory corresponding to nodes of the spatial index (e.g. kD-tree, object bounding boxes, etc.) or the
scene data (e.g. triangles). The working set is closely related to overdraw, i.e. the effort spent by the
render to process objects that do not contribute to the final image.

They propose a concept of frustum casting that synthesizes three well-known algorithms: screen
space subdivision, beam tracing and accelerated ray shooting using a spatial subdivision. Frustum
casting should combine efficient aspects of the three algorithms while overcoming their weaknesses.

Teller and Alex TTell98] proposed several optimizations that improve the performance of the algo-
rithm, e.qg. if all rays hit the same convex object and it is the only object intersecting the current frustum
we know that all rays in the frustum intersect the object.

The concept described further in this chapter generalizes the idea of casting a set of rays by casting a
general set of rays that need not originate at a single point. It can be seen as an extension of the Naylor's
BSP projection algorithm in two aspects: Firstly, instead of a 2D BSP representing a view with respect
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to a point it uses an occlusion tree representing a set of occluded rays with respect to a point, line
segment or a region. Secondly, the concept does not rely on an exact priority order of scene polygons
provided by a BSP tree representing the whole scene. Instead, it uses an approximate priority order
induced by a spatial hierarchy and resolves the depth priority conflicts by restructuring the occlusion

tree.

3.2 Approximate occlusion sweep

Traditional list-priority methods for visible surface determination aim to determine strict priority order-
ing of the scene polygons. A popular approach is the algorithm using an autopartition BSRitiegq

that organizes the scene polygons. By simple traversal of the tree the algorithm determines a strict front-
to-back or back-to-front order of the polygons with respect to the given viewpoint. There are three main
issues with the autopartition BSP algorithm:

e The BSP tree increases the amount of scene polygons due to splitting.

e The tree is not well suited to dynamic scenes since the partitioning planes are aligned with the
scene polygons.

e The strict priority order is determined with respect to a single point (viewpoint) not a set of points.

We use a novel concept of approximate priority orderiagproximate occlusion sweefd he ap-
proximate occlusion sweep processes scene polygons in an approximate front-to-back order: a currently
processed polygon can be occludedynprocessed polygona.is typically very small and very often
k = 0. The main advantage of the method is that almost any common spatial index such as a kD-tree,
an octree or a bounding volume hierarchy can be used to establish the approximate front-to-back order.
Additionally the approximate occlusion sweep can be applied with respect to a point, line segment or a
region.

The approximate occlusion sweep is used to construct the AOM, i.e. a data structure capturing the
aggregated occlusion of the processed polygons. To ensure that the computed result is not influenced by
the approximate character of the sweep, the A@NEt supporthe insertion of polygons in the reverse
priority order ¢ > 0). Additional checks are performed during the polygon insertion to accurately
determine the position of the currently processed polygon with respect to the already processed ones.
Late processing of a polygon with a higher priority that is in front of the already processed polygons,
causes a certain performance penalty. The assumption is that such a case is not very frequent in practice
and thus the performance penalty is amortized.

Suppose we use a kD-tree to organize the scene polygons. The tree is built by recursive subdivision
until certain termination criteria are met. Leaves of the tree contain references to scene polygons.
In practice each leaf contains a small number of references (number of objects per leaf is one of the
termination criteria of the tree construction algorithm

Two methods can be used to perform the approximate occlusion sweep using a kD-tree: one corre-
sponding to the depth-first traversal of the tree, the other to the breadth-first traversal.

The depth-first traversal method visits leaves of the tree in a front-to-back order with respect to a
given point. The algorithm uses the partitioning planes associated with interior nodes of the tree to
establish the front-to-back order as proposed by Fuchs dtwthBq.

The second method is more general. It uses a priority stack for the breadth-first traversal. The priority
of the node is inversely proportional to the minimal distance of the hierarchy node from the viewpoint.
This approach can also be used for an octree, a bounding volume hierarchy, or a hierarchy of uniform

'However, in a pathological case when the scene objects are not separable by an orthogonal plane, there can be as much as
O(n) objects per leaf.
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grids. The breadth-first traversal is based solely on the priority of the given hierarchy node. This allows
to apply the method to dynamic scenes where the structure of the hierarchy changes.

In both traversal methods the polygons associated with a leaf node are processed in random order.
Alternatively, a simple runtime depth-ordering of the polygons within a leaf can be used to increase the
accuracy of the generated priority order. An illustration of the progress of this method is depicted in
Figure3.1

D swept regions D random polygon order D unprocessed regions

Figure 3.1: Approximate occlusion sweep. The scene is processed in an approximate front-to-back
order. The order is defined by the traversal of a spatial hierarchy. On the figure a breadth-first-like
traversal is depicted. In a currently visited region polygons are processed in random order.

3.3 Occlusion tree

The occlusion tree is a BSP tree maintaining a line space subdivision. The tree is used to represent the
AOM of already processed polygons and depending on the particular visibility problem it captures oc-
cluded rays emanating from a point, line segment or a region in the scene that are blocked by processed
polygons. For visibility from point in 3D scenes the occlusion t8t98] is a BSP tree representing a

view of the scene. For this case it is conceptually equivalent to the Shadow Volume BSP tree introduced
by Chin and Feiner@hin89 discussed in Sectio@.1.4 The tree is a BSP representation of the image
consisting of already processed polygons. Each point inside a polygon in the image corresponds to
a ray blocked by that polygon. Such a BSP representation of the image with depth was also used by
Naylor [Nayl92f (the method described in SectiBril.3.

The occlusion tree is a generalization of the BSP representation of the view of the scene. The sets of
rays blocked by already processed occluders are described as line space polyhedra. The occlusion tree
is used to maintain the union of these polyhedra. The intersections of the polyhedra are resolved using
an information about the depth of the corresponding occluders.

A detailed description of the structure of the occlusion tree for a specific visibility problem will be
discussed in Chapte#s 5, 6, 7, and8. This section reviews only the principle of using BSP trees for
polyhedra set operations proposed by Thibault and NaylhitB7] and Naylor et al. [Nayl90H. It
describes the general structure of the occlusion tree and outlines the associated visibility algorithms.
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3.3.1 Polyhedra set operations using BSP trees

BSP trees are often used to organize polygonal scenes. The BSP based visibility algorithm of Fuchs et
al. [Fuch8Q has been improved by Gordon and Ch&wofd9] to achieve output-sensitivity for a certain
type of environment and further developed by Naylayl92. Subramanian and NayloSpbr97
introduced an algorithm for converting discrete images to 2D BSP trees. Dynamic changes to BSP trees
were studied inTorr90, Chry93. Other work on BSP trees can be found Mdre95 Garr9g Agar97,
Huer97 Mars97 Wile97, Berg97 Mura97, Nech96 Tobo99.

In this section we focus on an application of BSP trees for representing a collection polyhedra and
performing set operations on the polyhedfraip87, Nayl90a Nayl90h Nayl923 Nayl93.

A polyhedron P is represented by recursive subdivision of the whole space by hyperplanes into
convex cells. A hyperplank, is associated with each interior nodef the tree. Each node of the
tree corresponds to a convex cél},. If v is an interior node the hyperplamg subdividesR, into
smaller cellsk; andR,, . Leth; be the positive halfspace aig the negative halfspace bounded by
h,. The cells associated with the left and the right children afe R, N h;" and R, N h,;, respectively.

The root of the tree corresponds to the whole space and the leaves to elementary cells. Each elemen-
tary cell is classified ag or out depending whether it is inside or outside of the polyhedron

Set operations on two polyhedra can be performethbygingtheir BSP trees. Merging of two BSP
trees can be described as follows:

1. Denote the smaller tréB4, the bigger on@ 2. The algorithm will mergd™ into 75,

2. Identify a set ofelevant leavesv4 of T4. The notion of a relevant leaf depends on the particular
operation.

3. For each Ieaﬂ;4 of N4 perform the following steps:

(a) Recursively find all leaves/}? of T intersecting the polyhedroR” associated with{!

(b) Depending on the particular operation upd&t€ by inserting planes bounding”. Update
classification of the resulting new nodes.

For the sake of representing aggregated occlusion we are interested in the set union operation: at each
step of the approximate occlusion sweep we extend the tree by a polyhedra representing rays occluded
by the currently processed polygon.

In the case of a set union operation the relevant leaves determined in step 2 of the merging algorithm
are allin-leaves ofl'4. The step 3-(b) then proceeds as follows:

3.(b) For each leaf.? € N'5:

(a) If L} is in-leaf, do nothing.

(b) If LJB is out-leaf, replace it by a subtree representid. Use only such planes @#/ that
intersect the interior of the cell correspondingﬂﬁ.

The proposed concept uses a simpler form of the set union operation that merges a single polyhedron
into the BSP tree. This case corresponds to merging of two BSP Tréemd 7% whereT” is an
elementary tree with a single-leaf. See Figur&.2for an illustration of the set union operation.

3.3.2 Structure of the occlusion tree

The occlusion tree is a BSP tree that partitions the problem-relevant liii;sétach node represents
a set of rayQy C Lr emanating from the given point, line segment or a polyhedral region depending
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Figure 3.2: A 2D example of the set union operation. Poly@bris merged into the BSP tree repre-
senting a union of?; and P». Ps is split into two fragments that correspond to the two rieweaves
of the BSP tree.

on the particular visibility problem. The root of the tree represents the whgleEach interior node

N is associated with a plarfey partitioning the set of rays associated with the node. Left child of
N represents ray®y N hy, right child Oy N kY, wherehy, andh}, are halfspaces induced by .
Leaves of the tree are classifiedor out. If N is anout-leaf, Q5 represents unoccluded rays.Nfis
anin-leaf, it is associated with a closest scene polygahat is intersected by the corresponding set of
raysQy.

Probably the most intuitive is the occlusion tree for visibility from point in 3D. To further simplify
the understanding of the structure of the tree we can think about the occlusion tree in a projection to
a particular 2D viewport. Then the root of the tree corresponds to the whole viewport. Each interior
node is associated with a line subdividing the current polygonal region in two parts. Leaves of the tree
represent either empty region of the viewport or a fragment of a visible polygon.

Occlusion tree constructed for a single polyhedfrontains interior nodes corresponding to the
planes defined by facets ¢f. We call such a treelementary occlusion treelenoted e-OTR) (see
Figure3.3). e-OT(P) contains singlén-node corresponding to the interior Bf

3.3.3 Construction of the occlusion tree

The occlusion tree is constructed by incremental insertion of polyhedra. Each polyhedron corresponds
to a set of rays blocked by a scene polygon. The insertion order is determined by the approximate
occlusion sweep. For visibility from point in 3D the line space polyhedron is represented by the scene
polygon itself: each point inside the polygon represents a single ray emanating from the viewpoint and
intersecting the polygon. This chapter however discusses the general approach and thus the algorithms
are presented in terms of line space polyhedra.

For an occlude© the algorithm inserting a corresponding polyhedignin the tree maintains two
variables: the current nod€,. and the current polyhedral fragmeRt. Initially N, is set to the root of
the tree and®. = Pp. The insertion of a polyhedron in the tree proceeds as followd', i an interior
node we determine the position 8f and the plané.y, associated withV.. If P, lies in the negative
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Figure 3.3: 2D example of an elementary occlusion tree. The tree contains four interior nodes corre-
sponding to the edges of the polygon.

halfspace induced by, the algorithm continues in the left subtree. SimilarlyPiflies in the positive
halfspace induced by, the algorithm continues in the right subtree Hf intersects both halfspaces
it is split by hy, into two partsP. and P;" and the algorithm proceeds in both subtreesVpfwith
relevant fragments aP..

If N.is aleaf node then we make a decision depending on its classificatidpidfanout-leaf then
rays corresponding t®, are unoccluded and¥ is replaced by e-OTR.). If N, is anin-leaf we check
the mutual position of the occludéry, and the occluder associated with. If O is behindOy, it is
invisible and no madification to the tree necessary. Otherwisis replaced by e-OTH.) and the "old’
polyhedronPy, is merged in the new subtree. Note that this case occurs when the strict front-to-back
order of scene polygons is violated. See Figi#efor an example of the occlusion tree for visibility
from point in 3D.

Figure 3.4: An example of the occlusion tree for visibility from point in 3D. Rays intersecting polygonal
occludersO1, O2, andOj3 are represented by 2D polygo#s, P», and P;, respectively. Polygom

is split into two visible fragmentsPs is partially covered by, and so the tree reflects only its visible
part Ps,.
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3.3.4 \Visibility test using the occlusion tree

The occlusion tree can be used to test if a given set of rays intersects the already processed polygons. In
general the test results in one of the three visibility states: invisible, partially visible, fully visible.

Assume we test visibility of an occludérthat induces a line space polyhedi@s. The visibility test
is performed similarly as the insertion of a polyhedron into the tree. The difference is that no changes
to the tree are performed even if the polyhedfrcorresponds to a set of unoccluded rays. Reaching
an out-leaf we classify the corresponding fragment as visible. Reaching-éeaf the visibility state
depends on the mutual position of occludér&ndOy,. If O is in front of Oy, it is visible. If it is
behindOy, it is invisible. The visibility classification of is obtained by combining visibility states
of all leaves reached by the traversal of the tree according to the Jdble

| Fragment A| Fragment B A UB |

F F F o
[ | I | —invisible
| = P P —partially visible

F —fully visible
. | P * —any of the |,P,F states
P " P

Table 3.1: Combining visibility states of two fragments.

Whenever the combination results in partial visibility the algorithm can be terminated. If we do not
distinguish between the fully visible and partially visible states the algorithm can be terminated as soon
as any visible fragment is found. See Fig@r&for an illustration of the visibility test.

| A\

OT ROOT

PULL-UP
VISIBILITY STATES

CONSTRAINED
DFS

Ny N5

Figure 3.5: Visibility test using an occlusion tree. The algorithm performs a constrained depth first
search (DFS) on the tree. The visibility states determined in leaves are pulled up the tree and combined
according to the Tabla.1

3.4 Hierarchical visibility tests

In order to increase efficiency of the algorithm the approximate occlusion sweep can be interleaved
with visibility tests applied on the nodes of the spatial hierarchy. If the test determines that the node is
invisible, the corresponding subtree and all polygons it contains can be culled.
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The visibility of the bounding box of the current kD-tree node is determined using the visibility test

described above. The test uses a line space polyhedron representing rays of the problem-relevant line
setLp that intersect the bounding box. If the test classifies the node as invisible, the whole subtree of
the corresponding kD-tree node can be culled. See Fij6fer a 2D example of hierarchical visibility
tests for visibility from point.

view frustum

viewpoint

|| visible

| ] invisible
|| partialy visible

I culled by VFC

Figure 3.6: Hierarchical visibility tests. The figure depicts resulting visibility classification of kD-tree
nodes. These nodes are leaves of the subtree visited by the approximate occlusion sweep.

The hierarchical visibility tests provide a great benefit in densely occluded scenes where many scene

objects are invisible. This leads to an output-sensitive behavior of the algorithm in practice. Figure
depicts a pseudo-code of a hierarchical from-region visibility algorithm.

3.5 Complexity analysis

This section presents an analysis of the time and space complexities of the proposed methods. Itis hard
to provide meaningful bounds on the expected complexity of the algorithm, since the construction of the
supporting structures relies on various heuristics. Therefore, we make several assumptions to simplify
the analysis.

3.5.1 kD-tree

The properties of the scene kD-tree significantly influence the behavior of the proposed techniques
especially for densely occluded scenes. kD-trees were designed to organize sets of RSifiBeint75

Same9( The size of a kD-tree fon points iss, = 2n — 1 assuming that each leaf is associated with a
single point. A kD-tree 0©)(logn) height can be constructed @(n logn) time.
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HierarchicalVisibility( RegionRs, kDTree KD ){

1: OT.Init(Rg) // initiate OT

2: pqueue.Put(KD.root) // initiate priority queue
3: while (pqueue is not empty)

4: N« pqueue.Get() // get next node from the queue
5. if (Ry intersectsRs)

6: N.vis < VISIBLE

7. else

8: N.vis — OT.TestVisibility(R y)

9: if (N.vis != INVISIBLE) {

10: if (N is leaf)

11. OT.InsertOccluders( N.occluders )

12: else

13: pqueue.Put( childresf N )

4. }

15:  } /' while

16: }

Figure 3.7: Pseudo-code of the hierarchical from-region visibility algorithm.

Analysis of a kD-tree for a set of polygons is more complicated. First of all a kD-tree with a single
polygon per leaf need not exist, if the polygons are not separable by an orthogonal plane. Thus in the
worst case forn polygons there can be as much@&:) polygons per leaf for a kD-tree of size(m)
resulting in totalO(mn) space complexity.

In practice we observe that for most real world scenes we can construct a kD-tre@ (wiktsize,

O(1) polygons per leaf an@(log n) average depth. The tree is typically constructed usingrtimemal
splits heuristic Bitt98] or the surface area heuristicBMacD90Q Havr004, which takesO(n logn)
time.

3.5.2 Number of swept nodes

For further analysis it is important to express the number of nodes of the kD-tree visited by the occlusion
sweep. If there aré visible polygons in the scene, there &@pék) leaves of the kD-tree classified
visible (assuming there i8(1) polygons per leaf). Th&(k) leaves induce a subtree of a size between
Q(k + logn) andO(klogn) (assuming the height of the kD-tree(®log n)). The lower bound holds
in the case that the subtree is a compact subtree of h@ighg k), the upper bound holds for visible
nodes spread in disjoint branches of the kD-tree. These bounds hold for the total number of nodes
visited by the sweep assuming that for each interior node of the spatial hierarchy classified as visible, at
least one of its child nodes is visible (this cannot be guaranteed if the visibility test is more accurate for
smaller cells).

We can conclude that there aP&k log n) nodes tested for visibility. The total number of processed
polygons isO(k) some of which can be classified invisible due to the approximate polygon ordering.

3.5.3 Size of the occlusion tree

The occlusion tree maintains a subdivision of the problem-relevant linésetThe dimension oL
induces bounds on the size of the tree. Assume the tree capd@kgsblocker polyhedra, wherg
corresponds to the number of visible occluders and each blocker polyhedron conyis$} é&dces. The
trivial upper bound of the tree size @3(k%) whered is the dimension of the problem-relevant line set.
This bound corresponds to the size of the arrangement of hyperplaRéq Dobk97. The actual size



3.6. SUMMARY 37

of the tree highly depends on the mutual positions of the blocker polyhedra, their volume and the order
of their insertion into the tree.

For the case off = 2 we can derive a more accurate upper bound: the expected size of the tree is
O(k log k) for k random non-intersecting polygons. This bound follows from the analysis of size of a 2D
BSP tree for a set of random line segments constructed using a simple randomized aldeittp® [

For higher dimensionsi(> 2) however a similar randomized algorithm yield®&k?) upper bound.

In Chaptersb, 6, and8 we will present measurements of the size of the occlusion tree for various
types of input data. We can observe that@g“) upper bound is rather pessimistic and the size of the
occlusion tree is typically much smaller in practice.

3.5.4 Analysis of a visibility test

A visibility test using an occlusion tree of sizewith O(log s) height takegD(log s) time at the best
case and)(s) time at the worst case. The best case corresponds to the situation that the test terminates
immediately after reaching a leaf node. The test can be terminated as soomw@slearf is reached
since we know that the tested region is at least partially visible.

The worst case holds for the case that we check visibility of a very large invisible region that covers
all rays captured by the tree. Note that if a large region is found invisible all its subregions are culled,
which amortizes the total time taken by visibility tests.

3.6 Summary

This chapter presented a general concept suitable for solving from-point, from-segment and from-region
visibility. The concept is based on the idea of sweeping the scene and constructing an aggregated
occlusion map. To abstract from the particular visibility problem we propose to use an occlusion tree,
i.e. a BSP tree maintaining the occlusion map using a hierarchical partitioning of the problem-relevant
line set. The tree represents a set of rays blocked by the already processed polygons. The hierarchical
structure of the occlusion tree is used for efficient updates and visibility tests. The visibility tests are
applied on the nodes of the spatial hierarchy during the occlusion sweep. These tests allow to quickly
cull invisible parts of the scene, which leads to the output-sensitive behavior of the algorithm. The
proposed approximate occlusion sweep provides a compromise between computationally costly strict
ordering of the scene polygons and a fast ordering that does not require additional data structures and
calculations.
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Chapter 4

Real-time visibility culling

This chapter presents an algorithm for real-time visibility culling for the acceleration of walkthroughs of
large scenes. The proposed technigue belongs to the class of visibility from point problems. According
to the classification from Chapt@it is an online, continuous, and output-sensitive from-point visibility
algorithm that makes use of visibility coherence (object space, line space, and temporal).

4.1 Problem statement

The goal of the real-time visibility culling can be defined as follows: given a scene and a viewpoint
quickly determine a PVS, i.e. a set of objects potentially visible from the viewpoint. These objects
are then sent to the graphics pipeline; the rest of the scene is culled. The final visibility is typically
resolved using z-buffer. The opposite criteria posed on the real-time visibility culling are the speed of
the algorithm versus the accuracy of the resulting visibility classification. The algorithm should take
only a fraction of the total frame time but the visibility classification should be precise enough so that
most invisible objects are culled.

4.2 Related work

In computational geometry visible surface determination was studied theoretically by d&3Beg§3h
Berg934, Mulmuley [Mulm89] and Sharir Ehar92. Grant [Gran92 presented a survey of practical vis-
ibility algorithms for computer graphics concentrating on visible surface and hard shadow algorithms.

Visible surface determination is commonly solved using the z-buffer algoritbatni79 or BSP
trees Fuch8(. Both these algorithms are not output-sensitive since they can spend significant time
by processing objects that are actually invisible. The efficiency of these methods can be improved by
applying some culling techniques such as back face cullitigfi97a Kuma96h Kuma96 or view
frustum culling Clar76 Assa0(Q (see ChapteB for more details). Another possibility is a paralleliza-
tion of the visible surface algorithnGeor95 Fran9(. In the rest of this section we review work on
visibility culling methods.

A lot of research has been devoted to the conceptoténtially visible set¢PVS) in architectural
environments that can be decomposed into cells connected by transparent ping8l3, [Tell91]. The
cell/portal methods belong to the from-region visibility problems that will be discussed in Chéptérs
and 8. An exception is the algorithm of Luebke and Geordassh9] that applies the cell/portal based
culling for each viewpoint in real time. Thaerarchical z-bufferof Greene {(5Gree93 uses a discrete
z-pyramidto represent the occlusion map with respect to the viewpoint. It exploits spatial coherence of
visibility by processing the spatial hierarchy through the z-pyramid (see S&:Bobfor more details).

The hierarchical z-buffer is a promising approach for hardware implementation, but the simulation of
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the z-pyramid in software causes a significant overhead. Gr&mee94hcombines hierarchical visi-
bility culling with antialiasing techniques to avoid visual artifacts for scenes with many small polygons.
Another method of Green&free9, suitable for high resolution rendering, uses a hierarchy of discrete
coverage masks to represent the occlusion map (see S&8d). An algorithm that uses discrete
image space representation of the occlusion map was introduced by Zhan@leazdTh (see Sec-
tion B.3.3. This technique exploits graphics hardware to create a hierarchical occlusion map using
texture filtering operation. While taking advantage of hardware rendering, this method suffers if the
rendering support is insufficient or the frame buffer read-back is slow. Bartz &aat9 proposed a
simple extension of the graphics hardware to support occlusion queries.

The method presented in this chapter is closely related to object space visibility culling algorithms
presented by Hudson et.&l(ids97 and Coorg Coor96a Coor96h Coor97. Hudson et al. Huds97
create ashadow frustunfior each selected occluder. These frusta are used to classify visibility regions
corresponding to nodes of the spatial hierarchy. The method does account for occluder fusion: a region
is tested against each frustum independently and the occlusion caused by multiple unconnected occlud-
ers is not discovered (see Secti®3.4for more details). Coorg and Telle€por96aCoor96h Coor9j
construct supporting and separating planes for an occluder and a box corresponding to a node of the spa-
tial hierarchy. The algorithm tests the position of the viewpoint with respect to the umbra and penumbra
induced by the supporting and separating planes. By caching these planes the algorithm makes use of
temporal coherence. The method does not account for occluder fusion since occlusion due to multiple
occluders is not discovered (see SectB.5for more details).

4.3 Algorithm overview

The algorithm presented in this chapter is designed to assist z-buffer to achieve an output-sensitive
behavior. The proposed method is conservative, i.e. for a given viewpoint it determines a superset
of objects visible from the viewpoint. The algorithm uses the concept introduced in Claapies
approximate occlusion sweep, the occlusion tree, and hierarchical visibility tests. In preprocessing
we build a kD-tree to organize the scene polygons. The polygons larger than a given threshold are
classified as potential occluders. For the current viewpoint the kD-tree is used to sweep the scene in
an approximate front-to-back order. The potential occluders encountered by the sweep are inserted in
the occlusion tree The occlusion tree represents all rays blocked by the inserted occluders and so it
efficiently merges their occlusion volumes. When a new node of the kD-tree is processed, it is first
tested for visibility using the current occlusion tree. If the node is invisible, the whole corresponding
subtree is culled. The insertion of occluders into the occlusion tree stops once we have inserted a
predefined number of occluders. Then the tree is only used for visibility classification of the remaining
part of the scene using the given occluder subset.

The kD-tree is used to obtain the approximate front-to-back order and to exploit spatial coherence
of visibility. Starting at the root of the kD-tree the algorithm determines visibility using the current
occlusion tree. If a node is found visible, all its descendants are visible. Similarly, if a node is found
invisible, all its descendants are invisible. Descendants of nodes classified as partially visible must be
further tested to refine their visibility. When the visibility of all leaves is known, objects from fully
visible and partially visible leaves are gathered. These objects form the desired PVS and they are
rendered using the z-buffer. See Fig®@:é for an illustration of the from-point hierarchical visibility
culling.

The rest of the chapter is organized as follows: Sedligifocuses on the spatial hierarchy. The
occluder selection is outlined in Sectidib. In Section4.6 we discuss the motivation for building a
unique data structure that represents the occlusion map. Séctipresents two algorithms for visibil-
ity tests using the occlusion tree. SectihdOdescribes a fast conservative visibility test. Sectidil
presents several techniques that exploit spatial and temporal coherence in the scope of the hierarchi-
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cal visibility algorithms. Sectiod.12 summarizes the results of the implementation of the proposed
algorithms. Finally, SectioA.13concludes.

4.4 Spatial hierarchy

The scene polygons are organized using a kD-Ke@l85. kD-trees are highly flexible and are simple

to construct and traverse. The most important step during the construction of the kD-tree is the choice
of the partitioning plane. A partitioning plane is selected that subdivides the current region into two
smaller ones and two descendants of the current node are created. Objects are distributed into the
descendants according to their position with respect to the partitioning plane. Initially, the root node of
the kD-tree corresponds to the bounding box of the whole scene. The whole kD-tree is built by recursive
application of the subdivision algorithm. The recursion is terminated when the number of objects in the
current node falls under a user defined threshold or a specified maximum depth of the hierarchy is
reached. Alternatively, more advanced automatic termination criteria can be apidie®.

For visibility culling purposes we want to minimize the number of object references in leaves while
keeping a well balanced tree. To achieve this goal we have used the following heuristics: For the current
node we identify an axis with the largest extent of the corresponding cell. Only planes perpendicular to
the axisr are considered. The algorithm identifies boundaries of object bounding boxes located within a
certain distance from the spatial median of the cell. Each identified boundary indocesdary plane
We evaluate the number of objects that are split by each boundary plane. The boundary plane with the
lowest number of splits is selected to partition the current cell. Another option is to use the surface
area heuristics developed by MacDonald and BodadD9(Q for raytracing acceleration. Bartz et
al. [Bart99 have shown that this heuristics is well suited for visibility culling as well.

4.5 QOccluder selection

The goal of the occluder selection is to determine a specified number of polygonal occluders, given a
viewpoint and a viewing direction. To estimate the quality of an occluder the algorithm usaethe
angleheuristics Coor963 that approximates the solid-angle spanned by the occluder. The area-angle
is expressed as:

_ —A(N - V)

HE [s7] (4.2)

whereA is the area of the occludeN denotes the occluder normad, the viewing direction and)
corresponds to the vector from the viewpoint to the center of the occlijdéf & ||V = 1). The
dynamic occluder selection is performed after each change of the viewpoint or the viewing direction.
The algorithm evaluates area-angle of occluders associated with visible nodes of the spatial hierarchy.
Therefore the occluders selected in the current frame are used for construction of the occlusion tree in
the next frame.

The algorithm proceeds as follows: We identify all visible and partially visible leaves of the hierarchy,
that correspond to regions located within a certain distanfrem the viewpoint. For each potential
occluder referred in these leaves the area-angle is computed. These values are used:tocsleters
with the largest area-angle that form the desired occluder set for the next frame.

The distance\ has an impact on the time spent by the occluder selection. In our implementationiitis a
user specified constant defined as a multiple of the observer’s step size. The number of desired occluders
(k) influences the size of the occlusion tree and in turn the time of visibility determination and its
accuracy. In our experiments we have usdzbtweert and256. Usually the more occluders, the more
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objects are culled at the cost of increased time for the visibility culling (results of the measurements for
various settings will be presented in Sectibt?).

4.6 Representation of the aggregated occlusion map

The crucial part of the visibility culling algorithm is the representation of the aggregated occlusion map
(AOM). Unlike previous continuous methods for visibility culling, we build an auxiliary continuous
data structure representing the AOM — the occlusion tree. This approach has two main advantages
compared with methods that treat occlusion volumes separ&ety97 Huds971:

e Visibility culling is more accuratesince the occlusion tree accounts émcluder fusion

e Visibility culling is fastersince it exploitsvisibility coherence

The occlusion tree efficiently merges occlusion volumes of the selected occluders. This allows to
discover occlusion caused by multiple connected occluders and even occluders at different depths that
overlap in the image plane. Merging occlusion volumes requires an additional time to build the appro-
priate data structure. On the contrary such a data structure allows efficient insertions and queries. We
have observed that for typical densely occluded scenes with large occluders the additional time is easily
recovered by savings due to visibility culling.

The occlusion tree for the from-point visibility culling is equivalent to gteadow volume BSP
(SVBSP) tree of Chin and FeineZhin89. The SVBSP tree was designed for fast rendering of shadows
with respect to a point light source in a polygonal scene (see Sectiodfor more details).

4.7 Occlusion tree

An occlusion tree for visibility from point is a BSP tree built with respect to a set of occluders and

a viewpoint. The occlusion tree is constructed by processing occluders in approximate front-to-back
order and enlarging the tree by the corresponding shadow frusta. The insertion of an occluder proceeds
as the SVBSP construction algorithm described in Sec@idn4d

Eachin-leaf is linked to a fragment occluding the frustum that corresponds to this leaf. These links
are used in the visibility algorithm to determine if a polyhedron tested for visibility lies behind the
occluder.

If we use an approximate front-to-back order to insert the selected occluders into the occlusion tree,
the tree construction algorithm must allow to insert an occluder lying in front of some already inserted
occluder(s). If the closer occluder was not inserted, the occlusion tree would contain a conservative
depth information. Alternatively, since the set of selected occluders is small, the occluders can be used
to construct an autopartition BSP tree at each frame. This tree allows to establish a strict front-to-back
order of occluders.

Visibility of a closed polyhedral region can be determined by combining visibility classifications of
its polygonal faces. The next section describes how to classify visibility of a convex polygon. Further
we present a visibility algorithm for a convex polyhedron. Both these algorithms classify the visibility
exactlywith respect to the selected occluders. Since these occluders form only a subset of scene objects
the resulting visibility classification is only conservative.

4.8 Visibility of a polygon

Visibility of a polygon is determined using a constrained depth first search of the occlusion tree. In
each internal node of the tree we test the position of the polygon with respect to the plane referred in



4.9. VISIBILITY OF A POLYHEDRON 43

the node. If the polygon lies completely in the negative/positive halfspace defined by the plane, the
algorithm recursively continues in the left/right child of the current node. Otherwise the polygon is split
in two fragments and the algorithm is applied on both children using appropriate fragments.

When a leaf is reached, the visibility of the current fragment of the polygon is classified as follows:
Reaching arut-leaf the fragment is fully visible. Reaching an-leaf visibility is determined by
checking the depth of the processed polygon and the occluder fragment associated with the leaf (this test
will be described later in this section). The visibility classification is propagated up the occlusion tree.
Visibility of an internal node is computed by combining visibility states of node’s children according to
Table3.1 Visibility state of the root corresponds to the visibility of the tested polygon.

The tree traversal can be terminated whenever a fragment is found partially visible. This follows
from the fact that if a fragment of the polygon is partially visible, the polygon itself must be partially
visible (see Tabl&.1). This constraint can significantly accelerate the visibility algorithm, particularly
for large polygons, which are likely to be partially visible.

Since the polygon tested for visibility need not lie behind all occluders, reaching-keaf we need
to check the depth of the polygon fragment with respect to the occluder associated with the leaf. If
the fragment is completely in front of the supporting plane of the occluder, it is fully visible. If it is
completely on the back side of the plane, it is invisible. Otherwise, it lies on both sides of the plane and
it is partially visible. The pseudo-code of the polygon visibility algorithm is presented in Fgflire

Algorithm Visibility(Node, Polygon)
1: begin

2 if Node is leatthen

3: if Node is out-leathen

4: Visibility « VISIBLE

5 else

6 Visibility < visibility state based on

7 Fragmentintersection(Node.Fragment, Polygon);

8. else

9 caseSplit(Polygon, Node.Splitter, Back, Frorj

10 FRONT : (* pass the polygon to the front subtree *)

11: Visibility — Visibility(Node.FrontChild, Polygon);
12 BACK : (* pass the polygon to the back subtree *)

13 Visibility < Visibility(Node.BackChild, Polygon);

14: SPLIT : (* pass fragments to apropriate subtrees *)
15:; Visibility « Visibility(Node.FrontChild, Front)
16: if Visibility <> PARTIALLY then

17: begin

18: aux« Visibility(Node.BackChild, Back)

19: Visibility < CombineVisibility(aux, Visibility);
20: end

21: end

22: end

Figure 4.1: An algorithm determining visibility of a polygon with respect to an occlusion tree.

4.9 Visibility of a polyhedron

The above presented polygon visibility algorithm can be applied to determine visibility of a convex poly-
hedron by testing visibility of its boundary faces. Visibility states of the faces are combined according
to Table3.1 Whenever the combination results the partially visible state, the algorithm terminates.
Otherwise, it proceeds with the next face until all faces have been processed.
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In the case of a spatial hierarchy based on a kD-tree, the cells corresponding to the hierarchy nodes
are parallelepipeds. To determine visibility of such a cell at most three front-facing rectangular polygons
must be tested for visibility. These polygons can be determined by a table lookup.

4.10 Conservative occlusion tree traversal

The described visibility algorithm is used extensively in the scope of the complete hierarchical visibility
algorithm. The elementary operation taking place in both the tree construction and the visibility algo-
rithms is the polygon splitting. The splitting introduces a computational overhead due to the fragment
allocation when the polygon gets split. Moreover, the splitting operation prevents to apply the algorithm
from Sectiord4.8for polyhedra due to the complexity of polyhedron splitting.

Motivated by the idea of the visibility algorithm without the necessity of splitting, we have designed
a fast conservative variant of the algorithm. It is based on the observation that the occlusion tree can be
traversed without splitting while still obtaining an accurate visibility classification.

4.10.1 Occlusion tree for the conservative visibility algorithm

To provide accurate results of the conservative visibility algorithm the occlusion tree construction is
modified to exclude theedundant plane$rom the tree. Firstly, the redundant planes increase the
size of the tree unnecessarily, secondly, these planes would lead to overly conservative behavior of the
algorithm.

The polygon splitting operation used during the construction of the tree is enriched by marking edges
of the polygon embedded in any plane on the path from the root. If the polygon is split, the edges of
both new fragments lying in the plane that splits the polygon are marked as well. When-kaf is
reached only non-marked polygon edges are used to create planes enlarging the occlusion tree. Planes
that would have been created by marked edges are already present in the tree (otherwise the edges would
not be marked). If anut-leaf is reached and all edges of the filtered fragment are marked:tHeaf
is replaced by arnin-leaf associated with the given fragment. The difference between occlusion trees
constructed without and with edge-marking is illustrated in Figuge

° o o~ Dot o out —~  out
/ in out 4 out

in out out @\
i‘e : o

Figure 4.2: The difference between occlusion trees constructed without (left) and with the edge-marking
(right). Both trees are constructed with respect to the same occluders. The occluders are shown as seen
from the viewpoint. Node is not present in the tree on the right, since the corresponding occluder edge
was marked.
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In the next section we present a conservative visibility algorithm that determines the visibility of
regions of various shapes “directly”, i.e. without the decomposition into boundary faces and testing
visibility of each face. The splitting operation is replaced by the test of the position of the polyhedron
with respect to a plane.

4.10.2 Conservative visibility of a region

The conservative visibility method usegpasitional testfor a given region with respect to a plane.

The positional test determines if the region lies in negative (back), positive (front), or both half spaces
induced by the plane. The occlusion tree is traversed similarly to the algorithm described in 8&&tion

At each internal node of the tree we determine the position of the region with respect to the associated
plane and apply the algorithm recursively on appropriate subtrees. The region is not split even if it lies
on both sides of the plane.

Reaching arin-leaf the region is tested for position with respect to the occluder fragfessoci-
ated with the leaf. If the region lies on both sides of the supporting plaii tfis classified partially
visible. Since the region was not split it is possible that the part of the region crossing the supporting
plane actually does not intersect the frustum corresponding to the fragfmémthis case the region is
conservatively classified as partially visible although in fact it can be invisible.

The conservative behavior of the algorithm can be eliminated by testing the region for an intersection
with the fragmentF’ instead of using only its supporting plane. Afand the region do not intersect,
the reachedn-leaf is classified invisible. Note that the region can still be found partially visible when
the visibility of all leaves reached by the visibility algorithm is combined. In the case of box shaped
regions a fast algorithm can be used for the box/polygon intersecBoeeP4h. In practice however
the improvement in the accuracy of the algorithm often does not pay off the time spent by the additional
intersection test (see Sectidri2for more details).

The conservative nature of the described algorithm implies that the visibility classification of leaves
can vary compared with the previously mentioned exact algorithms. A situation when an invisible
region is misclassified as partially visible is depicted in Figlu® The algorithm is likely to give an
imprecise (conservative) result if the angldetween the planesande gets larger. The measurements
presented in Sectich12indicate that in practice the accuracy of the algorithm is very close to the exact
one.

misclassification
path

misclassification region

Figure 4.3: An example of a disadvantageous configuration of occluders. The planes corresponding
to nodes of the occlusion tree are shown by thin lines. If the polyhedron intersects both the shadow
planea and the darker (orange) area bounded by pharieis classified as partially visible although it

is invisible.
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4.11 Exploiting temporal and spatial coherence

A typical hierarchical visibility algorithm uses\asibility test that classifies a hode of the spatial hier-
archy as completely visible, partially visible or invisible depending on the visibility of the spatial region
corresponding to that node. The visibility test is applied recursively starting at the root node. As soon
as a node is found completely visible or invisible, the current branch of the traversal can be terminated,
since visibility of all nodes in the current subtree is imposed by the visibility of the current node. In this
section we do not focus on the amount of image space or temporal coherence, that may be exploited
by the visibility test itself. Instead we suggest a more general framework that is independent of the
particular visibility algorithm.

Traditional hierarchical visibility culling algorithms traverse the spatial hierarchy starting at the root
node. Firstly, we propose a method, that saves up to half of the visibility tests by skipping certain interior
nodes of the hierarchy (assuming the spatial hierarchy corresponds to a binary tree). The skipping is
guided by visibility classifications obtained during the previous invocation of the visibility algorithm.
Secondly, we describe an algorithm that increases the amount of spatial coherence exploited. It reuses
visibility classifications of hierarchy nodes already processed in the current pass of the algorithm. The
nodes are processed in the front-to-back order and the algorithm tries to determine visibility of the
region corresponding to the current node by combining visibility states of neighboring regions. If it
fails, the usual visibility test is applied. Finally, we propose a conservative method, that aims to avoid
repeated visibility tests of nodes that probably remain visible.

411.1 Related work

Some visibility algorithms exploit temporal coherence in a specialized way. Greene@ited 9B uses

the set of visible objects from one frame to initialize th@yramidin the next frame and so reduces
“overdraw” of the hierarchical z-buffer. Coorg and Tell€@dor968 developed an algorithm that uses
relevant planesvhich form a subset of visual events. They restrict the hierarchy traversal to nodes
corresponding to planes that were crossed between successive viewpoint positions. Another method of
Coorg and TellerCoor97 exploits temporal coherence by caching occlusion relationships.

Chrysanthou and Slater have proposed a probabilistic scheme for view frustum csiltit®yff They
partition objects into groups, which are sampled according to their distance from the view frustum. It
is difficult to generalize this method for visibility algorithms, since the visible volumes can be very
complex, and usually they are not explicitly reconstructed. Moreover, this method is not conservative
unless changes in the viewing direction and the position of the viewpoint are restricted. Recently, Wonka
et al. Wonk01H proposed a method that exploits temporal coherence of visibility by computing a PVS
valid for a small neighborhood of the given viewpoint.

The methods presented here can be used to make use of temporal coherence in the scope of existing
visibility algorithms, that utilize a spatial hierarchy. Examples of these are algorithms based on hier-
archical occlusion mapgZhan97§, coverage masksgree96, shadow frustafluds97, and occlusion
trees Bitt98].

4.11.2 Classical approach

An elementary step of the hierarchical visibility culling is thede visibility testi.e., visibility classifi-
cation of a single node of the hierarchy using certain occlusion map. Given a viewpoint and a viewing
direction the visibility algorithm classifies visibility of the node @mpletely visiblgpartially visible,
orinvisible Further in this chapter we assume that the algorithms from Seeti®asnd4.10.2are used
to resolve the node visibility test.

The classical hierarchical visibility culling proceeds as follows: Starting from the root node of the
hierarchy, the view frustum culling is applied on the current nd&teEh]94 Assa0QMoll02]. If the node
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is outside the view frustum, it is classified invisible. Otherwise, the node visibility test is performed.
If the node is found visible all its descendants are visible. Similarly, if the node is invisible all its
children are invisible. Descendants of nodes classified as partially visible are tested further to refine
their visibility (see Figure3.6). When visibility of all leaves is known, objects from fully visible and
partially visible leaves can be gathered and rendered using a low level exact visibility solver such as
z-buffer. A simple improvement can be used to avoid visibility tests of hierarchy nodes that contain
only few objects and so the estimated cost of rendering the objects is lower than the cost of the visibility
determination. In such a case the node can be simply classified as visible.

4.11.3 Modifications overview

In order to give an overview of the proposed modifications we first show how they are exploited in the
scope of the hierarchical visibility algorithm (see Figdrd). The hierarchy updatingest is applied

first. This test eventually decides to skip all the remaining steps and to continue determining visibility of
descendants of the current node. Ti@v frustunculling can report the node as invisible if it is outside

the view frustum. Otherwise, thasibility propagationis applied that can succeed classifying the node

as visible or invisible. Theonservative hierarchy updatingassifies some nodes as visible with certain
probability. If all previous steps failed in determining node’s visibility, the node visibility test is applied.
Note that the steps are applied in order of increasing computational cost, which reflects the general idea
of culling: use a more complicated tests only when the simple test fails to find a solution.

DETERMINE VISIBILITY

HIERARCHY
i — UPDATING
i VIEW-FRUSTUM .
CULLING .

! VISIBILITY — O
'PROPAGATION —__ ®

ot

m CONSERVATIVE O

777777

NODE SKIPPING

|

e vissiiry  —— O
TElST — @
ESTIMATED O
COMPUTATIONAL
odla ] @ nvisisLe
REFINE VISIBILITY () PARTIALLY

/ \ O VISIBLE
@ @ ,,,,,,, PROBABILISTIC
SKIP

Figure 4.4: Series of steps determining visibility of a node of the hierarchy. The novel methods are
highlighted.
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4.11.4 Hierarchy updating

The hierarchical visibility algorithm can be seen as a traversal of the hierarchy, that is terminated either
at leaves or nodes classified either as visible or invisible. Let us call such nodesniirgation nodes

and nodes that have been classified partially visibleofirened nodesDenote sets of termination and
opened nodes in theth frameZ; andQ;, respectively. In the classical approdthu O; = V;, where

V; is the set of all nodes visited in thigh rendering frame.

Imagine the viewpoint is fixed. Visibility of all nodes of the hierarchy does not change and the sets
7;, O;, andV; are fixed as well. Nevertheless, the classical algorithm repeatedly tests visibility of all
nodesV;. The hierarchy updating is a modification that aims to eliminate the repeated visibility tests of
the set of opened nodes from the previous frame. It skips all nod®s gfand applies node visibility
tests only on nodes d&f;_;. In order to propagate eventual changes in visibility up into the hierarchy
the visibility states determined at the termination nodes are pulled up according to the following rule:
The visibility state of the node is updated as visible or invisible, if all its children have been classified as
visible or invisible, respectively. Otherwise, it remains partially visible and thus opened. The pseudo-
code of the hierarchical visibility algorithm with hierarchy updating is outlined in Figufe Note
that the set of termination nodes is not maintained explicitly. Instead, each node contains its previous
visibility classification. Thdrame variableis associated with each node that is used to identify nodes
below the current termination nodes.

Algorithm HierarchicalVisibility( NODE )

1: begin

2 if NODE is leaf or NODE.visibility= PARTIALLY
3 (* termination nodes *)

4 or NODE.frame< frame-1then

5.  begin

6: NODE.visibility < TestVisibility( NODE );
7. NODE.frame— frame;

8 end

9: caseNODE.visibility of

10: VISIBLE : Render subtree of NODE;
11: PARTIALLY :

12: if NODE is leafthen Render NODE;
13: else

14: for all children C of NODE do

15: HierarchicalVisibility(C);

16: (* pull-up *)

17: if visibilty of all children equals) then
18: begin

19: NODE.visibility < V;

20: NODE.frame— frame;

21: end

22: INVISIBLE : (* terminate the DFS *)
23: end

24: end

Figure 4.5: Pseudo-code of the hierarchical visibility culling with hierarchy updating.

The hierarchy updating provides the same visibility classification as the classical approach. The
behavior of the modified hierarchical visibility algorithm is illustrated in Figdré@ Note that if the
pull up did not take place the algorithm could end up with the termination nodes being all leaves of the
hierarchy. Hence, it would loose advantages of the hierarchical algorithm. For kDérges |7;| — 1
since the set of visited nodes is a binary subtree of the kD-tree. Thus the hierarchy updating can save
up to a half of the visibility tests that would be applied on the interior nodes of the hierarchy.
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FRAMEO ROOT FRAME 1 ROOT

TERMINATION NODES
To T1

(C) TESTED NODES

Figure 4.6: lllustration of the hierarchy updating. Initially the algorithm proceeds starting at the root
of the hierarchy (left). In the second frame the opened nGleare skipped and the visibility tests are
applied on the termination nod&g (and eventually below). Visibility changes are propagated up to the
hierarchy and the new set of termination nodess established.

4.11.5 Conservative hierarchy updating

The hierarchy updating method ensures that on each path to a leaf node of the hierarchy at least one node
is tested for visibility. We can further reduce the expected number of node visibility tests at the cost of
the conservative behavior of the modified algorithm. The conservative hierarchy updating produces a
superset of visible nodes determined by the hierarchy updating alone.

Due to the complexity of the occlusion volume it is difficult to predict changes in visibility unless
a specialized visibility algorithm is involvedCjoor96. To keep the conservative behavior of the al-
gorithm we cannot classify a node as invisible without testing its visibility. Nevertheless, assuming
visibility does not change significantly over successive frames, visibility states of visible and partially
visible nodes do not have to be updated in each frame.

We propose a simple method for conservative visibility updates that uses a probabilistic sampling
scheme. Visibility of a termination node that was classified visible or partially visible in the last frame
is updated with probability — pgip. With probability ps.;, the node visibility test is skipped and
the node is classified as visible. This method reduces the number of visibility tests applied on visible
nodes of the hierarchy, but it does not immediately capture all changes in visibility. In such cases
more nodes are classified as visible and consequently more objects are rendered compared with the
nonconservative hierarchy updating. The results presented in Sécti@dshow that for the tested
scenes and corresponding walkthrough paths we could determine pygh that the total frame time
was minimized.

4.11.6 Visibility propagation

The hierarchical visibility culling already makes use of spatial coherence by utilizing a spatial hierarchy
(kD-tree). However, we can further increase the amount of coherence exploited by reusing visibility
information computed for neighboring regions.

Suppose that the nodes of the spatial hierarchy are processed in the front-to-back order with respect to
the viewpoint. Using kD-tree this ordering is determined easilych8Q. First, the visibility propaga-
tion tries to determine visibility of the currently processed node by combining visibility classifications
of its relevant neighbors. If the combination fails, it reverts to the node visibility test.

Let us denote the cell corresponding to nadleas By. The visibility of N can be determined
combining visibility of its front-facing face$,, of By (|Fi, | < 3). Visibility of afaceF € Fp, can
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be determined by combining visibility of appropriateighbor nodesif all faces of 7, are invisible

the nodeN is invisible. Similarly, if all faces ofFg,, are visible and there is no occluder intersecting
By, N can be classified as completely visible. Otherwise, the visibility propagation fails and the usual
node visibility test must be applied. An example of a node that can be classified as invisible is depicted
in Figure4.7.

OCCLUDER

/

-— VIEWPOINT i

| B \visBLE

] visITED

Figure 4.7: Node N can be classified invisible since all its appropriate neighbors are invisible.

A neighbor node ofV on a faceF is a nodeU of the kD-tree withB; laying in the opposite
halfspace (induced b¥’) than By and having non-empty intersection with Instead of keeping a list
of neighbor nodes for each face we have used neighbor links (ropes) for kDt@a984 that have
low memory requirements and allow hierarchical visibility propagation.

Within each faceF' we associate a link to a neighbor nollethat corresponds to a smallest cell
containing the face completely’'(N By = F). When determining visibility of a facé’ there are three
possible cases:

1. the link points to a node that is visible/invisible,
2. the link points to a node that is partially visible,
3. the link points to a node that has not been visited in the current frame.

The first case is trivial; the visibility of the face can be set immediately. In the second case we perform
a constrained depth first search and combine visibility of reached nodes. The search is constrained to
nodes having non-empty intersection with the f&and terminates at the termination nodgs This
process is illustrated in Figu.8 The visibility combination is performed using the same rule as
in the pull up pass of the hierarchy updating (TaBl#). We can terminate the search whenever the
combination results in partial visibility.

The third case is solved by a lazy propagation of visibility classification as follows: If the link is
pointing to a node that has not been visited in the current frame, there must be some termination node
on the path to the root. This path is followed until the termination node is reached (see4Buiote
that if the visibility states were propagated into subtrees of the termination nodes, the third case would
never occur.

The visibility propagation does not always succeed to determine visibility of the processed node.
In such a case it introduces an additional overhead into the visibility determination. However, we can
use information obtained in the previous frame to guide the algorithm in the current frame. Firstly,
we can avoid visibility propagation on nodes that we expect to remain partially visible and thus the
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Figure 4.8: The hierarchical visibility propagation using neighbor links (ropes).

ROOT

TERMINATION
NODES

N ROPE U

Figure 4.9: Lazy propagation of the visibility classification.

visibility propagation would probably fail. To achieve this, visibility propagation is applied only on
nodes that have not been classified as partially visible in the previous frame. Secondly, if for a given
node the visibility propagation succeeded in the previous frame, it is applied in the current frame as
well. Otherwise, it is applied with a user specified probabjity < 1.

4.12 Results

In this section we evaluate the behavior of the visibility culling algorithm using occlusion trees. We
compare the proposed algorithms with the hierarchical view frustum cullifeg76 Rohl94 Assa0(.

Further in this section we evaluate the asset of the methods making use of temporal and spatial coher-
ence.

4.12.1 Visibility culling with occlusion trees

We evaluated the efficiency of the proposed algorithms on walkthroughs of three indoor scenes. The
first scene (soda-5) is a model of the interior of the fifth floor of the SodaiHa#e Figuret.17). The

second scene (big-7) is a computer generated maze (see Fglbga), 4.16). The third scene is a
represents the whole building of the Soda-Hall (see Figutg (b)).

http://graphics.lcs.mit.edu/"beccal/research/SodaHall
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As a reference algorithm we used the hierarchical view frustum culling algorithm. To increase scene
complexity100 virtual plants were spread randomly in the scene. Each plant consigiéd pblygons.
The minimum cosbf a node to be tested for visibility was set30 (the cost of a node expresses the
number of polygons associated with the node).

rendered frame
scene method| occluders| polygons| overhead| time | speedup
[l [l [ms] [ms] [—]

F — 18192 — | 276.5 1.00

FME 16 7390 5.9 | 139.0 1.99

soda-5 FME 24 6537 7.9 116.0 2.38

FME 32 5941 9.8 | 109.8 2.52

total # of polygons = 66085 FSE 16 6512 12.7| 120.5 2.29
# of occluders = 1685 FSE 24 5569 16.0| 110.5 2.50

# of kD—tree nodes = 2527| FSE 32 4725 19.1| 100.1 2.76
FMC 16 7988 5.4 | 135.9 2.03

FMC 24 7362 7.3 | 129.3 2.14

F — 12587 — | 182.0 1.00

FME 16 3641 88| 715 2.55

big—7 FME 24 2286 10.2 54.6 3.33

FME 32 1818 11.6 48.5 3.75

total # of polygons = 66876/ FSE 24 2214 19.9| 634 2.87
# of occluders = 2476 FMC 16 3640 84| 743 2.44

# of kD—tree nodes = 3439| FMC 24 2263 9.7| 514 3.54

soda

total # of polygons = 73529 F — 15297 — | 315.2 1.00
# of occluders = 9129 FME 24 4744 10.1| 119.7 2.63

# of kD—tree nodes = 1047% FSE 24 4388 23.7| 128.0 2.46

F —view frustum culling

S —OT + exact visibility algorithm

M - OT + conservative visibility algorithm

E - exact occluder-fragment/parallelepiped intersection test

C - conservative occluder-fragment/parallelepiped intersection test

Table 4.1: Results of the hierarchical visibility culling. The table shows the average number of poly-
gons rendered, the average frame time and the speedup over the view frustum culling for different scenes
and methods of the visibility culling. Measured on SGI@ith 128MB RAM.

The results are summarized in Tadld. Each line in the table corresponds to values averaged per
one frame of the walkthrough. THeame timefield is the average frame time. Thwerheadfield
depicts the additional overhead of the visibility culling algorithms. The overhead includes the dynamic
occluder selection, building the occlusion tree, and the hierarchical visibility cullingspéedups a
ratio of the frame time with visibility culling and the frame time using only view frustum culling. The
average number of polygons rendered in one frame is shown iretfiered polygon§ield. The last
two fields in the table are user specified constantsotictuderdield expresses the number of occluders
used to build the occlusion tree and thethodfield identifies the type of the algorithm used.

The achieved speedup varies betweéfd and3.75. The average speedup was not linearly propor-
tional to the number of occluders used for the visibility culling: it increased until a sufficient number of
occluders were used that caused significant occlusion.

An important property of the algorithm is that the overhead of visibility culling increased sub-linearly
in dependence on the number of selected occluders. This behavior can be explained by the following two
observations: Firstly, if the occlusion tree contains occluders that occlude a large portion of the view,
it is of high probability that another inserted occluder is found invisible. Consequently, the effective
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occluders in the occlusion tree correspond only to visible occluders since the invisible occluders are
eliminated. Secondly, the occlusion tree provides logarithmic search ability for the node visibility test.
The traversal of tree is restricted only to nodes that are relevant for the tested region.

Table 4.1 indicates that the best results were achieved by the FME method, i.e. the conservative
visibility algorithm with the fragment/cell intersection test applied in leaves of occlusion tree. In some
cases the FSE method provided greater speedup than FME (see rows 4 and 7 &f.DjablEhis
happens when the time saved for faster visibility tests using the FME method is less significant than the
additional time spent on rendering invisible objects conservatively classified as visible. Plots of frame
times and numbers of rendered polygons measured during a walkthroughbigthecene are shown
in Figures4.10-a and4.10-b.
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Figure 4.10: Evaluation of a sequence of 400 frames during walkthrough of big-7 scene. (a) Rendering
times. Curve A corresponds to view frustum culling; curve B includes hierarchical visibility culling
using 32 occluders (FME). (b) The amount of rendered polygons. Curve A corresponds to view frustum
culling; curve B includes hierarchical visibility culling using 32 occluders (FME).

4.12.2 Temporal and spatial coherence

We evaluated the proposed algorithms on two test scenes. The first scene (scene 1) is a model of the fifth
floor of the Soda-Hall, the second scene (scene Il) is a building interior with a precomputed lighting
(see Figuret.18. The measurements were conducted using SGuith 128MB memory.

The following methods were evaluated:

A — the classical approach,
B — hierarchy updating applied,
C — hierarchy updating + visibility propagation with probabiljty, = 0.5,

D — asC + conservative hierarchy updating with probability,;, = 0.5.

The constructed kD-tree consisted1dfR7 nodes for scene |, and af05 nodes for scene Il. For
each position of the viewpoint occluders were identified and used to build the occlusion tree during
walkthrough of scene |. For the scene Il, we usdoccluders, since the scene contained smaller
patches resulting from the radiosity precomputed lighting. In both scenes a predetermined walkthrough
path was followed for each measurement (see Figliedand4.18for scene snapshots). If not stated
differently, all presented values are averaged per one frame of the walkthrough.
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Figure 4.11: Dependence of the number of node visibility tests on the relative speed of the walk for
scene | (a) and scene 1l (b).
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Figure 4.12: Average time spent by the hierarchical visibility algorithm for scene | (a) and scene Il (b).

The first six plots illustrate the dependence of the algorithms on the relative speed of the walk (Fig-
ures4.11, 4.12 and 4.13. A unit relative speed roughly corresponds to the usual walking speed. We
have measured the number of node visibility tests, the time spent by the hierarchical visibility determi-
nation, and the total frame time.

All evaluated methods exhibit a very slow growth of the number of necessary node visibility tests.
For a walk of relative speed 1.0 the following savings in average number of node visibility tests were
achieved (compared #):

e scene |— methodB — 47%, methodC — 50%, and metho® — 67%.
e scene |l— methodB — 49%, methodC — 51%, and metho® — 72%.

The hierarchy updating (methd®) saves almost half of the node visibility tests as expected. We
have observed that the visibility propagation (meti@ducceeds in determining visibility of only few
nodes that usually correspond to rather large regions Dlitmethod significantly decreases the number
of node visibility tests. This is paid by a higher number of nodes classified as visible or partially visible
(details follow further in the text).

Figures4.12a,b show that the time spent by the hierarchical visibility culling was roughly propor-
tional to the number of node visibility tests. Nevertheless, we can observe that the time spent by the



4.12. RESULTS 55

“ . 7 ‘ ‘
B A —o—
&g B ¥
C --Er- 1705 - B b
2r D% | ——— 58
or 1 1695 |- L j!
x ’ [
E ’ T 169 |
7 | . | z
% ® o [ a-- JESSERE
= 1685 P M |
g% ’w—"\e—ﬂ—e”a Bl o . |
o =X e
s > L w75rd #T x |
- e R # .
[ESPUPPEES.- Rl SR e ]
32 Faf X | x
xx 1665 X |
X
30 L I . | | L . . . 166 . . . ) ) ) ‘ ‘ ‘
0 2 4 6 8 0 12 14 16 18 X 0 2 4 6 8 10 12 14 16 18
relative speed relative speed
® (b)

Figure 4.13: Average frame time in dependence on the relative speed of the walk for scene | (a) and
scene Il (b).
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Figure 4.14: Dependence of the average frame time on the probahility using the conservative
hierarchy updating for scene | (a) and scene Il (b).

visibility propagation (method) is not recovered by the savings in number of node visibility tests. In
particular, this follows from the fact that the node visibility test using the occlusion tree is almost as fast
as the visibility propagation.

In Figures4.13a,b we can observe the conservative behavior of meod@hen the viewpoint
moves slowly, the method achieves better frame times than the other ones. As the relative speed of
the walk increases the visibility states of many nodes change quickly. Hence reusing some previously
visible nodes leads to a larger set of nodes to render and the frame time is increased.

Finally, we measured the behavior of the conservative hierarchy updating algorithm in dependence
on the probabilityp,;, (Figures4.14-a,b). We can observe local minima in the average frame time at
Pskip = 0.5 for scene | angh,;, = 0.6 for scene Il. For probabilities greater than this minimum savings
in visibility classification do not recover the time necessary for rendering otherwise invisible objects.

It is worth mentioning that the aim of the measurements presented in this section was not to evaluate
the visibility algorithm itself, but rather to document the impact of the proposed methods. If the visi-
bility algorithm was more demanding, the proposed methods would decrease the total frame time more
significantly.
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@) (b)
Figure 4.15: (a) A bird’s eye view of thaig-7 scene. (b) Theodascene.

4.13 Summary

In this section we described an algorithm for real-time visibility culling based on the concept proposed
in Chapter3. The algorithm uses an occlusion tree constructed using selected occluders nearby the
viewpoint. The occlusion tree is then used to classify visibility of the spatial hierarchy. We have
described three algorithms for visibility tests. The first two algorithms determine an exact visibility
of a polygon and a polyhedron with respect to the selected occluders. The third algorithm is a fast
conservative visibility test suitable for regions of more general shapes. The results indicate that the
conservative algorithm performs superior compared to the exact one for typical walkthroughs. The
proposed method was evaluated on walkthroughs of complex architectural scenes. It was shown that
the occlusion trees can be used to quickly identify invisible parts of the scene that need to be rendered.
For the tested scenes the savings in rendering time provided speedup between 1.8 and 3.8.

Further, we have presented a series of modifications of the classical hierarchical visibility culling for
rendering acceleration. The hierarchy updating proved to perform well in practice as it saves almost
half of the visibility tests that would have to be applied using the classical approach. The savings
would be less remarkable for hierarchies with higher branching factors, but empirical results indicate
that kD-trees with arbitrary positioned partitioning planes are more efficient for visibility computation
than octrees or bounding volume hierarchida\jr0034. We have shown that the conservative hierarchy
updating can improve the overall frame time for certain settings. The visibility propagation saves only
few visibility tests. This documents that the spatial coherence is already exploited well in the classical
approach.
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Figure 4.16: (a) A view in the big-7 scene. (b) The same view rendered in wireframe mode. Note the
high depth-complexity of the scene.
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Figure 4.17: (a) The path used for a walk through the model of the scene I. For relative speed of the
walk equal to 1.0 the walk consists of 980 steps. (b) An example of the hierarchical visibility culling.
The green regions are outside of the view frustum. The few yellow regions in the viewing direction are
completely visible. Invisible regions are shown in dark blue. The light blue regions were found invisible
by the visibility propagation algorithm. Partially visible regions are shown transparent.
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Figure 4.18: (a) A camera view on the test path through scene Il. (b) Top view showing the part of the
scene classified invisible (gray).
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Chapter 5

Construction of visibility maps

This chapter presents an algorithm that constructs a visibility map for a given view of a 3D polygonal
scene. The view is represented by an occlusion tree and the visibility map is obtained by postprocessing
of the occlusion tree. The scene is organized in a kD-tree that is used to perform an approximate
occlusion sweep. The occlusion sweep is interleaved with hierarchical visibility tests. We evaluate the
implementation of the algorithm using several test scenes and outline its application to discontinuity
meshing.

5.1 Problem statement

The computation of visibility maps is related to the problem of visible surface determination. Visible
surface algorithms aim to determine a collection of visible surfaces for a given view of the scene. A
visibility map contains more information — it captures also the topology of the view. The visibility
map is a planar graph representing the view of a polygonal scene where vertices, edges, and faces are
associated with vertices, edges, and polygons of the s&ere/98a Gras99. Each element of the
visibility map holds an information about its adjacent elements. See Fhlii®r an example of a
visibility map.

Figure 5.1: (a) A view of a scene with 556 polygons. (b) The view with the corresponding visibility
map. Color coding of the visibility map vertices corresponds to the number of adjacent edges. Edges
are colored depending on their semantic classification. (c) A sweep through the visibility map allows to
identify edges corresponding to “corners” (black) or edges forming “shadow” boundaries (red).

Visibility maps can be used to construct an approximate discontinuity nseetvd8aHeck93 in the
context of the radiosity global illumination algorithm. Another application is an efficient antialiasing for
high resolution renderingdras99. Visibility maps can also guide occluder preprocessing for real-time
visibility culling [Coor97 Huds97 Bitt98]. Furthermore, a visibility map provides cues that can help a
user to understand the view of the sceGeds99.
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The proposed method handles a view of B@tat spans the whole spatial angle since it does not
rely on a single projection plane. The algorithm is exact in the sense that it does not use a discrete
representation of the view. The view is represented hierarchically, which allows its efficient construction
and postprocessing. The algorithm uses an approximate occlusion sweep interleaved with hierarchical
visibility tests. This concept results in an output-sensitive behavior of the algorithm in practice without
the necessity of a specialized data structure for obtaining the exact priority order of scene polygons.

5.2 Related work

Computation of visibility maps is related to the visible surface determina@oarj93. Some traditional

visible surface algorithms such as the algorithm of Watkins, Weiler-Atherton, WarkRot&d(J provide

a continuous output that can be used for the construction of visibility maps. Unfortunately these methods
do not scale very well to large scenes with dense occlusion.

Visible surface algorithms are nowadays dominated by the z-buffer algorithm that is often imple-
mented in hardware. Nevertheless it is rather difficult to reconstruct a visibility map from the discretized
image obtained by the z-buffer algorithi8tew984& Another drawback of the z-buffer is the lack of
output sensitivity of the algorithm. Therefore many recent techniques aim to increase efficiency of the
z-buffered rendering by visibility cullingdoor97 Huds97 Bitt98].

Recently, computation of visibility maps was studied by Stewart and Kark8tesvp84& They pro-
pose an algorithm for the construction of approximate visibility maps using dedicated graphics hard-
ware. They first render the scene in ttem buffer Then they construct a rectilinear graph that is
relaxedto match the edges and vertices of visible scene polygons. The drawback of the algorithm is
that it can fail to correctly relax all features of the visibility map. Grasset etGrh$99 presented a
paper dealing with some theoretical operations on visibility maps and their applications in computer
graphics.

5.3 Algorithm overview

The proposed algorithm consists of two main steps: Firstly, an occlusion tree is constructed for a given
view of the scene. The occlusion tree is built with respect to the viewpoint and a set of polygons
and it can be seen as a BSP tree representing the view. Secondly, the visibility map is constructed by
postprocessing of the occlusion tree. The hierarchical structure of the occlusion tree is used for efficient
lookups of adjacent elements during the construction.

The occlusion tree is constructed using an approximate occlusion sweep with respect to the given
viewpoint. Scene polygons are swept in an approximate front-to-back order that is established using a
kD-tree. The order is approximate in the sense that a currently processed polygon can be occluded by a
constant number of unprocessed polygons. The occlusion tree is constructed incrementally by inserting
the currently processed polygon. At each step the occlusion tree represents the view of the scene consist-
ing of already processed polygons. The traversal of the kD-tree is interleaved with hierarchical visibility
tests applied on its nodes. The visibility test uses the current occlusion tree to determine visibility of a
region corresponding to the given node of the kD-tree. If the region is invisible the corresponding node
and its whole subtree are culled.

When the occlusion tree represents the complete view it is used to construct the visibility map. Each
non-empty leaf of the occlusion tree corresponds to a fragment of a visible polygon. Visibility map is
constructed by inserting the visible fragments and updating adjacency links to the fragments already
processed. For each fragment the occlusion tree is used to efficiently locate its neighbor fragments.
All subsequent operations are restricted to the located neighbors. When the construction of the visi-
bility map is finished a simple sweep through the map can classify its edges and vertices into several
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categories. Based on this classification the visibility map can be pruned depending on the particular
application.

The rest of this chapter is organized as follows: Sechi@gdiscusses the structure of the occlusion
tree for this particular application. Sectibrb briefly discusses the use of the occlusion tree for hierar-
chical visibility tests. In Sectiob.6we discuss the construction of visibility map by postprocessing of
the occlusion tree. Sectidh7 contains an evaluation of the implementation of the proposed method.
Finally, Sectiorb.8 summarizes the chapter.

5.4 Occlusion tree

We briefly review the structure of the occlusion tree for the from-point visibility in 3D and the algorithm
of its construction.

5.4.1 Structure of the occlusion tree

The occlusion tree is a BSP tree where each node represents a set giyagsanating from the
viewpoint. The root of the tree represents the whole view. Each interior Nodeassociated with a
planehy passing through the viewpoint. The right child frepresents ray@y N k7, the left child
On N hy, whereh}; andhy; are halfspaces induced by .

Leaves of the tree are classifiedor out. If N is anout-leaf, Q 5 represents unoccluded rays.Nf
is anin-leaf, it is associated with a closest scene poly@aihat is intersected by the corresponding set
of raysQ . FurtherN stores a fragmen®y that is an intersection of the polygahand Q.

It is easier to think about the occlusion tree in a restricted projection to a particular 2D viewport.
The root of the tree corresponds to the whole viewport. Each interior node is associated with a line
subdividing the current polygonal region in two parts. Leaves of the tree represent either empty region
of the viewport or a fragment of a visible polygon. An elementary occlusion tree &(nstructed
for a single polygonP contains interior nodes corresponding to the planes defined by eddgtarud
the viewpoint (see Figurg.3).

5.4.2 Construction of the occlusion tree

The occlusion tree is constructed incrementally by inserting scene polygons in the order given by the
approximate occlusion sweep. The algorithm inserting a polygamthe tree maintains two variables
— the current nodéV, and the current polygon fragment. Initially V. is set to the root of the tree
and P, equals ta0.

The insertion of a polygon in the tree proceeds as followa\ Ifs an interior node we determine the
position of P. and the plané y_ associated witlV... If P, lies in the positive halfspace induced by,
the algorithm continues in the right subtree. SimilarlyPiflies in the negative halfspace induced by
hy., the algorithm continues in the left subtree Af intersects both halfspaces, it is split by, into
two partsP." and P, and the algorithm proceeds in both subtreed/pfvith appropriate fragments of
P..

If N.is aleaf node, then we make a decision depending on its classificativpidfanout-leaf, then
P, isvisible andV, is replaced by e-OTR.). If N, is anin-leaf, the mutual position aP. and fragment
Py, associated withV, is determined. I, is behindPy, it is invisible and no modification to the tree
is necessary. Otherwis@/. is replaced by e-OTH.) and the old fragmenPy, is inserted in the new
subtree e-OTK,) using the just described polygon insertion algorithm. The nodes corresponding to the
edges of the old fragment are kept in the tree. Consequently the tree is slightly larger than in the case
of a strict front-to-back order of input polygons. An example of an occlusion tree for three polygons is
depicted in Figure.4.
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5.5 Hierarchical visibility tests

To increase efficiency of the algorithm the traversal of the scene kD-tree is interleaved with visibility
tests applied on its nodes. If the test determines that the node is invisible, the corresponding subtree and
all polygons it contains are culled.

We use a conservative visibility test described in Seclid@ The test uses a constrained depth first
search on the occlusion tree using a bounding box corresponding to the given kD-tree node. Starting
at the root of the occlusion tree the position of the box and the plane associated with the root. If the
box intersects only positive halfspace defined by the plane, the algorithm recursively continues in the
right subtree. Similarly, if the box intersects only negative halfspace, the algorithm proceeds in the left
subtree. If the box spans both halfspaces, both subtrees are processed recursively. Reachilegiin
the algorithm identifies the node as visible and terminates. Reachiiiglaaf the position of the box
and the fragment associated with the leaf is determined. If the box lies at least partially in front of the
fragment, it is visible and the algorithm terminates. If the search does not find any visible part of the
box, the corresponding node can be culled.

5.6 Construction of the visibility map

The visibility map is constructed by postprocessing of the occlusion tree. The advantage of this ap-
proach is that only visible polygons are considered for the construction of the mapirEbsai of the
tree corresponds to a visible fragment and each such fragment is incrementally inserted in the visibility
map.

The visibility map consists of the following elements:

e vm-vertex— a vm-vertex corresponds to a vertex of a scene polygon or an apparent vertex that
results from an intersection of edges in the view.

e vm-polygon— a vm-polygon corresponds to a fragment associated with a leaf of the occlusion
tree.

e vm-edge— a vm-edge corresponds to an edge or a part of an edge of a scene polygin. A
houettevm-edge is associated with a single vm-polygon, other vm-edges are associated with two
polygons, each on one side of the edge.

The elements of the visibility map contain the following connectivity information:

e vVm-vertex
list of adjacent vm-edges,
list of adjacent vm-polygons.

e vm-edge
the two vm-vertices it connects,
the two vm-polygons that share this vm-edge (one is possibly empty).

e Vvm-polygon
list of vm-edges that bound the polygon,
list of adjacent vm-vertices.

There is some redundancy in the above described representation, but the redundant information pro-
vides more efficient lookups.

The visibility map is linked with the occlusion tree so that eacHeaf of the tree contains a link
to the corresponding vm-polygon. In the following sections we describe how the visibility map is
constructed by incrementally inserting visible fragments.
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5.6.1 Neighbor location

The construction of the visibility map proceeds by incrementally inserting polygonal fragments asso-
ciated with the leaves of the occlusion tree. Assume we process a fragteassociated with a leaf

N.. The first step of the insertion of a fragmeRt;, creates a new vm-polygoviy,. V., is associ-

ated both withPy,, and the corresponding-leaf V.. Then the algorithm locates all already processed
neighborvm-polygons that share a boundary witly,. The algorithm performs a constrained search

on the occlusion tree pruning subtrees that have no intersectiorPyjt(see Figures.2).

OT ROOT

CONSTRAINED DFS

N

Figure 5.2: Neighbor location is performed using constrained depth first search on the occlusion tree.
The figure depicts a fragment, its five neighbors and symbolic illustration of the search through the
occlusion tree.

For each vertex oy, we check if it was already inserted in the map by comparing it with vm-
vertices associated with the neighbor vm-polygons. If the corresponding vm-vertex is not found, we
insert a new vm-vertex in the map. The either found or newly created vm-vertex is then is associated
with VNC-

5.6.2 Inserting fragment edges

The crucial step of the visibility map construction is the insertion of edges of the currently processed
fragmentPy, . For each edgé; the following steps are performed:

1. Locate all vm-edges of the neighbor vm-polygons that intersecEtheéDenote the set of such
edge<t.

2. Create links from these edges&that completely overlag; to the new vm-polygoiy, .

3. Create new vm-edges for the parti6f that is not covered by any edge frafin These edges are
associated withVy, and contain an empty link to the other vm-polygon.

4. Subdivide and update edges&&that partially overlapy;.

An illustration of the insertion of a new edge into the visibility map is depicted in FigLBe
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UNPROCESSED
FRAGMENT

PROCESSED
FRAGMENTS

B LINK TO VM-POLYGON
O EMPTY LINK

Figure 5.3: Insertion of a new edge in the visibility map. The figure depicts links corresponding to the
updated or newly created vm-edges.

5.6.3 Classification of edges and vertices

The elements of the visibility map can be classified into several categories depending on the configura-
tion of elements from their neighborhood. We used the following 5 categories (see bidure

|

!

|

silhouette edge— an edge that is associated with a single vm-polygon. It forms a part of the
silhouette of the view.

shadow edge— an edge that forms a “shadow” boundary. The two associated polygons do not
share the corresponding edge in 3D, i.e. there is a depth discontinuity on the edge. The closer
vm-polygon associated with the edge is doeluderthe farther is th@ccludee

corner edge—- an edge in a corner or on the rim of an object. The edge is shared by two
connected vm-polygons that form an angle greater than the predefeask angle

flat edge—- the edge is shared by two connected vm-polygons that form an angle smaller than
the predefined crease angle.

bsp edge—- a flat edge shared by vm-polygons that result from splitting of the same scene
polygon in the process of construction of the occlusion tree.
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Figure 5.4: (a) The classification of the edges of the visibility map. (b) The visibility map after removal
of flat and bsp edges.
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The classification enables to better understand the structure of the view. Depending on the application
only edges of certain classes are considered. For example in the context of discontinuity meshing the
visibility maps can be constructed with respect to each vertex of a given light source. Then the shadow
edges define a subset of vertex-edge (VE) discontinuities due to the light source.

5.7 Results

We have implemented the proposed algorithm in C++ and evaluated the construction of visibility maps
using three types of scenes:

e rad — a building interior with some detailed objects and finer meshes resulting from radiosity
computation. See Figurésl, 5.4.

e soda— a building interior with large walls, see Figube5-a.

e random— random triangles, see Figubes-b.

The measurements were conducted on a PC with 500MHz CPU, 256MB RAM, running Linux. For
each scene we selected several viewpoints and measured the following parameters: the total time for
construction of the visibility map, the time for construction of the occlusion tree only, the number of
visibility map vertices, edges and polygons, and the percentage of leaves of the scene kD-tree culled by
the hierarchical visibility tests. The measurements are summarized ing:dble

kD-tree total | OT culled
scene | polygons| nodes | view | time | time | vm-vertices| vm-edges| vm-polygons| kD-leaves
[-] [-] No. | [s] | [s] [-] [-] [-] (%]

I | 0.24] 0.15 642 1229 567 99.6

rad 26526 8809 Il | 0.14 | 0.07 555 1029 474 99.5
I | 1.15| 0.69 3312 6307 2906 94.0

I | 0.02] 0.01 39 62 24 98.8

soda 1685 4735 Il | 0.04| 0.03 109 188 78 98.0
Il | 0.09| 0.07 201 368 163 95.1

I | 0.10| 0.08 275 472 197 99.9

random 10000| 47139 1| 1.24 | 0.99 2269 3758 1472 95.0
I | 4.38| 2.98 12016 20718 8533 84.1

Table 5.1: Summary of the results. The table contains the scene name, the number of scene polygons,
the number of kD-tree nodes, the total time for construction of the visibility map, the time for construc-
tion of the occlusion tree, the number of visibility map polygons, vertices and edges, and the percentage
of leaves of the scene kD-tree culled by the hierarchical visibility tests.

The first scene contains many polygons that result from meshing due to computation of global illu-
mination using the radiosity method. For a view with very restricted visibility (view No. | and II) the
computation of the visibility map is very fast and the majority of the scene (99%) is culled by the hi-
erarchical visibility tests. With less restricted visibility the computational time increases approximately
linearly with the number of resulting vm-polygons.

The second scene is a building interior consisting of large polygons. The resulting visibility map is
much simpler than for thead scene and computational times are proportionally faster. A view of the
sodascene is depicted in Figuke5-a.

The third scene contains 10000 randomly generated triangles. Due to the lack of a regular structure
the resulting visibility map is complex. The complexity of the view is also increased due to mutual
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triangle intersections. The first view (random-I) corresponds to a viewpoint located inside of the cluster
of triangles. The triangles appear larger and block visibility of many other triangles and consequently
the computation is significantly faster in comparison with the other views. The second view (random-II)
is depicted in Figur®.5-b.

(@) (b)

Figure 5.5: (a) The visibility map corresponding to the view soda-Ill in T&ble (b) The visibility
map corresponding to the view random-II in Tabl&

Further we studied the growth of the occlusion tree during its construction. We measured the size
of the tree after processing each scene polygon using the approximate occlusion sweep. To better un-
derstand the results hierarchical visibility tests were not applied for this test. On the measured curve
(Figure5.6-b) we can identify two big steps of a sudden increase of the tree size. The first step corre-
sponds to the insertion polygons near the viewpoint, the second to farther polygons visible through the
door (see Figur®.6-a). We can observe that once the occlusion tree contains all visible polygons its
size does not increase.
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Figure 5.6: (a) A view of thead scene with shadow vm-edges depicted. (b) The size of the occlusion
depending on the number of inserted polygons. Note the two steps corresponding to a sudden increase
of the tree size. The first corresponds to polygons close to the viewpoint, the second to the farther
polygons visible through the door. No hierarchical visibility tests were applied.
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Figure5.7-(a) shows a visibility map from the bird’s-eye view. We can see that the proposed al-
gorithm efficiently culls invisible part of the scene during the construction of the occlusion tree. The
visibility map is then built using visible polygons only.

Figure 5.7-(b) shows a subset of a discontinuity mesh computed using four visibility maps. The
four maps were constructed for views centered at the vertices of the rectangular light source. Shadow
vm-edges were then projected on the associated occludees. The remaining discontinuity edges could be
identified by searching through vertices of the four visibility maps and matching the information about
associated shadow edg&tg¢w984

(b)

Figure 5.7: (a) The computation of the visibility map from the bird’s perspective. The algorithm
efficiently culls invisible regions (shown in gray) and considers only the visible part of the scene for
visibility map construction. Computation time: 0.3s. (b) A subset of a discontinuity mesh constructed
using four visibility maps. The picture shows shadow edges of four visibility maps projected on oc-
cludees. The visibility maps correspond to views from the four vertices of the rectangular light source.
Computation time: 1.2s.

5.8 Summary

We have presented a new algorithm that efficiently constructs a visibility map for a given view of the
scene. The method does not rely on a single projection plane and easily handles views that span the
whole spatial angle. The visibility map is constructed by a two stage algorithm: construction of a
hierarchical representation of the view and its postprocessing.

The view is represented by the occlusion tree. The tree is constructed using an approximate occlu-
sion sweep that allows efficient incremental construction without complicated data structures for exact
priority orders. The occlusion sweep is interleaved with hierarchical visibility tests, which results in
output-sensitive behavior of the algorithm in practice. The visibility map is constructed by simple post-
processing of the occlusion tree. We presented a classification of the elements of the visibility map that
helps to better understand the structure of the view. The implementation of the technique was evaluated
on several non trivial scenes.
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Chapter 6

From-region visibility in 2D scenes

In this chapter we present a new method for an exact and output-sensitive determination of visibility
from a polygonal region in the plane. The technique is based on a hierarchical partitioning of line
space maintained by the occlusion tree. It provides a comprehensive description of visibility for a set of
occluders and it is suitable for computing potentially visible sets in large scenes with various visibility
characteristics. The proposed algorithm is expected to exhibit output-sensitive behavior in practice,
i.e. its running time is proportional to the number of visible objects. The method is suitable for large
and degenerate inputs and it can be applied to spatial regions of arbitrary size, without under-sampling
artifacts Wonk0(d. The algorithm implicitly solves all types of occluder fusidbjra0Q Scha0(. The
technique described herein serves as a basis fo}[hfﬂ)m-region visibility algorithm that will be
described in the next chapter.

6.1 Problem Statement

We restrict the discussion to 2D scenes consisting of line segments and the regions of interest (view
cells) to convex polygons. Given a polygonal view cell the goal is to determine:

(a) The set of potentially visible line segments.
(b) The visible fragments of the visible line segments.

(c) Which fragments are visible from which parts of the view cell.

The above states goals are presented in order of increasing accuracy of the computed result. The
proposed technique can be used to resolve all three goals and yields a comprehensive description of
visibility from a given region in the plane. An illustration of the from-region visibility is depicted in
Figure6.1

6.2 Related work

In this section we briefly discuss related 2D visibility algorithms, the algorithms for more ge@@al 2
and 3D scenes will be discussed in Chapieasd8.

2D visibility was studied intensively in computational geometkgdn0Q. The visibility graph Welz85
is a well known structure for capturing visibility in 2D scenes. Vegter introduced the visibility dia-
gram Megt9Q that contains more information than the visibility graph. The visibility complex is a
similar structure introduced by Pochiolla and Vegteo¢c93. The visibility complex for polygonal
scenes was studied by RiviefRiyi974d and it has been applied to solve various visibility problems in
the plane Rivi95, Rivi97b, Orti96]. Hinkenjann and Mller [Hink96] proposedhierarchical blocker
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Figure 6.1: lllustration of the from-region visibility in 2D. The scene represents 25KnGlasgow

city. The 2D projection of the scene contains 94460 line segments. Parts of occluders visible from the
given region are shown in red. Yellow line segments depict extremal lines that correspond to changes
in visibility. Visibility computation took 700ms.

trees— a discrete structure similar to the visibility complex. Ghali and Stev@@ng]94 use duality for
maintaining visibility with respect to a moving point in the plane. This approach was further elaborated
by Nechvle and TobolalNech99.

Unlike most methods developed in computational geometry, the method discussed in this chapter
focuses orpractical usabilityof solving the from-region visibility problem for large 2D scenes.

6.3 Algorithm overview

Consider a scene consisting of a set of line segments that wecciliders Given a convex polygonal

view cellRg, the task is to determine visibility frofts. We incrementally build thecclusion treghat
associates with each ray emerging frétp an occluder that it first intersects or a label describing that

the ray is unoccluded. The occluders are organized in a kD-tree. Each leaf of the tree stores a list of
occluders that intersect the corresponding spatial region.

The kD-tree is processed using an approximate occlusion sweep with respgctAtd each leaf of
the tree the corresponding occluders are processed in random order. For every occluder, a line space
blocker polygonis constructed that represents rays intersecting the view cell and the occluder. The
blocker polygon is then inserted in the occlusion tree. The insertion yields parts of the occluder that are
currently visible. If the occluder is invisible, the tree remains unmodified. The traversal of the kD-tree
is interleaved with testing visibility of regions corresponding to its nodes using the current occlusion
tree. If a node is classified invisible, its whole subtree and the corresponding occluders are culled.

The proposed technique is mostly related to the visibility diagram and the visibility complex. In
terminology of VegterYegt9(q the occlusion tree for from-region visibility in the plane is a hierarchical
representation of theisibility function The visibility complex is a 2D cellular complexGpod91
immersed in 3D. The occlusion tree can be seen as a hierarchical representation of a 2D cross-section
of the visibility complex involving objects visible from the given view cell.
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The rest of the chapter is organized as follows: In Sedidnve discuss the correspondence between
primal spaceandline space Section6.5 describes the occlusion for the from-region visibility in the
plane and presents algorithms for its construction and traversal. Sédgionatlines the complete hier-
archical visibility algorithm. In SectioB.7 we evaluate the implementation of the proposed methods.
Finally, Sectior6.8 concludes the chapter.

6.4 Line space

The proposed visibility algorithm uses a mapping of oriented 2D lines to points in 2D oriented projective
space —line space Such a mapping allows to handle sets of lines much easier than in the primal
space Pocc93.

We use a 2D projection of Btker coordinatesStol9] to parametrize lines in the plane. This
mapping corresponds to an “oriented form” of the duality between points and lines in 2Dbée&tn
oriented line inR? and letu = (uy,u,) andv = (v, v,) be two distinct points lying or. Line /
oriented fromu to v can be described by the following matrix:

M, = ( Uy Uy 1 )
Vg Uy 1
Plicker coordinates’ of [ are minors ofM;:

U= (I3, 1, 12) = (uy — Uy, Uz — Uz, UgVy — Uyy).

I* can be interpreted as homogeneous coordinates of a pointdni@ited projective space?. Two
oriented lines are equal if and only if theirlleker coordinates differ only by a positive scale factbr.
also corresponds to coefficients of the implicit equation of a lihexpressed a& : ax + by + ¢ = 0
induces two oriented line§, /5, with Plicker coordinate$; = (a,b,c) andly = —(a,b,c). The
Plucker coordinates of 2D lines defined in this chapter are a simplified form of tiolétlcoordinates
for 3D lines that will be discussed in Chap#&r Plicker coordinates of a 2D line correspond to the
Plicker coordinates of a 3D line embedded in the 0 plane after removal of redundant coordinates
(equal to 0) and permutation of the remaining ones (including some sign changes).

Homogeneous coordinates are often normalized, 0= (a/b,1, c¢/b). The normalization intro-
duces a singularity — in our example vertical lines map to points at infinity. To avoid singularities we
treat?? as 3D linear space and callite spacedenotedC. Consequently,* represents a halfline if.

All points on halflinel* represent the same oriented line

To sum up: an oriented line in 2D is mapped to a halfline beginning at the origin in 3D. An example
of the concept is depicted in Figurés2-(a) and 6.2-(b). Further in this chapter we will mostly use
“projected” 2D illustrations of line space (such as in Figérg-(c)). We will still talk about planes
and halflines, but they will be depicted as lines and points, respectively, for the sake of clarity of the
presentation.

6.4.1 Lines passing through a point

A pencil of oriented linepassing through a poipt = (p,,p,) € R? maps to an oriented plang in
line space that is expressed as:

p* = {(:U,y,z)|(:13,y,z) € £7Px$+pyy+z = 0}

This plane subdivideg in two open halfspaceg’ andp*. Points inp* correspond to oriented
lines passing clockwise around(see Figures.2). Points inp’ correspond to oriented lines passing
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@) (b) ()

Figure 6.2: (a) Four oriented lines in primal spacé) Mappings of the four lines and point p. Lines
intersecting p map to plan€. Lines passing clockwise (counterclockwise) aropnthap top* (p ).
(c) The situation after projection to a plane perpendicular‘to

counterclockwise aroung (these relations depend on the orientation of the primal space). We denote
—p* an oriented plane opposite # that can be expressed as:

—p* ={(z,y,2)|(z,y,2) € L, —psx — pyy — z = 0}

6.4.2 Lines passing through a line segment

Oriented lines passing through a line segment can be decomposed into two sets depending on their ori-
entation. Consider a supporting lihgof a line segmeng, that partitions the plane in open halfspaces

St andS—. Denotea andb the two endpoints of anda* andb* their mappings toC. Lines that
intersectS and “come from”S™ can be expressed in line space as an intersection of halfspacesi

b* . The opposite oriented lines intersectisigre expressed as N b* (see Figureé.3-(a,b)).

@) (b)

Figure 6.3: (a) A line segmentS and three oriented lines that intersétt (b) The situation in line
space: the projection of two wedges corresponding to lines interseftiNtappings of supporting line
ls of S are two halflines that project to poit§. Line k intersects poinb and therefore maps to plane
b*. Linesm andn map to the wedge corresponding to their orientation.
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6.4.3 Lines passing through two line segments

Consider two disjoint line segments such as those depicted in Figd«(@). The set of lines passing
through the two line segments can be described as an intersection of four halfspaces in line space. The
four halfspaces correspond to mappings of endpoints of the two line segments. Since the halfspaces
pass through the origin af, their intersection is a pyramid with the apex at the origin. The boundary
halflines of the pyramid correspond to mappings of the étiremal linesnduced by the two segments.
DenoteP (S, O) a line space pyramid corresponding to oriented lines intersecting line segthants

O in this order. We represent the pyramid bylacker polygonB(S, O) (see Figures.4-(b)). Since

B(S,0) only represents the pyramfd(.S, O), it need not be a planar polygon, i.e. its vertices may lay
anywhere on the boundary halflines®fs, O). We normalize the vertex coordinates: they correspond

to an intersection of the boundary halfline7S, O) and the unit sphere centered at the origiCof

@) (b)

Figure 6.4: (a) Two line segments and corresponding four extremal lines oriented$reo0. Sepa-
rating linesad andbc bound region of partial visibility o5 behindO (penumbra). Supporting lines:
andbd bound region wheré is invisible (umbra).(b) Blocker polygonB(S, O) representing pyramid
P(S,0).

In Figure6.5-(a), the supporting line afd intersects:b at pointz. The set of rays passing through
andcd can be decomposed to rays passing thraughndcd, and througheb anded. Rays throughuz
andcd map to a pyramid that is described by intersection of only three halfspaces induced by mappings
of a, x andd. Rays throughchb andcd can be described similarly. The configuration in line space is
depicted in Figuré.5-(b).

6.4.4 Lines passing through a set of line segments

Consider a set af + 1 line segments. We call one line segmentsbarce(denoted byS) and the other

n segments we call occluders (denoteddy, 1 < k < n). Further in the chapter we will use the term

ray as a representative of an oriented line that is oriented from the source “towards” the occluders.
Assume that we can process all occluders in a strict front-to-back order with respect to the given

source. We have already procesgedccluders and we continue by processing,;. Ox1 can be

visible through rays that correspond to the pyrafRic, Oy 1). Nevertheless some of these rays can

be blocked by combination of already processed occlu@erél < z < k). To determine ifOx 1 IS

visible we subtract alP(S, O,) from P (S, Op1):

V(S>Ok+1):7)(svok+l) - U P(SaOr)

1<z<k

V(S, Or+1) is a set pyramids representing rays through widigh, is visible fromsS. In turn, all rays
corresponding td’(S, O 1) are blocked behin@;_ 1. If V(S, O.1) is an empty set, occludép;
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@) (b)

Figure 6.5: (a) Degenerate configuration of line segments: the supporting linel afitersectsab
at pointz. There are five extremal lines. Note, that there is no umbra redionln line space the
configuration yields two pyramids sharing a boundary that is a mapping of the oriented.line

is invisible. This suggest incremental construction of an arrangement of pyratpittat corresponds
to rays blocked by thé processed occluders. We determine, Oy41) andAx 1 (Ao is empty):

V(S, Ok11) = P(S, O11) — Ay,
A1 = A UP(S,Opy1) = A U V(S,Op41).

Figures6.6-(a,b) depict a projection of an arrangemefatof a source and three occluders. Note that
the shorter the source line segment the narrowafds; get closer) are the pyramid3(.S, Oy,).

(b)

Figure 6.6: (a) The source line segmestand three occluders),_3 denote unoccluded funneléb)
The line space subdivision. For each cell, the corresponding occluder-sequence is depicted. Note the
cells@7, Q5 and@; corresponding to unoccluded funnels.

Recall that the pyrami@® (S, Oy) is represented by blocker polygd#(S, Oy). The construction of
the arrangement;. resembles the from-point visibility problem, more specifically the hidden surface
removal applied on the blocker polygons with respect to the origifx dfhe difference is that the depth
information is irrelevant in line space. The priority of blocker polygons is either completely determined
by the processing order of occluders or their depth must be compared in primal space. This observation
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is supported by the classification of visibility problems presented in Chapidsibility from point in
3D and visibility from region in 2D induce a two-dimensional problem-relevant line set. This suggests
the possibility of mapping one problem to another.

In the next section we show how the arrangemépican be maintained consistently and efficiently
using the occlusion tree.

6.5 Occlusion tree

The occlusion tree for visibility from region in 2D is a BSP tree maintaining the arrangemeriach
nodeN of the tree represents certain subset of line s{@ice The root of the tree represents the whole
L. If N is an interior node, it is associated with a plane. The left child of NV represent®Q}, N Ay,

the right childQ%, N Y, wherehy, andh}; are halfspaces induced by .

Leaves of the occlusion tree are classifiedr out. If N is anout-leaf, Q% represents unoccluded
rays emerging from the source. M is anin-leaf, it is associated with an occlud@ry that blocks the
corresponding set of ray@},. FurtherN stores an intersection of the blocker polygBgS, Oy ) and
Q% denotedBy. Qj, represents tunnelQ in primal space that is bound by points corresponding to
planes of the occlusion tree on the path from roavtoNode N also contains a line segmehy that is
an intersection oD and Q.

Consider a source and a single occluder such as in F@yd+@). The corresponding tree has four
interior nodes that represent endpoints of the two line segments. In this case the occlusion tree is actually
a BSP tree representation of the pyrarfids, O) (see Figure.7-(a)). We call this tree elementary
occlusion tree for a blocker polygaBi(.S, O), denoted e-OTRB(.S, 0)). A more complex situation is
depicted in Figurd.7-(b).

L] out
O in

or A
— + - @ +
[] [] ﬁ []

o* 07 Q% 0% k)

@ (b)

Figure 6.7:(a) Elementary occlusion tree for a configuration shown in Figu#e(a). (b) Occlusion
tree for the three occluders depicted in Figéré(a). The thregn-leaves correspond to rays blocked
by the relevant occluders. Thet-leaves); represent three funnels of unoccluded rays emerging from
S in the direction of occluders.

We need to perform polyhedra set operations on the arrangesjaiotobtain both the arrangement
A1, andV(S, O41) that describes visibility of occludeDy, . In particular we must determine
the set difference oP(S, Ox1) and A, to obtainV (S, Ox1) and the union of4, andV (S, Oy 1)
to obtainA;.,. The set difference operation can be performed easily using BSP tree by “filtering”
P(S, Ox4+1) down the tree as outlined in Secti8r8.3 The filtering identifies the desired 9&tS, Oy, +
1) that is then used to extend the tree so that it represents the arrangément
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6.5.1 Occlusion tree construction

Assume that we can determine a strict front-to-back order of occluders with respect to the $ource
When we process occludéy; all occludersO; (1 < j < k) that can block visibility ofO;, have been
already processed before. On the other h@paannot block any occludep; (1 < j < k).

The occlusion tree construction algorithm can be outlined as follows: For an occluder we construct
a pyramidP (S, Oy) corresponding to rays blocked by this occluder. The pyramid is represented by a
blocker polygonB(S, Oy), that is then filtered down the tree. The algorithm maintains two variables
— the current nodéV, and the current blocker polygads,. Initially V. is set to the root of the tree and
B, equals taB(S, Oy).

If V. is not a leaf we determine the position®f and the plané y, associated witV,.. If B, liesin
the negative halfspace induced by, the algorithm continues in the left subtree. SimilarlyBif lies
in the positive halfspace induced by, the algorithm continues in the right subtree.Bf intersects
both halfspaces it is split by, into two partsB. and B and the algorithm proceeds in both subtrees
of N, with appropriate fragments d@3..

If V. is a leaf node then we make a decision depending on its classification. i$fanin-leaf all
rays represented bi. are blocked by the occludéry, referred inN.. If N, is anout-leaf then all
rays representef®. are unoccluded. ThuB. is a part ofV(S, Ox). We replace théV, by e-OT({B,)
representing the pyramid induced By. that contains planes defined by the origindofind edges of
B..

Until now we have assumed that a front-to-back order of occluders with respect to the source is
determined. The approximate occlusion sweep determines only an approximate front-to-back order of
occluders. Thus we cannot guarantee the position of the currently processed oOglwdtrrespect to
the already processed occluders. In the remainder of this section we describe the necessary modification
of the occlusion tree construction algorithm.

The modification involves the behavior of the algorithm when reachingnHeaves of the tree.
Previously we have assumed that all lines represented by blocker paBigane blocked by an occluder
On.. Now we have to check the position 6f, and Oy, with respect to the source. We use the line
segments/;, and Iy, that are intersections @, and Oy, with the funnelQy, (seel, and ; on
Figure6.8-(a)). Denote an open halfspace defined Ry that contains the sourdé* and the opposite
open halfspacél —.

The two line segments can be in four mutual positions:

1. I} behindly,: I lies completely ind —.
2. I, in front of Iy : I}, lies completely ind .
3. I, intersectd y,: I, liesin bothH™ and H~.

4. I onIy,: I does not intersedd ™ nor H .

In the first case all lines represented By are blocked by .. ThusOy, is not visible through this
set of lines and no modification to the tree is necessary.

In the second case all lines representeddyare not blocked by .. ThusOy is visible through
all lines of B. and contraryOy, is not visible through these lines. We construct e-8J)(and filter
the “old” blocker polygonBy, down this tree (see Figur@.8). Finally, we replace theV. by the
constructed tree. Note that it is possible that the efQY onsists of a singlén-leaf node.

In the third case some lines &f. are blocked by, and some blocK .. We determine the inter-
sectionX of line segmentd;, andy,. PointX maps to plané x in line space. We spliB, by hx
obtaining B and B.. Depending on the position of the endpoints/piwe decide which of the two
fragments corresponds to lines blocked/hy. This fragment can be deleted as in the case 1. The other
fragment is treated as in the case 2.
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(a) (b)

Figure 6.8: (a) Occlude®), partially hides occlude©; that is already in the tree. The funnél
corresponds to the lines through whifh hidesO;. Note thatO; is still completely visible from some
points onS. (b) Situation in line space. (c) The original occlusion tree and the tree after inséxing
Note, the lower left node has both descendants classifiéd as

The solution of the fourth case depends on the application. For the sake of simplicity we assume that
O, is invisible through lines of3..

6.5.2 Visibility from a region

Visibility from a convex polygonal region can be determined by computing visibility from its bound-
aries. A separate occlusion tree can be built to capture visibility from each boundary line ségwient

the view cellRg. Alternatively we can build a single tree that captures visibility from all boundaries.
The latter approach is more consistent since it keeps a single hierarchical structure for representation
of visibility from the view cell. Inserting rays blocked by occlud@y, into the tree involves insertion

of blocker polygonsB(S;, O). The blocker polygonB(S;, Oy) represents rays emerging fronth
boundary ofRg that is facing the occludep;,.

6.5.3 Visibility of a line segment

Suppose we are interested only in determining visibility of a line segrégriiut we do not want

to include rays intersected I in the occlusion tree. An example of such situation is determining
visibility of a polygonal region that is bound by a set of 'virtual’ line segments, that should not be used
as occluders. We use the algorithm from Sectob 1, without performing any modifications to the
tree. We only collect the sét(S, G) of visible fragments of the blocker polygd®(.S, G). If this set is
empty,L is not visible from the view cell. Otherwise, it is visible through the set of rays that correspond
to V(S, G).

6.5.4 Fast conservative visibility of a region

Given an occlusion tree and a query regidg theconservative visibility testetermines conservatively
if Rx isinvisible or at least partially visible. It can eventually classify an invisible region as visible, but
it never classifies a visible region as invisible.

The conservative visibility test proceeds as follows: given a view cell and a polygonal regiove
find supporting and separating lines of the view dell and Rx (see Figureés.9-(a,b)). We construct
a blocker polygonB(Rg, Rx) using mappings of the supporting and separating lines as its vertices.
This blocker polygon generally represents a superset of rays interséingd Rx (see Figureés.10
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Figure 6.9: (a) Two rectangular regions and corresponding extremal li{l@sln line space there are
four blocker polygons corresponding to four combinations of the mutually visible boundarigsafd
Rx. Note that the vertices of the union of these blocker polygons correspond to supporting (g
and separating (sepsep) lines of Rg and Rx .

(a,b)). B(Rs, Rx) is filtered down the tree as described in Secédh1l Reaching amut-leaf we can
conclude that at least part &fx is visible and terminate the algorithm.
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Figure 6.10: (a) A configuration of Rg and Rx that leads to a conservative blocker polygon. The
blocker polygon represents lines intersecting the ‘virtual’ line segments show dgbh&dhe blocker

polygon constructed from mappings of supporting and separating lines represents a superset of the rays
intersectingRs and R x .

If the filtering procedure reaches an-leaf I we determine the relative position 6f;, and Rx.
Denote an open halfspace defined®y that contains the sourdd™ and the opposite halfspadé .
Visibility of Rx in L is classified as follows:

1. Rx is visible, if Rx lies completely inf .
2. Rx isinvisible, if Rx lies completely inH ~.
3. Ry is partially visible, if Ry intersects bothii + and H .

The decision in the third case is conservative. An exact visibility teg& pfvould require computa-
tion of the intersection oRx and the funnel, corresponding to leak, followed by the intersection
test with ;..
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Further speedup of the visibility test can be achieved for an additional decrease of its accuracy. The
filtering procedure can be modified so that the blocker polyBoheing processed is not split by planes
of the occlusion tree that interseBt. At each interior nodeV, only the position ofB. with respect to
the planéhy, is evaluated. The algorithm then continues in childreVpthat correspond to halfspaces
intersected byB.. Using this approacl. can be filtered down to leaves that correspond to pyramids
that actually does not interse#t.. Nevertheless this case occurs rather seldom in practice. Similar
modification was used for the real-time visibility culling as described in Sedtibd

6.5.5 Maximal visibility distance

Each nodeV of the occlusion tree can be associated withaximal visibility distancéMVD) in the
corresponding funne@ . Denotedy the MVD of nodeN. If N is anout-leaf,dy = oco. If N is
anin-leaf, dy is a maximal distance of the view cdlls and the relevant patty of occluderOy. If
N is an interior node of the tred, is a maximum of MVDs of its children. MVDs are updated by
propagating their changes up the tree after each insertion of an occluder. MVD oi\hodle be used
to quickly determine that an occludéx, is invisible with respect tav if the minimal distance oD,
from Rg is greater tham .

Consider a situation that all oriented lines emerging fil@gmare blocked after insertingoccluders.
The visibility distances of nodes near the root of the tree will correspond to distance of a farthest visible
occluders in the corresponding funnels. An occluder or a region farther &@m immediately culled
by the distance comparison at nodes near the root.

The maximal visibility distances can be seen as a hierarchical piecewise constant representation of
the depth map with respect to the given view cell. In leaves of the tree the depth is represented exactly
by the associated occluder fragments

6.6 The complete hierarchical visibility algorithm

The above mentioned methods are used within a hierarchical visibility algorithm. Occluders are or-
ganized in a kD-tree, in which a nod€ corresponds to rectangular regi®)y. The root of the tree
corresponds to the bounding box of the whole scene. Leaves of the kD-tree contain links to the occlud-
ers that intersect the corresponding cells. The kD-tree is used for two main purposes: Firstly, it allows
to determine the approximate front-to-back order of occluders efficiently. Secondly, pruning of the
kD-tree by hierarchical visibility tests leads to the expected output-sensitive behavior of the algorithm.
The scene is processed using an approximate occlusion sweep with respect to the view cell. We have
used two algorithms for the occlusion sweep. The first processes the kD-tree using a strict front-to-back
ordering of kD-tree nodes with respect to the center of the view cell. The second uses a priority queue,
where the priority of nodéV is inversely proportional to the minimal distancef®f; from the view cell.
In both cases occluders stored within a leaf node are processed in a random order. The occlusion tree
is constructed incrementally by inserting blocker polygdhss;, O) corresponding to the currently
processed occludép, and thei-th boundary of the view cell that facés, .
The occlusion tree construction is interleaved with visibility tests of redgtancorresponding to
the currently processed nodé. If Ry intersects the view celRg, it is classified visible. Otherwise
the visibility test classifies visibility oy with respect to the already processed occluderg fis
invisible, the subtree oV and all occluders it contains are culled. If it is visible, we continue testing
visibility of its descendants that are processed recursively using the approximate occlusion sweep.
Hierarchical visibility tests provide a useful information about visibility of the whole scene from
the given view cell. Nevertheless the visibility classification of hierarchy nodes as described above is
only conservative. Due to the approximate depth ordering of processed nodes it is possible that there is
an unprocessed regid®y containing occluders which might occlude (or at least partially occlude) the
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currently processed regiaR;. R; can be classified visible, although in fact it is invisible due to the
influence of unprocessed occluders frétn If an exact classification of hierarchy nodes is required,

we have to perform additional visibility tests on all leaves of the kD-tree that were previously classified
visible. These tests eventually decide that the tested regions are invisible if all relevant occluders are
considered. The visibility changes can be propagated up the kD-tree and the coarse visibility informa-
tion can then be stored as a list of visible nodes at the highest level of the kD-tree.

6.7 Results

We have evaluated the presented algorithms on three types of scenes: a city plan, a building interior, and
random line segments. The three types of scenes are depicted in FagLie4 1-(a) and Figures.11-

(b), respectively. On each figure the blue rectangle represents the view cell. Yellow lines correspond
to extremal lines that bound the funn&ls,,. Red line segments depict visible parts of occluders

Gray regions were culled by the hierarchical node visibility test. All measurements were performed on
a PC, equipped with an Athlon 950MHz CPU, 256MB RAM and Linux OS. Measurements for several
selected regions and various termination criteria for the construction of the kD-tree are summarized in
Table6.1

1
J =

I

(a) (b)

Figure 6.11: (a) The ground plan of the building of the Soda halr§ occluders).159 occluders are
visible, the occlusion tree hagl5 nodes. Computation tookd0ms. (b) A scene with1000 random
line segments540 segments are visible, the occlusion tree &&7 nodes. The green regions were
reclassified invisible by the second pass of the visibility tests. The computation &ok

Figure 6.1 depicts a 2D cut through the scene representing a city of Gldsg&ar the selected
view cell the majority of the scene was culled by the hierarchical visibility test and only few occluders
corresponding to the neighboring streets were found visible. Fiifie(a) depicts a ground plan of the
Soda Hall of the University of Berkeley and Figuedl2(b) shows the corresponding blocker polygons.
Scenes consisting of random line segments allow to study the dependence of the algorithm on the
complexity of the scene as well asisibility complexity The size of the occlusion tree is proportional
to the visibility complexity of the given view cell. More precisely the size of the tree corresponds to the
total number of funnel®, through which occluders are visible from the view cell.

*http://www.vrglasgow.co.uk
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Tested

kD-tree| Rg kD-tree | Blocker oT Visible
Scene | Occluders| nodes | size nodes | polygons| nodes| occluders| Time
= (-] [%] [%] (-] (-] [%] [s]
13711 0.017 4.2 4400| 1371 0.32 1.2
Glasgow 94460| 13711| 0.21 6.8 6919 | 3233 0.75 35
13711| 0.64 16 13142| 7545 1.5 9.2
335 25 50 759 | 1045 19| 0.31
Soda 873 2169 25 34 619 671 19| 0.63
2169 6 65 1078 | 2605 44 2.2
Random 1000 61 5.1 62 1682 | 8639 54 1.3
1767 51 51 1018 | 4385 54 1.3
Random 20000 7003| 0.21 3.3 964 | 3185 2| 0.61
7003 3.4 8.2 2602 | 19179 13 5.2

Table 6.1: Summary of the results of the visibility algorithm. The table contains the total number
of kD-tree nodes, relative size of the view cell with respect to the bounding box of the scene, the
number of nodes of the kD-tree on which the hierarchical visibility test was applied, the total number
of blocker polygons constructed for occluders, the total number of occlusion tree nodes, the percentage
of occluders that are visible, and the total running time of the visibility algorithm.
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Figure 6.12: (a) Dependency of the number of occlusion tree nodes on the number of processed blocker
polygons for various settings of the algorithm (see Seddidh (b) Visualization of blocker polygons

of processed occluders. Note the spiky triangles on the top-left. These triangles are blocker polygons
of line segments supporting line of which interse&ts. The chains of blue vertices lay in planes
corresponding to mappings of verticesikg.

The behavior of the algorithm also depends on the properties of the kD-tree used to organize occlud-
ers. The more occluders are associated with each leaf of the kD-tree the less accurate depth order is
determined. Consequently, the occlusion tree is slightly larger due to late insertions of visible occlud-
ers. Additionally more occluders are inserted in the occlusion tree, although they could be culled by the
hierarchical visibility test if a more precise front-to-back order was determined.

Figure6.12(a) depicts the dependence of the size of occlusion tree on the number of inserted blocker
polygons. All curves were measured for a scene With00 random line segments. Curvelsand B
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were measured for the kD-tree wiB occluders per leaf. Curves and D correspond to the kD-tree

with 5 occluders per leaf. For curve$s andC the occlusion sweep with respect to the centeRof

was used, whereas for curvBsand D the priority queue based occlusion sweep was applied. Note the
“stairs” in graphsA andC' that occur due to the fact that the regions of the kD-tree are processed in
depth-first-like search. It follows from the graphs that the best results were obtained using fmethod

finer kD-tree and the priority queue sweep. The corresponding curve also shows that once the occlusion
tree represents “enough” blocked rays its size does not grow.

6.8 Summary

We have described an algorithm that computes visibility from a given region in a 2D scene consisting of
a set of line segments. The method uses the concept of the approximate occlusion sweep, the occlusion
tree, and hierarchical visibility tests discussed in Chapter

The algorithm is exact and accounts for all types of occluder fusion. We have demonstrated that the
method is suitable for visibility preprocessing of large scenes by applying it to a scene representing a
footprint of a large part of a city. Coherence of visibility is exploited by using two hierarchical struc-
tures: the occlusion tree for partitioning of the problem-relevant line set and the kD-tree for organizing
occluders. The algorithm exhibits output-sensitive behavior for all tested scenes. The proposed method
requires implementation of only few geometrical algorithms, namely partitioning of a polygon by a
plane. The presented technique extends%tﬁ 2nd it was used as a core of a visibility preprocessing
algorithm for urban scene8itt01¢€] discussed in the next chapter.



Chapter 7

From-region visibility in 2 JD scenes

In this chapter we present two algorithms for computing from-region visibilitygﬁ) Acenes. The
proposed techniques are designed for visibility preprocessing for real-time walkthroughs in urban en-
vironments. The first algorithm uses the occlusion tree to maintain a subdivision of line space and the
conservativdéunnel visibility testdo calculate a potentially visible set for a given view cell. The second
algorithm computes an exact analytic solution to from-region visibility by using the occlusion tree and
thestabbing line computatiarSee Figur&.1for an illustration of the from-region visibility in an urban
scene.

Figure 7.1: (a) Selected view cell in the scene representing the city of Vienna and the corresponding
PVS. The dark regions were culled by hierarchical visibility tests. (b) A closeup of the view cell and its
PVS. (c) Snapshot of an observer’s view from a viewpoint inside the view cell.

We present a detailed evaluation of the methods including a comparison to another recently pub-
lished visibility preprocessing algorithm by Wonka et &/dnk0d. The methods presented herein are
specifically targeted for computing from-region visibility in an urban scene. Calculating visibility for
a 3D spatial region is a complex problem. Previous methods (Schaufler 8thh() and Durand et
al. [Dura0qQ) rely on several simplifications to cope with the computational complexity of 3D visibility.
While these algorithms can handle a large variety of scenes, they only consider a subset of possible
occluder interactions (occluder fusion) and require comparatively high calculation times.

It is useful to develop visibility algorithms building on simplifications that match the demands of
specific types of scenes. Wonka et &dnk0(Q observed that urban environments can be seen as
Z%D scenes. Although they propose an algorithm that handles all types of occluder fusion and treats
occlusion systematically, the algorithm does not scale very well to large scenes and large view cells.

83
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The algorithms described in this chapter significantly improvesttaability of the previous methods
for the from-region visibility in %D scenes. The algorithms exhilmutput-sensitivebehavior and
therefore they are especially useful for large scenes and large view cells, both of which cannot be easily
handled by previous techniques with an exceptions of the method of Koltun &od#t0]]. We will
demonstrate on a test model of Vienna that the proposed methodstfgitex PVSthan the method
proposed by Wonka et aMJonk0Q, while requiring lower calculation times.

7.1 Problem statement

The proposed algorithm is designed for scenes%di) RPature such as urban scenes (see Segtivn).
The scene can contain arbitrary geometry, butdbeludersare restricted to be vertical trapezoids
connected with the ground (typically building facades or roof ridges).

Given a view cell, the task is to determine the potentially visible set (PVS) of objects with respect
to the view cell. The view cell is defined as a convex hull ofvigstical faces In order to compute the
PVSina %D scene it is sufficient to consider only thap edge®f the view cell faces, occluders, and
object bounding boxedYonk0(d. The PVS can be determined by solving visibility from eaop edge
bounding the view cell. The resulting PVS is then a union of PVSs computed for all top edges of the
given view cell.

7.2 Related work

In this section we briefly discuss related methods for visibility preprocessing suitable for an application
to urban scenes.

Airey et al. [Aire90] applied visibility preprocessing to architectural models. Visibility in indoor
scenes was further studied by Teller arieh&in [Tell91]. Both methods partition the scene into cells
and portals. For each cell they identify objects visible through sequences of portals. These objects form
a potentially visible sefor each cell. These methods are restricted to indoor scenes with a particular
structure. Recently, several techniques for visibility preprocessing were introduced that are suited to
urban environments. Cohen-Or et aldhe98hused ray shooting to sample occlusion due to single
convex occluder. Schaufler et aBdha0 usedblocker extensionto handle occluder fusion. Durand
et al. Dura0Q proposedextended occluder projectioasd occlusion sweep to handle occluder fusion.
Wonka et al. Wonk0( usedcull mapsfor visibility preprocessing in gD scenes. Recently Koltun et
al. [Kolt01] proposed a conservative algorithm that computes from-region visibility using mapping to
line space and the z-buffer algorithm. To test visibility of an object the algorithm solves the 2D from-
region visibility in the supporting plane of the object and the view cell. The from-region visibility for
terrains was studied by Stewa8tgw91, and Cohen-Or and Shake@¢he93.

7.3 Algorithm overview

The main idea of the presented algorithms is to combine a solution to 2D visibility using the occlusion
tree with a solution inprimal spacefor the remaining “half dimension”. The algorithm organizes
the scene in a kD-tree. For each top edge of a given view cell, it processes the occluders using an
approximate occlusion sweep and incrementally builds the line space occlusion tree that represents the
currently visible parts of the scene with respect to the already processed occluders.

For each occluder, we perform the following steps:

e Construct a line spadalocker polygorfrom its 2D footprint on the ground plane. The blocker
polygon is a special case of théocker polyhedromiscussed in SectioB.3.3
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e Calculate intersections with already processed blocker polygons. As a result, the blocker polygon
is split into several fragments. Each fragment represents a set of rays that can be blocked by the
same sequence of occluders. This set of rays forfugmelin primal space. The intersection of
the occluder and the funnel is calledcluder fragment

e For each blocker polygon fragment, we test visibility of the corresponding occluder fragment by
mapping the problem back to primal space. We describe two techniques for computing visibility
in the given primal space funnel:

— A conservative algorithm using linear approximations of visibility events.
— An exact algorithm using a stabbing line computation iiadRer coordinates.

¢ If an occluder fragment is found visible, the line space structure is updated accordingly.

The rest of the chapter is organized as follows: In Sectidnwe discuss the description ogD vis-
ibility in line space. In Sectio7.5we describe the conservatifiennel visibility tesused to determine
if an occluder fragment is visible with respect to a given set of rays. In Setttne present the exact
funnel visibility test. Sectio7.7 outlines the complete hierarchical visibility algorithm. In Sectidr&
and7.9we evaluate and discuss our implementation of the proposed methods.

7.4 2D visibility and line space

The proposed visibility algorithm operates mainly on a 2D projection of the scene. The “heights” of
scene entities are considered only when necessary (see Se&idfor a discussion of visibility in

urban scenes). In order to solve the underlying 2D visibility problem, we use a mapping of oriented 2D
lines to points in 2D oriented projective spackne spacq Stol9]]. This mapping was discussed in the
previous chapter. To denote entities in line space, we use the asterisk notation, elgndine tol*.

The mapping of the problem to line space allows us to represent 2D bundles of rays (which carry the
crucial part of visibility information) by simple polygons.

7.4.1 Basic definitions and terminology

We call the 2D projection of the%ED scene thground plan Each2D rayin the ground plan represents
a vertical plane in the scene. The 2D ray corresponds to infinitely fBBraysthat are rays lying in
the corresponding vertical plane.

We call anextended visibility functioa mapping that assigns each 2D ray a sequence of occluders,
in which each occluder is visible by at least one 3D ray induced by the given 2D ray. Note, that the
sequence might be empty.

7.4.2 Blocker polygon

This section reviews the correspondence of occluders in primal space and blocker polygons in line space.
A detailed description was already presented in the previous chapter. A blocker polygon carries the 2D
visibility information induced by an occluder and an edge of the given view cell. More specifically, it
represents all 2D rays that emanate from the view cell edge and intersect the occluder. This set of rays is
bounded by fouextremal linesforming an hourglass shaped region that we calDadunnelor simply

funnel The four extremal lines map to points in line space and these points define the corresponding line
spaceblocker polygon Conversely, starting from a blocker polygon a corresponding funnel in primal
space can be constructed by inverse mapping of the vertices of the blocker polygon to oriented lines in
primal space (see Figufe4in the previous chapter). We calB® funnela vertical extension of the 2D

funnel that represents all 3D rays projecting to the 2D funnel.



86 CHAPTER 7. FROM-REGION VISIBILITY IN Z%D SCENES

If only 2D visibility was required, the blocker polygons could be used to solve the visibility problem
in the following way: process occluders in front-to-back order. To determine whether a newly added
occluder is visible, it suffices to test whether its associated blocker polygon is completely covered by
other blocker polygons in line space. In such a case, the occluder is invisible: any 2D ray through which
the new occluder could be visible is occluded by the already processed occluders.

7.4.3 Subdivision of line space

Mapping several occluders to line space induces a subdivision of line space into polygonal cells. Each
cell contains a sequence of blocker polygons ordered by the distance of the occluders from the given
view cell edge. A line space subdivision induced by three occluders is depicted in Bi§wEthe
previous chapter.

The line space subdivision holds an important visibility information. Each cell corresponds to a
funnel of 2D rays that intersect the same sequence of occluders. Thus for each each cell we have
a sequence of occluders that getentially visiblethrough 3D rays corresponding to the cell. We
are looking for a subdivision in which each cell corresponds to a sequence of blocker polygons that
arereally visiblethrough the corresponding 3D rays. All blocker polygons corresponding to invisible
occluders should be eliminated. We therefore construct the subdivision of line space incrementally and
determine whether the currently processed occlddés visible with respect to the occluders already
processed.

The algorithm for constructing the line space subdivision proceeds as follows: for each oc¢luder
we identify the cells of the subdivision that are intersected by the corresponding blocker polygon. For
each such cell, visibility oD is tested in primal space using occluders associated with this cell. This
test is called théunnel visibility test If O is found visible, it is inserted into the sequence of occluders
for the cell, or the cell is further subdivided, depending on the height structure of occludersis If
occluded, no changes are necessary.

For a conservative funnel visibility test discussed in Sectidrthe resulting line space subdivision
is a conservative representation of the extended visibility function. The exact funnel visibility test
presented in Sectioh 6 provides a subdivision representing the extended visibility function exactly.

7.4.4 Occlusion tree

The occlusion treamaintains a subdivision of line space similarly as described in the previous chapter
for the case of 2D from-region visibility. The occlusion tree for t@Zvisibility captures also oc-
cluders visible above closer occluders that would not be visible considering only their projections to the
ground plan.

The occlusion tree is a BSP tree, in which each ndteepresents a celR}, of the line space
subdivision. The root of the tree represents the whole problem-relevant line si¥tislfan interior
node, it is associated with a plahg . Left child of IV represent®%, Nk, right child Q3 Nh%, where
hy andh}; are halfspaces induced hy;. Leaves of the tree are classifiador out. If N is anout-leaf,
Qy represents unoccluded rays emerging from the sourc#l if anin-leaf, it is associated with a
sequence of occlude&y that intersect the corresponding set of 2D r@ys. IV is also associated with
a blocker polygon that represents the corresponding cell of line space subdivision.

We use the occlusion tree to identify cells intersected by the currently processed blocker polygon.
The tree is then used to efficiently update the line space subdivision if we conclude that the currently
processed occluder is visible.
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7.5 Conservative funnel visibility test

This section describes the conservafivenel visibility testhat classifies visibility of a new occluder
O,, with respect to a celR; of the current line space subdivision. The test is carried out in primal space
within a funnelQ;, which the cellQ; maps to. The solution proposed in this section is conservative
since it approximates occlusion due to EEE event surfaces by planes.

We want to determine if a fragment of a new occludgris visible with respect to the sequence of
occludersSy, associated with the funn€l;,. The funnel visibility test can have three possible results:

e O, is completely occluded by occlude$s, associated witlQ; . In this case(),, does not con-
tribute to this cell.

e The top edge o), is visible across the whole funnel. In this case, it is simply added to the
sequencey, of relevant occluders fo@ .

e O, isvisible in only a part of the funnel. This means that a change of visibility occurs igsige
and the line space subdivision needs to be updated.

7.5.1 Extended umbra

The visible part o0D,, is computed as follows: We select all occluders stored in theelvhich lie in
front of O,, in primal space. For each such occludemwe calculate twghadow planesagainst which
we clip the top edge of,,. The first planer,, is defined by the top edge 6f and a vertex of the top
edge of the view cell facé, such thatS andO lie on the same side of,. The second planes;, is
defined by an edge &f and a vertex of the top edge 6f, such thatS and the top edge ab lie on
opposite sides of,; (see Figureg.2and7.3).

I
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Figure 7.2: (@) Projections of the two shadow planes due to an ocaluded a view cell face. (b)
Front view of the view cell face, occluder and the two shadow planes.

The two planes, andr, define arextended umbraf an occlude within a funnel: any point inside
the extended umbra is occluded®@yconsidering all rays from the funnel. Note that the extended umbra
of an occluder contains also points that can be visible ffbthrough the rays that do not belong to the
given funnel. Nevertheless, for the given configuration of the source and occluder the extended umbra
properly captures all points reachable by all 3D rays that project to the given funnel defined by a top
edgesS of the view cell and a top edge of occluder If a smaller fragmenf’ of S is considered, the
extended umbra of andO is a conservative approximation of the extended umbr&’ @&ndO (see
Figure7.4).
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(a) (b)

Figure 7.3: A simple model for studying the lines intersecting two occluders and their relation to the
shadow planes. (a) A top view of the model. (b) A front view of the model.

Figure 7.4: Extended umbra for a fragmefitof the view cell faceS. The original extended umbra of
S is a subset of the extended umbrasbf

7.5.2 Occlusion tree updates

The visibility test in a funnel is performed by clipping a top edge of the inserted occluder by shadow
planes of occluders associated with the funnel. Due to the configuration of the shadow planes the
clipping results in at most one visible fragment. After clipping by shadow planes of all occluders in
front of O,,, there is either a single fragment of the top edge lef)giis considered occluded.

If we found a visible fragment, each of its endpoints lying inside the funnel is mapped to an edge in
line space. The resulting line space edge(s) are used to subdivide the original line spatjeinedl
at most three new cells. In exactly one of these cells, a fragmeny, 6§ visible and it is added to the
associated sequence of occluders. The update of the occlusion tree is performed by replacing the leaf
of the tree corresponding @7 by a subtree induced by the subdivision edges. One of the new leaves
of the tree corresponds to a funnel in whidl) is visible. The other leaves (if any) correspond to cells
of the line space subdivision whetg, is invisible. These leaves associated with the same sequence of
occluders as the original cell; .

To see what this means in primal space, consider the two or three newly established funnels corre-
sponding to the new cells. Th@imary funnelincludes the visible part ab,,. Thesecondary funnels
correspond to parts of the original funnel whékg is invisible.
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Figure 7.5 depicts a funne2 containing three occluders. The new occludgris partially visible
with respect to the funnel. Funnglis split into three new funnels. The primary funigg} contains the
occluder sequena@y, O, O, Os. The first secondary funné; is induced by the part a,, hidden
by the shadow plane @-. It contains the occluder sequern@e, O,, O3. The other secondary funnel
Q52 corresponds to the set of 2D rays that do not interéggct Figure 7.6 depicts the three blocker
polygons corresponding to funne,, Qs and Qss.

(OF O3 \ (O Oj3 \
On On \
o7} O, { O, O, /
0, 0, O, O,
S
Sa Sb
front view original funnel primary funnel secondary funnel 1 secondary funnel 2
Q Qp Qs1 Qs2

Figure 7.5: Adding a new occludér, into a funnel induced by three occluders can yield at most three
new funnels.

Figure 7.6: Three blocker polygons corresponding to fun@glsQsi, @2 from Figure7.5. z* is the
mapping of point: introduced by clipping occludep,, by a shadow plane.

7.6 Exact funnel visibility

This section presents an exact funnel visibility test that provides an exact analytic solution to from-
region visibility in Z%D scenes. We use the set of occluders associated with a given funnel to construct a
sequence ofirtual portalsthrough which the new occludér,, might be visible from a given view cell.

The algorithm then applies stabbing linecomputation on a sequence of polygonal portaidp24.

If there is a stabbing line that piercék,, the view cell, and all virtual portalg),, is classified visible.

Then we determine which part 6f, is visible to update the line space subdivision accordingly.
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7.6.1 Stabbing line computation

For each occluder in the sequence associated@jtlthat lies in front ofO,, we construct a portal that

is bound by a top edge of the occluder and two vertical halflines directed upwards. Then we construct
two portals that correspond to unbounded vertical trapezoids definéq land a given view cell face.

A stabbing line algorithm applied on the constructed portal sequence tests an existence of a ray leaving
the view cell and intersectin@,, that is not blocked by any occluder (see Figard. If such ray exists,

O,, is visible with respect to the given funnel. To determine the visible patoih the funnel we need

to reconstruct thantipenumbrg Tell929 induced by the given set of portals and intersect it vith
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Figure 7.7: View cell and three occluders. Visibility @f, is determined by stabbing line computation
applied on four portals.

The stabbing line computation is carried out by halfspace intersection if&®24d. The 5D half-
spaces are defined by hyperplanes that corresponditié?l coefficients of lines bounding the virtual
portals (more details on Btker coordinates and associated operations will be presented in CBapter
Lines that stab all the portals correspond to 5D points on thekel quadric Tell924 that lie inside
the intersection of these halfspaces. If there is no such point, there is no stabbing line an@hénce
invisible with respect to the given occluder sequence.

Due to the %D nature of the scene we can simplify the computation considering only a subset of
feasible stabbing lines, namely the lines that intersect both the top edge of the ocgluded the
top edge of the view cell. Consequently, we do not compute a full-dimensional 5D polyhBgron
of feasible stabbing lines, but rather its three-dimensional subggtresulting from an intersection of
Bsp with the hyperplanes defined by the top edges of the view cell and the oc€lyd&ihe polyhedron
Bsp can be computed by treating the hyperplanes defined by the view cell and the occluder as equalities
instead of treating them as halfspace constrais, has lower combinatorial complexityslood97
and thus it can be computed faster thzayy .

The polyhedron corresponding to feasible stabbing lines can be computed by linear programming in
5D [Tell92g. We evaluated several implementatiofraiku02 Avis02] and finally we used a floating
point version of the reverse search polyhedron enumeration algotbhisdp, Bitt97].

7.6.2 Computing visible fragments

The existence of a stabbing line only proves that the occl@giis visible in the funnel@;. To
determine the visible part @,, we could reconstruct thantipenumbrgTell929 of the given portal
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sequence and intersect it with,. As stated above iné?D scenes we need to consider only a subset of
antipenumbra consisting of lines that intersect the top edge of the view cell and the occluder.

To compute the antipenumbra we first compute the polyhedign as an intersection of the 5D
halfspaces corresponding to portal edges. By intersecting the 1D skelef®y,ofvith the Plicker
guadric we obtain a set ektremal stabbing lineglell924. The visible part of the occludé&p,, is then
given by the convex hull of the intersections of the extremal stabbing lines and the oag@lyider

7.6.3 Acceleration of the funnel visibility test

The 5D halfspace intersection is a rather costly algorithm with asymptotic time compleits),
wheren is the number of halfspace3dqll924. Fortunately, we can apply early termination criteria
that decide if the new occluder is either definitely visible or definitely invisible. As a result the higher-
dimensional algorithm is invoked relatively seldom in practice.

We select all occluders associated with the &l which lie in front of O,, in primal space. For
each occluder we compute four shadow planes that bound the wedge defined by its top edge and a given
top edge of the view cell. This wedge bounds a part of penumbra due to the occluder (se& Bgure
Note that the “lower” shadow planes correspond to the planes defining an extended umbra discussed in
Section7.5.1

To determine ifO,, is definitely invisible with respect t@; we clip it against the two lower shadow
planes of each relevant occluder. If there is no fragmeii,pthat lies above all lower shadow planes,
O,, is definitely invisible. Otherwise, we clip),, against the “upper” shadow planes. If there is no
fragment ofO,, that lies below, all these planes the top edg@®gfis completely visible with respect to
Q3.

Figure 7.8: Four shadow planes bounding the penumbra wedge due to a top edge of aecnder
view cell faceS. The lower shadow planes are denotgdand,,, the upper ones,,, andm,,.

In all other cases we evaluate the intersection of the occluder top edge with all wedges (penumbras).
If the result intersects only one penumbra, we can conclude that it is visible. If the result of the clipping
lies in several wedges (penumbras), the merged umbra can be bound by quadratic EEE event surface
(event surfaces will be discussed in Sect#d. Since the EEE event surfaces are not handled by the
conservative funnel visibility test we invoke the stabbing line computation.

7.7 Hierarchical visibility algorithm

The hierarchical visibility algorithm traverses the scene kD-tree using an approximate occlusion sweep
with respect to the given view cell edge. The order is established using a priority queue, in which
the priority of a node is inversely proportional to the minimal distance of the node from the view cell.
Occluders stored within a leaf node are processed in random order.
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The occlusion tree is constructed incrementally by inserting blocker polygons corresponding to the
currently processed occluder. The occlusion tree construction is interleaved with visibility tests of
the currently processed kD-tree node. The visibility test classifies visibility of the node with respect
to the already processed occluders. If the node is invisible, the subtree rooted at the node and all
occluders it contains are culled. If it is visible, the algorithm recursively continues testing visibility of
its descendants. In the special case of a hode intersecting the view cell edge, it is classified visible.

Visibility classification of scene objects is carried out after the complete occlusion tree has been
constructed. If an object intersects a visible kD-tree leaf, we check its visibility using the occlusion tree
and the funnel visibility test.

7.8 Results

We have evaluated the proposed methods using a scene representing a large part of the city of Vienna.
First, we made a comparison of the conservative algorithm with the discrete hardware-accelerated ap-
proach by Wonka et alWWonk0(Q. Then the conservative algorithm was compared to the exact method.

In the comparisons, we call the new methodslihe space subdivisiomethods, denoted c-LSS (con-
servative) and e-LSS (exact). Tdiscrete cull mapnethod of Wonka et al\WWonk0(Q is denoted DCM.

7.8.1 c-LSSvs. DCM

For evaluation of the ¢c-LSS we used a PC equipped with a 950MHz Athlon CPU, and 256MB RAM. The
DCM was evaluated on a PC with 650MHz Pentium 1ll, 512MB RAM, and a GeForce DDR graphics
card.

The tested scene represents:82 of the city of Vienna and consists of approximately 8 million
triangles. The triangles are grouped intt854 objects that are used for visibility classification. We
automatically synthesizeth243 larger polygons to be used as occluders. Most occluders correspond
to building facades.

We conducted three different tests. In the first test, we randomly selB@iexiit of 16447 view cells
in the whole scene. For each view cell edge we computed a PVS. Fdshows two plots depicting
the sizes of the PVS and the running times of the two methods for each processed view cell edge.

The second test was designed to test the scalability of the two methods with respect to view cell size.
We manually placed0 larger view cells (with perimeter betwe&00 and 800 meters) and applied
the algorithms on the corresponding edges. Taklesummarizes the results for both the first and the
second tests.

Avg. Avg.

Test | Method | PVS size| time
-] [ms]

Testl | DCM 105.2| 202.1
c-LSS 84.7 44.6
Testll | DCM 274.0| 4304.8
c-LSS 236.8| 211.9

Table 7.1: The average number of visible objects and the corresponding computational times for the
first and the second tests.

The last test was carried out only for c-LSS. The goal was to test the scalability of the method with
respect to the size of the scene and verify its output-sensitive behavior. We replicated the original scene
on grids of size 2x2, 4x4 and 6x6. We selected a few view cells that provided the same size of the



7.8. RESULTS 93

PVS size
700 ‘

600 |-
500 ]
400 - i ]
300 | i ]
200
100 (A

100 150 200 250 300 350
View cell edge id

Time [ms]
1000 :
DCM -

900 - c-LSS —— -
800 1
700 | | 1
600 |

500 |
400 -
300
200 -
100 |-

0 il :
0 50 100 150 200 250 300 350

View cell edge id

Figure 7.9: (top) The number of potentially visible objects 365 view cell edges. (bottom) The
running times of the two tested methods.

resulting PVS for each of the tested scenes. TalRalepicts the size of the kD-tree and computation
times for the original scene and the three larger replicated scenes.

7.8.2 c-LSSvs. e-LSS

For the comparison of the conservative and the exact LSS methods we have used a 1GHz Pentium llI
based PC with 384MB RAM. The tests were conducted using the same scene and view cells as described
in the previous section.

Table 7.3 summarizes the results of the comparison. We can observe that the PVS computed by
the e-LSS method is slightly smaller than the one computed by the c-LSS at the cost of increased
computational time.

More detailed plot of the size of the PVS and the computational time for the Test Il is depicted in
Figure7.1Q The plot highlights a problem with the numerical accuracy of the two algorithms: for
two view cell edges the conservative method produces a PVS one object smaller than the exact one,
which contradicts the definition of the exact and conservative algorithm. This problem occurs due
to the numerical inaccuracies of floating point computations in some degenerate configurations of the
occluders and the objects. In particular when a top edge of an object is aligned with a shadow plane
of some occluders the decision about its visibility depends om-theesholds used for comparison of
floating point values. This behavior can be partially solved by carefully tuning-theesholds and
applying them in the same solution space domain.
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kD-tree | Avg.

Grid | Area | nodes | time
[km?] | [=] | [ms]

1x1 8 1609 90

2x2 32 6511| 92
4x4 128 | 26191| 101
6Xx6 288 | 57935| 105

Table 7.2: Average PVS computation times for different scene sizes.

Avg. Avg.

Test | Method | PVS size| time
[-] [ms]

Testl | c-LSS 84.7| 49.2
e-LSS 84.2| 200.1

Testll | c-LSS 236.8| 206.1
e-LSS 233.9| 575.7

Table 7.3: Conservative vs. exact LSS. The average number of visible objects and the corresponding
computational times for the first and second tests.

7.9 Discussion

In this section, we give an interpretation of the results. We discuss the suitability of the method for
real-time rendering, the importance of large view cells, the output-sensitivity of the method, the exact
vs. the conservative algorithm and the relation of the method to the algorithm of KoltunkoD1]).

7.9.1 Real-time rendering

The first test shows the calculation times and the PVS sizes for smaller view cells. We observe that
both methods produce comparable results. The view cell size for this test was chosen so as to give
reasonably-sized PVSs that would allow for walkthroughs with high frame reites0Q. The LSS
methods produce a tighter PVS, because they do not rely on discretization and occluder shrinking.

7.9.2 Large view cells

The second test shows the scalability of the method for larger view cells. Although smaller view cells
are more interesting for real-time rendering applications, larger view cells can be very useful. If we
consider a very simple model, for example, where each facade is just one large flat polygon, it can
be sufficient to calculate a solution for a rather large view cell. Another very important application
is the hierarchical precalculation of visibility information. Similar to previous meth@dsd40q, the
visibility calculation could start with a subdivision of the view space into larger view cells. Smaller view
cells are only calculated when necessary (e.g., when the size of the PVS is too large or when a heuristic
determines large changes in visibility within the view cell). For urban environments, this hierarchical
approach can be efficiently combined with a priori knowledge about the scene structure. If we use
street sections as view cells, we can observe that visibility within one street section hardly changes
(see Figurer.11). In this context, we also want to emphasize that our view cells are not restricted to
axis-aligned boxes.
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Figure 7.10: The size of the PVS and the running times of the ¢c-LSS and the e-LSS methods for the 30
view cell edges used in Test Il. The two red circles mark the edges where the PVS computation produces
misleading results due to numerical inaccuracies of floating operations.

7.9.3 Output sensitivity

The third test shows the scalability of the method to larger scenes. It is a desired property of a visibility
algorithm that the computation time mainly depends on the size of the PVS (=output) and not on the
size of the scene (=input). The results strongly indicate output sensitivity of the algorithm in practice:
the calculation times hardly change when the size of the scene is increased. Such a behavior can not be
achieved easily by previous metho®#¥dnk0Q Dura0Q SchaOQ.

7.9.4 Exactvs. conservative

In the measurements the exact method e-LSS provided only slightly smaller PVS than the conservative
one. This is an important result that shows that the solution obtained by the conservative method is very
close the exact one. Due to the optimizations used in the e-LSS method (described in Bécdidhe
computational time of is not restrictive even for the large scenes. Nevertheless according to the results
the effort required to implement the higher-dimensional polyhedra enumeration is not really recovered
by the small improvement in the size of the computed PVS.
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Figure 7.11: (left) A small view cell and its PVS. (right) The PVS for a larger view cell can be very
similar.

7.9.5 Comparison with the method of Koltun et. al

Our method and the method proposed by Koltun et kbltD1] share the idea of transforming the
problem to line space. For each occluder Koltun at el. compute an intersection of the supporting plane
of the occluder and the view cell with all other occluders. Visibility of the given occluder is then
determined by solving a from-region visibility problem in that plane. The 2D from-region visibility is
solved in line space using the z-buffer algorithm.

In contrast to the method of Koltun et. al. our method incrementally constructs a data structure
capturing visibility from the view cell. This data structure consists from the occlusion tree and the
shadow planes or the virtual portals. Our approach provides the following benefits:

e Higher accuracy.

Given an occluder the method Koltun et al. uses a single plane in which the 2D from-region
visibility is solved. Our conservative method captures the height structure of already processed
polygons by locating a number of shadow planes withing each funnel of the line space subdivi-
sion. Additionally due to the continuous description of visibility our method does not rely on the
discretization resolution. The exact method is more accurate by definition.

e Better use of coherence.

Once an occluder is processed all visibility interactions with already processed occluders are
identified and stored in the occlusion tree. When processing farther occluders the computed
visibility interactions are reused.

e Generality.

Maintaining visibility information in a general continuous data structure allows to associate vari-
ous auxiliary information with the funnels, extremal lines or occluders.

A possible drawback of our method is its sensitivity to overly detailed inputs, whereas the com-
putational complexity of the method of Koltun et al. is predominantly given by the resolution of the
discretization.
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7.10 Summary

This chapter presented two algorithms that determine visibility from a given view cell%rDas@ene.
The algorithms are targeted at computing PVS in an outdoor urban environment. The first, conservative,
method combines an exact solution to the 2D visibility problem with a tight conservative solution for the
remaining “half dimension”. The second, exact, method applies a stabbing line computation on a set of
virtual portals determined by the solution of the 2D visibility problem. Both methods exploit visibility
coherence by using a hierarchical subdivision of line space as well as a hierarchical organization of the
scene. The algorithms achieve output-sensitive behavior by combining ordered processing of occluders
and hierarchical visibility tests.

The methods are suitable for visibility preprocessing of large scenes, which was shown by applying
it to a scene representing a large part of the city of Vienna. The proposed methods compare favorably
with the previously published algorithm of Wonka et &/dnk0Q.
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Chapter 8

From-region visibility in 3D scenes

This chapter presents an algorithm for computing exact from-region visibility in 3D scenes. From-
region visibility problems were disregarded by the research community for a long@hez96. The

4D nature of these problems makes them difficult to solve. A discrete solution typically leads to a huge
amount of samples that must be taken to obtain a reasonably precise solution. The storage of visibility in
a discrete 4D or 5D data structure can lead to prohibitive memory consumption for the given sampling
density Arvo87, Simi94, Chry9843. A continuous solution potentially allows a better use of visibil-

ity coherence, but its robust implementation is difficidr¢t94h Stew94 Dura96 Dura97 Dugu02

Nire0Z. The computational complexity of exact continuous methods is boundéthylog n) in the

worst caselpell97 and thus these methods are sensitive to overly detailed inputs.

The algorithm presented in this chapter provides an analytic solution to the from-region visibility
problem in 3D that is based on the concept presented in Chapiére key idea is the mapping from
primal space to a 5D line space usingiéXer coordinates. The arrangement of 5D blocker polyhedra
is maintained using a 5D occlusion tree. The occlusion tree facilitates efficient set operations on the
blocker polyhedra and improves robustness of the method by providing a consistent BSP representation
of the union of polyhedraNayl904. The construction of the tree is based on the operation of splitting
a polyhedron by a hyperplane. Thus the efficiency and robustness of the solution to the from-region
visibility problem is primarily determined by the efficiency and robustness of the polyhedron splitting
algorithm. The principle of the method is simple and in contrast to other analytic from-region visibil-
ity algorithms Dret94h Stew94 Dura97 the proposed method treats all visibility events in a unified
manner.

8.1 Problem statement

This chapter addresses the following from-region visibility problems:
I. Given a polygonal scene and two polygons determine:

(a) Are the two polygons visible ?
(b) Which fragments of the two polygons are mutually visible ?
(c) Visibility events between the two polygons.

Il. Given a polygonal scene and a polyhedral view cell determine:

(a) A set of potentially visible polygons with respect to the view cell.

(b) Fragments of potentially visible polygons with respect to the view cell.
(c) Mutually visible fragments of the visible polygons and the view cell.
(d) Visual events with respect to the view cell.

99
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The I-(a), I-(b), and I-(c) problems address elementary from-region visibility problems in polygonal
scenes. They reflect the case of a localized visibility computation, i.e. the visibility computation that is
restricted by a set of rays between the two polygons. The other three problems (lI-(a), ll-(b), and II-(c))
address the PVS computation. They are presented in the order of increasing accuracy of the computed
result. The Il-(d) problem addresses a precise computation of shadows with respect to an areal light
source. The proposed method provides an exact analytic solution to all above mentioned problems.

8.2 Related work

Below we briefly discuss the related work on from-region visibility in several application areas.

8.2.1 Aspect graph

The first algorithms dealing with from-region visibility belong to the area of computer visiona3he

pect graph[Gigu9Q Plan9Q Sojk93 partitions the view space into cells that group viewpoints from
which the projection of the scene is qualitatively equivalent. The aspect graph is a graph describing
the view of the scene (aspect) for each cell of the partitioning. The major drawback of this approach is
that for polygonal scenes with polygons there can b®(n”) cells in the partitioning for unrestricted
viewspace. Ascale spacaspect graphgge92 Shim93 improves robustness of the method by merg-

ing similar features according to the given scale.

8.2.2 Potentially visible sets

In the computer graphics community Airegife90] introduced the concept gfotentially visible sets
(PVS). Airey assumes the existence of a natural subdivision of the environment into cells. For models
of building interiors these cells roughly correspond to rooms and corridors. For each cell the PVS is
formed by cells visible from any point of that cell. Airey uses ray shooting to approximate visibility
between cells of the subdivision and so the computed PVS is not conservative.

This concept was further elaborated by Teller etBlIP2b, Tell91] to establish a conservative PVS.
The PVS is constructed by testing the existence of a stabbing line through a sequence of polygonal por-
tals between cells. Teller proposed an exact solution to this problem usickgPcoordinatesTell924
and a simpler and more robust conservative solufl@li92h]. The portal based methods are well suited
to static densely occluded environments with a particular structure. For less structured models they can
face a combinatorial explosion of complexifiell92h. Yagel and RayYage93 present an algorithm,
that uses a regular spatial subdivision. Their approach is not sensitive to the structure of the model in
terms of complexity, but its efficiency is altered by the discrete representation of the scene.

Plantinga proposed a PVS algorithm based on a conservative viewspace partitioning by evaluating
visual eventsiPlan93. The construction of viewspace partitioning was further studied by Chrysanthou
et al. [Chry98l, Cohen-Or et al. Cohe98hand Sadagic$adaOl Sudarsky and Gotsmasiida9fp
proposed an output-sensitive visibility algorithm for dynamic scenes. Cohen-Or €odle98t de-
veloped a conservative algorithm determining visibility ofeameighborhood of a given viewpoint that
was used for network based walkthroughs.

Conservative algorithms for computing PVS developed by Durand ebatapd and Schaufler et
al. [SchaOQmake use of several simplifying assumptions to avoid the usage of 4D data structures. Wang
et al. Wang9§ proposed an algorithm that precomputes visibility within beams originating from the
restricted viewpoint region. The approach is very similar to the 5D subdivision for ray trsimg]
and so it exhibits similar problems, namely inadequate memory and preprocessing complexities. Spe-
cialized algorithms for computing PVS ir%l?) scenes were proposed by Wonka et\alohk0(d, Koltun
et al. [Kolt01], and Bittner et al. Bitt01€.
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The method presented in the thesis was first outlinediti99]. Recently, a similar exact algo-
rithm for PVS computation was developed by Nirenstein etMikg02. This algorithm uses Btker
coordinates to compute visibility in shafts defined by each polygon in the scene.

8.2.3 Rendering of shadows

The from-region visibility problems include the computation of soft shadows due to an areal light
source. Continuous algorithms for real-time soft shadow generation were studied by Chin andFamgsd |
Loscos and Drettakid psc97, and Chrysanthoughry9q and Chrysanthou and SlateZliry97. Dis-

crete solutions have been proposed by Nishits)8g, Brotman and BadlerBrot84], and Soler and
Sillion [Sole9§. An exact algorithm computing an antipenumbra of an areal light source was developed
by Teller [Tell92g.

8.2.4 Discontinuity meshing

Discontinuity meshing is used in the context of the radiosity global illumination algorithm or comput-
ing soft shadows due to areal light sources. First approximate discontinuity meshing algorithms were
studied by Campbelllamp90 Camp9], Lischinski [Lisc92, and HeckbertiHeck93. More elaborate
methods were developed by Drettaki3r¢t94a Dret94h, and Stewart and GhaliStew93 Stew94.
These methods are capable of creating a complete discontinuity mesh that encodes all visual events
involving the light source.

The classical radiosity is based on an evaluation of form factors between two paSdie9d.
The visibility computation is a crucial step in the form factor evaluatidellp3b Hain94 Tell94,
Nech96 Teic99. Similar visibility computation takes place in the scope of hierarchical radiosity al-
gorithms Sole96 Dret97, Daub91.

8.2.5 Global visibility

The aim ofglobal visibility computations is to capture and describe visibility in the whole sdensP4.
The global visibility algorithms are typically based on some forntireé space subdivisiothat parti-
tions lines or rays into equivalence classes according to their visibility classification. Each class corre-
sponds to a continuous set of rays with a common visibility classification. The techniques differ mainly
in the way how the line space subdivision is computed and maintained. A practical application of most
of the proposed global visibility structures for 3D scenes is still an open problem. Prospectively these
techniques provide an elegant method for ray shooting acceleration — the ray shooting problem can be
reduced to a point location in the line space subdivision.

Pocchiola and Vegter introduced the visibility compl&ofc93 that describes global visibility in
2D scenes. The visibility complex has been applied to solve various 2D visibility probRw83,
Rivi97b, Rivi97a Orti96]. The approach was generalized to 3D by Durand etr§9q. Never-
theless, no implementation of the 3D visibility complex is currently known. Durand eDalaP
introduced thevisibility skeletonthat is a graph describing a skeleton of the 3D visibility complex.
The visibility skeleton was verified experimentally and the results indicate thax(ité log n) worst
case complexity is much better in practice. Pu9g developed a similar method to the one presented
in this chapter. He uses a BSP tree iti¢dker coordinates to represent a global visibility map for a
given set of polygons. The computation is performed considering all rays piercing the scene and so the
method exhibits unacceptable memory complexity even for scenes of moderate size. Recently, Duguet
and Drettakis Dugu03 developed a robust variant of the visibility skeleton algorithm that uses robust
epsilon-visibility predicates.

Discrete methods aiming to describe visibility in a 4D data structure were presented by Chrysan-
thou et al. Chry983 and Blais and PoulinBlai98]. These data structures are closely related to the
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lumigraph[Gort96 Bueh0] or light field [Levo9§. An interesting discrete hierarchical visibility al-
gorithm for two-dimensional scenes was developed by Hinkenjann diiMMHink96]. One of the

biggest problems of the discrete solution space data structures is their memory consumption required
to achieve a reasonable accuracy. Prospectively, the scene complexity me@sizeek/p provide a

useful estimate on the required sampling density and the size of the solution space data structure.

8.2.6 Other applications

Certain from-point visibility problems determining visibility over a period of time can be transformed
to a static from-region visibility problem. Such a transformation is particularly useful for antialiasing
purposes@ran8g. The from-region visibility can also be used in the context of simulation of the sound
propagation Funk9§. The sound propagation algorithms typically require lower resolution than the
algorithms simulating the propagation of light, but they need to account for simulation of attenuation,
reflection and time delays.

8.3 Algorithm overview

The method presented in this chapter follows the concept introduced in ClgaptEne algorithm
incrementally constructs arcclusion tredor a given source polygoRs. Visibility from a polyhedral
view cell is determined by computing visibility from each face of the view cell.

The scene polygons are processed using an approximate occlusion sweep with regjgecAto
each step the occlusion tree represents the set of lines blocked by the already processed polygons.
Additionally the tree captures a complete description of visibility frégincluding all visual events
that may occur when viewing the scene frdty.

The key idea is the description of a set of lines intersecting the source poRgand a given scene
polygon by a 5D blocker polyhedron iniRlker coordinates. Visibility of all scene polygons is then
evaluated by set theoretical operations on the corresponding polyhedra maintained by the occlusion
tree.

As discussed in Chapt@rthe problem-relevant line set for the from-region visibility in 3D is four-
dimensional. As we shall see later we “add” one more dimension, which allows to describe even non-
linear visual events by means of hyperplanes and their intersections. To obtain the final solution the 5D
subdivision is intersected with a 4D hypersurface.

The rest of the chapter is organized as follows: Sedidiscusses the Btker coordinates of lines
in 3D, SectiorB.5describes visibility events in polygonal scenes and their relation to tlek& coordi-
nates. SectioB.6discusses the description of the set of lines intersecting a single polygon, S&etion
discusses lines between two polygons. Sed@i@uescribes the occlusion tree, Sect®fpresents the
algorithm of its construction. Sectidhl10presents algorithms for both conservative and exact visibil-
ity tests using the occlusion tree. Sectibildescribes several optimizations. Sect®h2 mentions
possible applications of the method. Sect®h3discusses the implementation issues. Sedidd
summarizes the measured results. Finally, Se@i@bconcludes the chapter.

8.4 Plucker coordinates of lines

We will use a mapping that describes an oriented 3D line as a point in a projective 5D Bp&Sg[by
means of Ricker coordinatesTell92h, Pell97 Yama97 Pu9§. Plicker coordinates allow to represent
sets of lines using 5D polyhedra and to compute visibility by means of polyhedra set operations in 5D.

A line in 3D can be described by homogeneous coordinates of two distinct points on that line. Let
[ be a line inR? and letu = (ug,uy, uz, uy) andv = (vg, vy, 05, v,) be two distinct points in
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homogeneous coordinates lying bnA line [ oriented fromu to v can be described by the following
matrix:

[ = < U Uy Uz Uw ) (8.1)
Vp Uy Uy Uy
Minors of the matrix correspond to components of ftiécker coordinatesr; of line i:
™ = (T, ™1, T2, T3, W45 Ti5) = (8.2)
= (gwxa gwya 51(127 5yz> gzx, g:cy)a
where
o Ur  Ug
§rs = det ( U U ) . (8.3)

Substitutingu,, = 1 andv,, = 1 into Eq.8.2enumerates to:

T = Vg — Uy
Tl = Uy — Uy
T2 = Vz — Uy
T3 = UyVy — UzUy
T4 = UzVUg — UgVy

(8.4)

5 = UgVy — UyUy

The Plicker coordinates; can be seen as homogeneous coordinates of a point in a projective five-
dimensional spac®®. We call this point aPliicker point#; of I. For a given oriented liné the
Plicker coordinateg; are unique and they do not depend on the choice of ppiatedg. We will use
the notation of a Ricker point#; in the case when we want to stress that the correspondiiaké&t
coordinatesr; are interpreted as a point .

Using the projective duality the 8tker coordinates can be interpreted as coefficients of a hyperplane.
The Plucker coefficientsy; of line [ are given as:

wp = (w0, w1, Wiz, Wiz, wi4, wis) = 65

= (gyza gzxa gmya Ewz) Ewya sz)
Substituting Eg8.4into Eq.8.5we get:

wio = T3
Wil = T4
w2 = 5 (8.6)
Wiz = To
Wie =T
Wis = T2

The Plcker coefficientsy; define aPlicker hyperplaney;. We will use the notation of a Btker
hyperplanev; when we want to stress that the correspondingker coefficientsv; are interpreted as
a hyperplane irP°. In terms of Piicker points the Ricker hyperplane can be expressed as:

wy :{fr]erP5,w1®7r:0} (8.7)

The PLlcker hyperplane induces closed positive and negative halfspaces given as:

o = {#|f € PP,w, o >0}

W ={r|lr € P w &7 <0} (8.8)
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These definitions of Bcker coordinates and coefficients follow the “traditional” conventPudg.
They differ from the definitions used by Tellefdll92ld who used a permuted order of the coordi-
nates. The traditional convention provides an elegant interpretatioriiokét coordinates that will be
discussed in Sectiodi4.1

If « andb are two directed lines, the relatiotfide(a, b) is defined as an inner produet, ® 7, or
permuted inner produet, x :

side(a,b) =w,®m =
= Wa0Tpo + WalTpl + Wa2p2 + Wa3Tp3 + WadTpa + WasTps =
= Tgq X TTp =
= Ma0Tp3 + TalTpa + Ta2Tp5 + Ta3Tp0 + TadTpl + Ta5Th2
This relation can be interpreted with the right-hand rule (Figuig If the thumb of the right hand
is directed along line, then:

(8.9)

e side(a,b) > 0, if line b is oriented in the direction of the fingers,
e side(a,b) = 0, if lines a andb intersect or are parallel,

e side(a,b) < 0, if line b points against the direction of the fingers.

% 7.4" . b .
a a /aC
side(a,b)<0 side(a,b)=0 side(a,b)>0
primal space

Uy
I
7 T[b
o 'oo :fw Eiw
T[b a a a

Figure 8.1: Theside(a, b), interpreted as the right-hand rule.

line space

Plicker coordinates have an important property: Although every oriented liRé maps to a point
in Plucker coordinates, not every tuple of six real numbers corresponds to a real line. Only the points
7« € P Pliicker coordinates of which satisfy the condition

TOmT=0 = ToTs + w4 + moms = 0, (810)

represent real lines iR3. All other points correspond to lines which are said tdrbaginary. The
set of points irP? satisfying Eq8.10forms a 4D hyperboloid of one sheet called Biécker quadric
also known as th&lein quadricor theGrassman manifol@see Figures.2).

The six Plicker coordinates of a real line are not independent. Firstly, they describe an oriented
projective space, secondly, they must satisfy the equ&tibd Thus there are four degrees of freedom
in the description of a 3D line, which conforms with the classification from Cha&pter

Plicker coordinates allow to detect an incidence of two lines by computing an inner product of a
homogeneous point (mapping of one line) with a hyperplane (mapping of the other). /Lamed’
intersect or are parallel (i.e. meet at infinity) if and onlyaif € @y, i.e. side(l,l’) = 0. Note that
according to8.10any line always meets itself.
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RS P5

Figure 8.2: Real lines map on points on thé&dker quadric.

8.4.1 Geometric interpretation of PLicker coordinates

For a better understanding ofifeker coordinates it is natural to ask how each individuatiér coor-
dinate is related to the geometry of the corresponding line. TiiekBf coordinates of a given line can
be divided to thalirectionaland thelocational parts. The directional part encodes the direction of the
line, the locational part encodes the position of the line. Givéclr coordinates; of a linel we can
write:

di = (mo,m1,m2), (8.11)
I, = (m3,mu,ms),
whered; is thedirectional vectorof [ andl; is thelocational vectorof [. The Plicker coordinates;
and the Rlicker coefficientss; can be expressed as:

m = [d; 1],

W = [l dy). (8.12)

Extracting a point

Often we need to describe a line using a parametric representation by mearenchan pointand
a directional vector. Given a linethe directional vectod, is embedded in the Btker coordinates df
(see Eg8.12. The anchor poin&; can be computed as:

d; x1
a; = (az,ay,az) = W (8.13)
Computing the distance

The distance between two lineand!’ can be expressed using their anchor points and the directional
vectors:

a;—ay) - (d; x dy)|
| d; x dy ||

The distance is the length of the projection of the line segragnt;; onto the directiord; x d;.

dist(l,1') = I (8.14)
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8.5 Visual events

This section discusses visual events occurring in polygonal sc&iga9d. We will focus on the
boundaries of visual events and their relation tddRer coordinates. The understanding of the visual
events helps to comprehend the complexity of the from-region visibility in 3D.

Any scene can be decomposed into regions from which the scene has a topologically equivalent
view [Gigu9(. Boundaries of such regions corresponcet@nt surfacesCrossing an event surface
causes a&isual eventi.e. a change in the topology of the view (visibility map). In polygonal scenes
there are three types of event surfadd8gyu9Q:

o vertex-edg€VE) events involving an edge and a vertex of two distinct polygons.
e edge-edge-edg&EE) events involving three edges of three distinct polygons.

e supportingevents corresponding to supporting planes of scene polygons. The supporting event
can be seen as a degenerated case of VE or EEE events.

The VE events correspond to planes, the EEE events in general form quadratic surfaces. The defini-
tions assume that the scene polygons are in general hon-degenerate position. In real world scenes the
polygons or their edges polygons can be variously aligned. In such a case these definitions of visibility
events form minimal sets of edges and vertices defining an event. For example a VE event can involve
a vertex and several edges of scene polygons (see Bdre

U

I

&

Figure 8.3: Degenerated VE event. The VE event is induced by a vertex and three edges of scene
polygons.

The intersections of event surfaces corresponexteemal linegTell92ly. An extremal line inter-
sects four edges of some scene polygons. There are four types of extremal lines: vertex-vertex (VV)
lines, vertex-edge-edge (VEE) lines, edge-vertex-edge (EVE) and quadruple edge (4E) lines. Imagine
“sliding” an extremal line (of any type) away from its initial position by relaxing exactly one of the four
edge constraints determining the line. The section of the event surface swept out by the sliding line is
called theswath A swath is either planar if it corresponds to a VE event surface or a regulus if it is
embedded in an EEE event surface.

Figure8.4-(a) shows an extremal VV line tight on four edges A,B,C, and D. Relaxing constraint C
yields a VE (planar) swath defined by A,B, and D. When the sliding line encounters an obstacle (edge E)
it terminates at a VV extremal line defined by A,B,D, and E. Figtire(b) depicts an extremal 4E line
tight on the mutually skew edges A,B,C, and D. Relaxing constraint A produces an EEE event surface
that is a regulus intersecting B,C, and D. When the sliding line encounters edge E the swath terminates
at an VEE extremal line.
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(@) (b)

Figure 8.4: Swaths of event surfaces. (a) VE swath. (b) EEE swath.

8.5.1 Visual events and Rlcker coordinates

Plucker coordinates allow an elegant description of event surfaces. An event surface can be expressed
as an intersection of threelRRker hyperplanes, and thus avoiding explicit treatment of quadratic sur-
faces. The non-linear EEE surfaces correspond to curves embedded in the intersection iofkbie Pl
hyperplanes.

Let H be an arrangemenGpod97 of hyperplanes irP® that correspond to Btker coefficients of
edges of the scene polygons. The intersection of the arrangéihantl the Rlicker quadric yields all
visual eventsTell92h Pell97, Pu9g.

An extremal linel intersects four generator edges. Consequently, the corresponditigePpoint
7; lies on four Plicker hyperplanes. In 5D the four hyperplanes define an edge of the arrangement
‘H. Thus, we can find all extremal lines of a given set of polygons by examining the ed@eé$oof
intersections with the Btker quadricPu9g.

Consider the situation depicted in Figu8el In line space the event surfaces correspond to curves
embedded in the Btker quadric. In general these curves are conics defined by an intersection of the
2D-faces ofH with the Plicker quadric (see Figu@&5).

extremal Pluecker point
(mapping of an extremal line;

1D-face
N W3 (edge)

2D—face

conic trace
(mapping of a swath)

Figure 8.5: 3D swaths correspond to conics on tlieldr quadric.
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8.6 Lines intersecting a polygon

Plucker coordinates provide a tool to map lines from primal space to points in line space. This mapping

allows to perform operations of sets of lines using set theoretical operations on the corresponding sets of

points. In polygonal scenes tieéementary set of linds formed by lines intersecting a given polygon.
Assume that a convex polygadhn is defined by edges;, 0 < i < n that are oriented counterclock-

wise. The set of line€ p intersecting the polygon that are oriented in the direction of the polygon’s

normal satisfies:

Lp = {l|]l € (R R?), side(m, m,) < 0,Yi € (0,n)}, (8.15)

wherem; are Plicker coordinates of lineand,, are Plicker coordinates afth edge of the polygon.
Substituting the EgB.9and rewriting the equation in terms of a set dfi€{er points we get:

Fp ={m|r e P’,mw xm, <0,Vi € (0,n)} =

= {77 e PP, m O w,, <0,Vi € (0,n)}, (8.16)

whereFp is a set offeasible Plicker pointdor polygon P. Substituting Eg8.8into 8.16we obtain:

Fp = {#|f € PP, 7 €&, Vie (0,n)} (8.17)

Thus the set of feasible ®tker points is defined by an intersection of halfspaces defined by the
Plicker hyperplanes corresponding to edges of the polygon. The skthifersSp is then defined as
an intersection ofp with the PlLicker quadric:

Sp = {#|f € Fp,m©m =0}. (8.18)

The stabbers are tker points corresponding to the real lines intersecting the polygon that are
oriented in the direction of the normal. Similarly we can define the setswafrse feasible Ricker
pointsF, andreverse stabber§,, that correspond to opposite oriented lines intersecting the polygon:

Fp ={mlr e P’ mewl Vie(0,n)}
Sp ={rmlr e Fp,®moO® =0}

(8.19)

8.7 Lines between two polygons

The above presented definitions of elementary line sets allow to handle visibility computations by means
of set operations on the sets of feasibladRer points. Visibility between two polygor3 and P, can
be determined by constructing an intersection of feasible sets of the two polygorend 7p, and
subtracting all feasible sets of polygons lying betwégnand .. To obtain the set of unoccluded
stabbers we intersect the resulting feasible set with thekiel quadric.

Further in this chapter we restrict our discussion to visibility from a gseurce polygorPs. Given
anyoccluder polygonP; we first describe lines intersecting batly and P;. Lines betweerPs and P;
can be described by an intersection of their feasible line sets:

Fpsp;, = Fps N Fp, (8.20)

and thus

Spspj ZSPSQSPJ.. (8.21)

The feasible Rlcker points are defined by an intersection of halfspaces corresponding to edies of
andP;. These halfspaces defindmcker polyhedrorBp, p, that is described in the next section.
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Blocker polyhedron

The blocker polyhedron describes lines intersecting the source polygon and the given occluder. The
blocker polyhedron can be seen as an extension of the blocker polygon discussed in Greap8ifeor
the from-region visibility in 3D scenes. The blocker polyhedron is a 5D polyhedron in a 5D projective
space. To avoid singularities in the projection fr@ to R° the polyhedron can be embeddedRf
similarly to the embedding of blocker polygonRy (see Sectio®.4.3. Then the polyhedron actually
represents a 6D pyramid with an apex at the origiR6f

Cap planes

The blocker polyhedron is defined by an intersection of halfspaces definedibiyePplanes that
are mappings of edges of the source polygon and the occluder. As stated above the blocker polyhedron
represents the set of feasiblé@iBker points¥p, p, including points not intersecting thetlRker quadric
that correspond to imaginary lines. We bound the polyhedrocapyplanesaligned with the Ricker
quadric so that the resulting polyhedron is a tighter representation of the stahhers We need to
ensure that the resulting polyhedron fully contains the stakfyers,, i.e. contains the cross-section of
the Plicker quadric andFp p; -
The cap planes provide the following benefits:

e The computation is localized to the proximity of the&iker quadric. This reduces the combina-
torial complexity of data structure representing an arrangement of the blocker polyhedra.

e The blocker polyhedron is always bounded. Although the set of lines between two convex poly-
gons is bounded, the set of feasibl@d&Xer points can be unbounded at the “direction” of imag-
inary lines. Adding the cap planes we make sure that the polyhedron is bounded, which allows
its easier treatment. By using the cap planes we avoid the handling of very oblong, almost un-
bounded polyhedra, which improves numerical stability of a floating point implementation of the
algorithm.

We used two cap planes to bound the polyhedron, one for each side ofitlePuadric (a side
is given by the sign ofr ® 7). The cap planes are computed as tangents to k&l quadric at the
center of the set of stabbe$g, p,. The planes are translated each at the opposite direction making sure
that they include the whole sét; p, .

8.7.1 Intersection with the Plicker quadric

Given a blocker polyhedron representing the set of feasible Jizes, we can compute an intersection
of the edges of the polyhedron with theiBker quadric to determine the set of extremal lines bounding
the set of stabbetSp, p,. An intersection of an edge of the blocker polyhedron with tligkér quadric
results in at most twextremal Plicker pointsthat correspond extremal linesGiven an edge of the
blocker polyhedron the intersection with the&lEker quadric is computed by solving the quadratic equa-
tion (Eq.8.10. A robust algorithm for computing this intersection was developed by Tal934.

Intersecting all edges of the blocker polyhedron with thecRér quadric yields all extremal lines of
Spsp; [Tell923 Pu9g. See Figures.6for an example of extremal lines computed for the given source
polygon and a set of three occluders.

The intersection of the 2D faces of the blocker polyhedron with thiek&r quadric yields swaths of
event surfaces of the set of stabb8ys p, [Tell92. In general the intersection results in 1D conics.

We can avoid the explicit treatment of conics in 5D by computing the local topology of the edges of
the blocker polyhedron and constructing the swaths in primal space between the topologically connected

INeglecting the case that the whole edge is embedded in tvd?l quadric, which results in infinite number of extremal
lines.
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Figure 8.6: Extremal lines for the given source polygon (yellow) and three occluders.

extremal linesTell924. The local topology of an extremal iRiker point is given by connections with
extremal Plicker points embedded in the same 2D face of the blocker polyhedron. A 2D face of the
blocker polyhedron is given by threeitRRker hyperplanes. Thus the pairs of extremdicRér points
defined by the subset of the same thregcRér hyperplanes define a swath.

For solution of some from-region visibility problems (e.g. PVS computation, region-to-region visi-
bility) the event swaths need not be reconstructed. For example the visibility culling algorithm that will
be discussed in Secti@12.2only computes extremal 8tker points and uses them to test an existence
of a set of stabbers of a given size.

8.7.2 Size of the set of lines

Computing a size measure of a given set of lines is useful for most visibility algorithms. The computed
size measure can be used to drive the subdivision of the given set of lines or to bound the maximal error
of the algorithm. An analytic algorithm can use the computed size measure for thresholding by a given
e-size to discard very small line sets. A discrete algorithm can use the size measure to determine the
required density of sampling.

The size of a set of lines for the from-point visibility can be formulated easily: the size is given by
the area of the intersection of the line set with a plane. This corresponds to quantifying visibility of
an object according to its projected area. Such a size is determined in the solution space (viewport).
Alternatively we could use a “viewport independent measure” given by a solid angle formed by the
visible part of an object. The size measure for the from-region visibility problems is more complicated
for the following reasons:

e The domain of the solution space is four-dimensional.

e The solution space of the from-region visibility algorithm generally does not correspond to the
solution space of the application. For example, a visible surface algorithm using a precomputed
PVS works in a 2D domain induced by the given viewport.

General size measure

A size of a set of lines for the from-region visibility can be computed by evaluating a 4D integral.
Using Plicker coordinates we can compute a volume of the 4D hyper-surface corresponding to the
given set of lines. The volume however depends on a way of projecting the blocker polyhedron from
P> to R. This projection has a similar role as the selection of the viewport for the from-point visibility
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problem. We can project the blocker polyhedron frthto R° by projecting it to a 5D hyperplane
defined by certain reference direction, e.g. the “center-line” of the given set of lines. Pu proposed a
different size measure based on measuringatimgular spreadand thedistancebetween linesPu9§.

Both these quantities can be evaluated in termsiadledr coordinates of the set of extremal lines of the
given line set.

Size measure for the PVS computation

It can be difficult to relate the size measures described above to the domain of the result of a sub-
sequently applied visibility algorithm. We need a simple scheme that fits to the context of the target
application. In this section we suggest a size measure designed for the PVS computation. When com-
puting a PVS we are interested in measuring the size of the set of unoccluded lines (stabbers) between
the source polygo®s and a given scene polygon. If this size is beloweghreshold, we can possi-
bly exclude the polygon from the PVS. We suggest to use an estimate of the minimal angle between
the stabbers at a point insid&. The idea is to estimate the minimal projected diameter of a polygon
visible through the given set of lines from any point insile This estimate can be used to bound a
maximal error of an image synthesized with respect to any viewpoint irf3idior the case that the
corresponding set of lines is neglected.

Given a blocker polyhedrofip, p, the proposed size measure can be evaluated as follows:

1. Compute the extremal lines of the corresponding set of statffers, as described in Sec-
tion 8.7.1

2. For each polygon edgg bounding the stabbers determine an extremalllipewith a maximal
distance from the edge.

3. For each edge; compute a shortest line segmentconnectinge; andl,,;. The length of this
line segment is then scaled according to its distance from the source polygon, i.e. we compute an
angleq; between the lines connecting the center of the source polygon and the endpeijnts of

4. Select a minimal angle,,, of all «; as the estimate of the size of the given line set.

The evaluation of the size measure is depicted in Figure

The anglex,,, can be related to the angular resolution of the synthesized image. Given the resolution
of the image we can threshold “small” line sets witf below the corresponding angular threshold to
achieve a sub-pixel precision of the rendering algorithm. This measure can also be applied to deal with
the finite precision of the floating point arithmetics by using a smditireshold to handle numerical
inaccuracies.

8.8 Occlusion tree

The occlusion tree for the visibility from region problem is a 5D BSP tree maintaining a collection of
the 5D blocker polyhedra. The tree is constructed for each source poRgand represents all rays
emerging fromPs. Each nodeV of the tree represents a subset of line sp@ge The root of the
tree represents the whole problem-relevant linelsgtIf NV is an interior node, it is associated with a
Plucker planew . Left child of N represent®%, N @y, right child Q% N &y, wherewy, andwy; are
halfspaces induced hy .

Leaves of the occlusion tree are classifiedr out. If N is anout-leaf, Q7 represents unoccluded
rays emerging from the source polygfg. If N is anin-leaf, it is associated with an occlud@s, that
blocks the corresponding set of rag;. Additionally NV stores a fragment of the blocker polyhedron
By representingd};. The intersection of3y and the Rlicker quadric corresponds to a set of stabbers
Sy through whichO is visible from Ps.



112 CHAPTER 8. FROM-REGION VISIBILITY IN 3D SCENES

Figure 8.7: A 2D example of evaluation of the size of a set of lines. The three line segmemis
and z3 maximize the distance of the corresponding occluder edges from the extremal lines. The line
segments spans a minimal angle,,, with respect to the center of the source polydan

8.9 Occlusion tree construction

The occlusion tree is constructed incrementally by inserting blocker polyhedra in the order given by
the approximate occlusion sweep of the scene polygons. When processing a pejytgeralgorithm
inserts a polyhedrof3p, p; representing the feasible line set between the source poli?gand the
polygonP;. The polyhedron is split into fragments that represent either occluded or unoccluded rays.
We describe two methods that can be used to insert a blocker polyhedron into the occlusion tree. The
first method inserts the polyhedron by splitting it using hyperplanes encountered during the traversal of
the tree. The second method identifies hyperplanes that split the polyhedron and uses them later for the
construction of polyhedron fragments in leaf nodes.

8.9.1 Insertion with splitting

The polyhedron insertion algorithm maintains two variables — the current ppdend the current
polyhedron fragmenB.. Initially N, is set to the root of the tree aii¢l equals taBp p,. The insertion
of a polyhedron in the tree proceeds as followsiNJfis an interior node, we determine the position of
B. and the hyperplan@y, associated withV.. If B, lies in the positive halfspace induced &y, the
algorithm continues in the right subtree. Similarly/f lies in the negative halfspace induceddyy,
the algorithm continues in the left subtree.Af intersects both halfspaces, it is split &y;, into two
partsB;” and B and the algorithm proceeds in both subtreed/pfvith relevant fragments aB..

If N.is aleaf node then we make a decision depending on its classificativpidfanout-leaf then
B, is visible andlV. is replaced by the elementary occlusion tred3pf If N, is anin-leaf, the mutual
position of the currently processed polygBn and the polygorBy, associated withV,. is determined.
This test will be described in Sectidh9.3 If B, is behindBy, it is invisible and no modification
to the tree necessary. Otherwise we neeth&wgeB. into the tree. The merging replacég by the
elementary occlusion tree &f. and inserts the old fragme#ty, in the new subtree.
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8.9.2 Insertion without splitting

The above described polyhedron insertion algorithm requires that the polyhedron is split by the hyper-
planes encountered during the traversal of the occlusion tree. Another possibility is an algorithm that
only tests the position of the polyhedron with respect to the hyperplane and remembers the hyperplanes
that split the polyhedron on the path from the root to the leaves. Reaching a leaf node these hyper-
planes are used to construct the corresponding polyhedron fragment using a polyhedron enumeration
algorithm.

The splitting-free polyhedron insertion algorithm proceeds as follows: we determine the position of
the blocker polyhedron and the hyperplabg, associated with the current nod&. If B, lies in the
positive halfspace induced hyy, the algorithm continues in the right subtree. Similarly5if lies
in the negative halfspace induced &y the algorithm continues in the left subtree.Af intersects
both halfspaces the algorithm proceeds in both subtre@§ @ndw, is added to the list of splitting
hyperplanes with a correct sign for each subtree. Reachingialeaf the list of splitting hyperplanes
and the associated signs correspond to halfspaces bounding the corresponding polyhedron fragment.
The polyhedron enumeration algorithm is applied using these halfspaces and the original halfspaces
defining the blocker polyhedron. Note that it is possible that no feasible polyhedron exists since the
intersection of halfspaces is empty. Such a case occurs due to the conservative traversal of the tree
that only tests the position of the inserted polyhedron with respect to the splitting hypefpltriae
fragment is not empty, the tree is extended as described in the previous section.

Reaching arnin-leaf the polygon positional test is applied. If the inserted polygon is closer than the
polygon associated with the leaf, the polyhedron fragment is constructed and it is merged in the tree as
described in the previous section. The splitting-free polyhedron insertion algorithm has the following
properties:

¢ If the polyhedron reaches only:-leaves the 5D set operations on the polyhedron are avoided
completely.

¢ If the polyhedron reaches only a few leaves the application of the polyhedron enumeration algo-
rithm is potentially more efficient than the sequential splitting. On the contrary, when reaching
manyout-leaves the splitting-free method makes less use of coherence, i.e. the polyhedron enu-
meration algorithm is applied independently in each leaf even if the corresponding polyhedra are
bound by coherent sets of hyperplanes.

e An existing implementation of the polyhedron enumeration algorithm can be &sddiQ2
Avis02].

The polyhedron enumeration algorithm constructs the polyhedron as an intersection of a set of halfs-
paces. The polyhedron is described as a sgedfcesandraysand their adjacency to the hyperplanes
bounding the polyhedror-uku96 Avis96]. The adjacency information is used to construct a 1D skele-
ton of the polyhedron that is required for computation of the intersection with trek& quadric.

8.9.3 Polygon positional test

The polygon positional test aims to determine the order of two polygdmasd P; with respect to the
source polygonPs [Chry9d. We assume that polygon3 and P; do not intersect, i.e. all potential
polygon intersections were resolved in preprocessing. The test is applied to determine which of the
two polygons is closer t@s with respect to the given set of rays intersecting both polygons. The test
proceeds as follows:

2Such a traversal was also used in SecidrDin the context of the from-point visibility culling.
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1. If P, lays in the positive/negative halfspace definedRyy it is before/behindP;. Otherwise,
proceed with the next step.

2. If P; lays in the positive/negative halfspace definedmyit is before/behind?;. Otherwise,
proceed with the next step.

3. Find a ray from the given set of rays that intersects both polygons. Compute an intersection
of the ray with P; and P; and determine the position of the polygons according to the order of
intersection points along the ray.

The first two steps aim to determine the absolute priority of one of the polygons. If these steps fall,
the order of the polygons is determined using a sample ray in step 3.

8.10 Visibility test

The visibility test classifies visibility of a given polygon with respect to the source polygon. The test can
be used to classify visibility of a polyhedral region by applying it on the boundary faces of the region
and combining the resulting visibility states.

8.10.1 Exact visibility test

The exact visibility for a given polyhedral region proceeds as follows: for each face of the region facing
the given source polygon we construct a blocker polyhedron. The blocker polyhedron is then tested for
visibility by the traversal of the occlusion tree. The visibility test proceeds as the algorithms described
in Section8.9, but no modifications to the tree are performed. If the polyhedron is classified as visible
in all reached leaves, the current face is fully visible. If the polyhedron is invisible in all reached leaves,
the face is invisible. Otherwise it is partially visible since some rays connecting the face and the source
polygon are occluded and some are unoccluded. The visibility of the whole region is computed using a
combination of visibility states of its boundary faces according to Talle

8.10.2 Conservative visibility test

The conservative visibility test provides a fast estimation of visibility of the given region since it does
not require the 5D polyhedra enumeration. Visibility of the given face of the region is determined by
a traversal of the occlusion tree and testing the position of the corresponding blocker polyhedron with
respect to the encountered hyperplanes as described in S@&iarif the blocker polyhedron reaches

only in-leaves and the face is behind the polygon(s) associated with the leaves, the face is classified
invisible . Otherwise, it is conservatively classified as visible. The visibility of the whole region is
determined using a combination of visibility of its faces as mentioned in the previous section.

8.11 Optimizations

Below we discuss several optimization techniques that can be used to improve the performance of the
algorithm. The optimizations do not alter the accuracy of the visibility algorithm.

8.11.1 Shaft culling

The algorithm as described computes and maintains visibility of all polygons facing the given source
polygon. In complex scenes the description of visibility from the source polygon can ach
complexity in the worse cas@¢ll92h Pell97, Dura99. The size of the occlusion tree is then bound
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by O(n%). Although such a configuration occurs rather rare in practice we need to apply some general
technique to avoid the worst-case memory complexity. If the algorithm should provide an exact analytic
solution to the problem, we cannot avoid ¢én* log n) worst-case computational complexity, but the
computation can be decoupled to reduce memory requirements.

We propose to use thehaft culling[Hain94 method that divides the computation into series of
from-region visibility problems restricted by a given shatft of lines. Ideally the shafts are determined so
that thevisibility complexityin the shaft is bound by a given constant. This is however the from-region
visibility problem itself. We can use an estimate based on a number of polygons in the given shaft. First,
the hemicube is erected over the source polygon and it is used to construct five shafts corresponding
to the five faces of the hemicube. The shafts are then subdivided as follows: if a given shaft intersects
more than a predefined number of polygons the corresponding hemicube face is split in two and the
new shafts are processed recursively. Visibility in the shaft is evaluated using all polygons intersecting
the shaft. When the computation for the shaft is finished the occlusion tree is destroyed. The algorithm
then proceeds with the next shaft until all generated shafts have been processed. Se&Higuan
example of a regular subdivision of the problem-relevant line set into 80 shafts.

Figure 8.8: An example of the shaft culling for from-region visibility. Visibility computation is carried
out in each of the 80 shafts defined by the source polygon (the yellow rectangle) and the rectangles on
the hemicube erected over the source polygon.

This technique shares a similarity with the algorithm recently published by Nirenstein diraD?|
that uses shafts between the source polygon and each polygon in the scene. Our technique provides the
following benefits:

e The shaft can contain thousands of polygons, which allows to better exploit the coherence of
visibility. The hierarchical line space subdivision allows efficient searches and updates.

e The method is applicable even in scenes with big differences in polygon sizes. Unlike the method
of Nirenstein et al. llire02, the proposed technique generates shafts to find balance between
the use of coherence and the memory requirements. Due to the hierarchical subdivision of the
problem-relevant line set our method can handle the case when there is a huge number of polygons
in a single shaft between two large scene polygons.

¢ Visibility in the whole shaft is described in a unified data structure, which can serve for further
computations (e.g. extraction of event surfaces, hierarchical representation of visibility, etc.).
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8.11.2 Occluder sorting

Occluder sorting aims to increase the accuracy of the front-to-back ordering determined by the approx-
imate occlusion sweep. Higher accuracy of the ordering decreases the number of the late merging of
blocker polyhedra in the tree. Recall that the merging extends the occlusion tree by a blocker polyhedron
corresponding to an occluder that hides an already processed occluder.

The occluder sorting is applied when reaching a leaf node of the spatial hierarchy during the approx-
imate occlusion sweep. Given a leaf nasldhe occluder sorting proceeds as follows:

1. Determine a ray piercing the center of the source polygBg and the nodeV.
2. Compute intersections efand all supporting planes of the polygons associated With

3. Sort the polygons according to the front-to-back order of the corresponding intersection points
alongr.

The occluder sorting provides an exact priority order within the given leaf in the case that the poly-
gons are pierced by the computed ragnd they do not intersect.

8.11.3 Visibility estimation

The visibility estimation aims to eliminate the polyhedron enumeration in the leaves of the occlusion
tree. If we find out that the currently processed polygon is potentially visible in the given leaf-node (it

is anout-leaf or it is anin-leaf and the positional test reports the polygon as the closest), we estimate its
visibility by shooting random rays. We can use the current occlusion tree to perform ray shooting in line
space. We select a random ray connecting the source polygon and the currently processed polygon. This
ray is mapped to a Btker point and this point is tested for inclusion in halfspaces defined byiiloke?|

planes splitting the polyhedron on the path from to root to the given leaf. If the point is contained in all
tested halfspaces the corresponding ray is unoccluded and the algorithm inserts the blocker polyhedron
into the tree. Otherwise it continues by selecting another random ray until a predefined number of rays
was tested.

The insertion of the blocker polyhedron devotes further discussion. Since the polyhedron was not
enumerated we do not know which of its bounding hyperplanes really bound the polyhedron fragment
and which are redundant for the given leaf. Considering all hyperplanes defining the blocker polyhedron
could lead to inclusion of many redundant nodes in the tree. We used a simple conservative algorithm
that tests if the given hyperplane is bounding the (unconstructed) polyhedron fragment. For each hyper-
plane H; bounding the blocker polyhedron the algorithm tests the position of extremal lines embedded
in this hyperplane with respect to each hyperplane splitting the polyhedron. If mappings of all extremal
lines lay in the same open halfspace defined by a splitting hyperplane, hypeflaloes not bound
the current polyhedron fragment and thus it can be culled.

8.11.4 Visibility merging

Visibility merging aims to propagate visibility classifications from the leaves of the occlusion tree up
into the interior nodes of the hierarchy. Visibility merging is connected with the approximate occlusion
sweep, which simplifies the treatment of the depth of the scene polygons.

The algorithm classifies an interior node of the occlusion tree as occludgi (he following con-
ditions hold:

e Both its children arén-nodes.

e The occluders associated with both children are strictly closer than the closest unswept node of
the spatial hierarchy.
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The first condition ensures that both child nodes correspond to occluded nodes. The second condition
ensures that any unprocessed occluder is behind the occluders associated with the children. Using this
procedure the effective depth of the occlusion becomes progressively smaller if more and more rays
become occluded.

8.11.5 Hierarchical visibility

As described in the previous chapters the hierarchical visibility tests applied on the nodes of the spatial
hierarchy can be used to cull whole sets of invisible polygons. A hierarchical visibility test is applied
using a bounding box of a node of the spatial hierarchy. Visibility of the box is determined by testing
visibility of its boundary faces. See Figu8for an illustration of the hierarchical visibility tests.

Figure 8.9: lllustration of the hierarchical visibility culling in a scene with 10,000 random triangles.
(left) Polygons in the selected shaft that were processed by the visibility algorithm. The wireframe
polygons were then found invisible. (right) Cells of the kD-tree culled by the hierarchical visibility
tests. Green nodes were outside of the given shaft, blue nodes were classified invisible due to the
already processed occluders.

8.12 Applications

The proposed method can be used in the context of various applications of from-region visibility. The
occlusion tree captures a complete description of visibility from the given source polygon. Depending
on the application the visibility information stored in the tree is either refined (the topology of visibility
changes is extracted) or simplified (a PVS is generated).

8.12.1 Discontinuity meshing

We briefly discuss the application of the method to discontinuity meshing, which illustrates the relation
of the structure of the line space subdivision to the visibility events in primal space.

The construction of the discontinuity mesh using the occlusion tree proceeds similarly to the con-
struction of the visibility map described in Chapter The occlusion tree for a given polygonal light
source is constructed using all polygons in the scene. The fragments of the blocker polyhedra stored in
in-leaves of the tree correspond to sets of rays through which the associated polygons are visible. The
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intersection of the 2D-faces of the polyhedra with thédRer quadric then corresponds to a superset of
all event surfaces with respect to the light source.

Vertices of the polyhedra correspond to the extremal lines that induce a superset of vertices of the
discontinuity mesh (DM). Some extremal lines correspond t@apiparentDM vertices. These vertices
occur due to the “global impact” of the splitting hyperplanes used for binary space partitioning of line
space. To determine if an extremal line corresponds to an apparent vertex we test it for an intersection
with polygon edges (line segments) defining the corresponding extremal line (recall that at least four
polygon edges, i.e. Btker hyperplanes are associated with an extremal line). If the extremal line
intersects at least four polygon edges it is a real extremal line inducing a real vertex of the discontinuity
mesh. Otherwise it is an apparent extremal line corresponding to an apparent vertex of the discontinuity
mesh.

The intersections of the 2D-faces of the polyhedra with tiielr quadric correspond to the superset
of swaths of event surfaces. The computed swath induces a real visual event, if it separates regions
where a change in the topology of the backprojection of the light source occurs. In line space this means
that the polyhedra fragments sharing the given 2D-face are associated with different scene polygons.
Otherwise the swath induces an apparent visual event that is analogical to the BSP edge discussed in
Section5.6.3

line space primal space

Figure 8.10: The intersection of the blocker polyhedron and thekier quadric yields all extremal lines
between a source polygon and an occluder. The intersection of the 2D-faces of the blocker polygon
with the Plicker quadric corresponds to the swaths of event surfaces. These swaths induce edges of the
discontinuity mesh.

8.12.2 \Visibility culling

The algorithm presented above is well suited for visibility culling, namely computing a PVS with respect
to the given view cell. The occlusion tree is constructed with respect to all boundary faces of the given
view cell using all occluders in the scene. The occlusion tree can be used to determine the PVS as a
union of all occluders associated withrleaves. In the case that the occluders do not directly correspond
to the scene objects the occlusion tree is used to test visibility of the objects as described in&SE@tion
Since we are interested only in the set of visible objects/polygons we can reduce the memory re-
guirements of the algorithm by deallocating unnecessary data structures as soon as possible during the
computation. For example we can deallocate the blocker polyhedra as soon as we determine its inter-
section with the RIcker quadric and evaluate the size measure. If we use the shaft culling technique
described in Sectio8.11.1we can deallocate the whole occlusion tree as soon as we sweep all polygons
in the given shatft.
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8.12.3 Occluder synthesis

The occlusion tree captures a complete information about visibility and occlusion from the given source
polygon Ps. The tree can be seen as a from-region visibility map with a depth information. By ex-
tracting and simplifying the information stored in the tree we can construct virtual occluders valid for
viewing the scene frons. The virtual occluders can be computed by extracsittypuette edgesf the

set of occluders. A silhouette edge is an edge that defines a boundary between the sets of occluded and
unoccluded rays. The silhouette edges describe a virtual occluder resulting from the fusion of possibly
a large number of small occluders at different depths. The depth of the virtual occluder can be described
using a coarse depth subdivision. In the simplest case the virtual occluder can be constructed for a depth
corresponding to a plane parallel to tRe at a specified distance.

8.13 Implementation

The proposed method was implemented in C++ under Linux. The implementation consists of operations
with the Plicker coordinates, 5D BSP tree construction and maintenance, 5D polyhedra splitting and
enumeration and supporting routines such as shaft culling, kD-tree construction etc.

The crucial part of the implementation is the enumeration of the 5D polyhedron described as an
intersection of 5D halfspaces. We evaluated three different implementations of this algorithm: the CDD
library of Fukuda Fuku03, the LRS library of Avis Rvis02], and the floating point implementation of
the reverse search algorith#is96, Bitt97]. The CDD and LRS libraries use a multi-precision number
representation for accurate computations on rational numbers.

The polyhedron enumeration algorithms can also be used to perform the polyhedron splitting by
adding a halfspace corresponding to the splitting plane and enumerating the resulting polyhedron(s):
The fragment on the negative/positive side of the splitting planes is obtained by adding the nega-
tive/positive halfspace to the list of halfspaces defining the polyhedron and invoking the polyhedron
enumeration algorithm.

Additionally we implemented the polyhedron splitting algorithm of Bajaj and PascBejaqg.

This algorithm uses a polyhedron lattice to classify positions of polyhedra faces with respect to the
splitting plane and to resolve possible inconsistencies in the classification. The implementation algo-
rithm however exhibited problems with numerical stability in some degenerate cases and thus it was
not used for further evaluation of the method. However, a robust efficient implementation of the direct
polyhedron splitting could substantially improve the total running time of the visibility algorithm.

After evaluating the advantages and disadvantages of the different implementations of the polyhe-
dron enumeration and splitting we selected our floating point implementation of the reverse search as a
core for all further measuremen®ift97]. The drawback of the method is that the floating point imple-
mentation is prone to numerical inaccuracies. The advantage is the speed of the method: it is about 50
times faster than the methods based on multi-precision rational numbers.

In the implementation we treat numerical inaccuracies by normalizing the input of the algorithm
(set of linear inequalities corresponding to the halfspaces bounding the polyhedron) and carefully using
an epsilon-threshold for number comparisons. On the application level the inaccuracies are treated by
using the size measure for the computed sets of lines (see S8ctién

8.14 Results

The implementation of the proposed algorithms was evaluated on a portable PC with 1GHz Pentium IlI
and 384MB RAM under Linux operating system. We measured the behavior of the algorithm on the
scenes consisting of random triangles, structured scenes consisting of regular patterns of quads, and a
real-world scene representing a part of the city of Graz.
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8.14.1 Random triangles

The scenes consisting of random triangles were used to study the behavior of the algorithm with respect
to the number of triangles, their size and the size of the source polygon. For all measurements we used
the decomposition of the computation into 20 shafts. Hierarchical visibility tests were applied only on
kD-tree nodes containing more than 200 polygons. The measured results are summarizeddri,Table
two of the tested configurations are depicted in Figidel

Figure 8.11: Computing PVS in scenes consisting of random triangles. (left) Test R1-a: 100 big trian-
gles and a small source polygon. (right) Test R9-d: 30000 small triangles and a larger source polygon.

The results show that the method is sensitive to the area of the source polygon, the number of visible
triangles, and the configuration (density) of visible triangles. The greater the area of the source polygon
the larger is the problem-relevant line s&¢ and consequently the more complex is the line space
subdivision maintained by the occlusion tree. The size of the occlusion tree is given by the number of
visible triangles and the structure of theisibility interactions a visibility interaction of two triangles
is reflected as an intersection of the corresponding blocker polyhedra in line space.

We can observe that the method is not very sensitive to the number of triangles, but rather to their
configuration. This can be seen at tR8 and R9 tests that correspond to small triangles and a com-
paratively larger source polygon. In these tests increasing the number of triangles increased the amount
of occlusion due to the occluder fusion. Consequently, less triangles were visible and the size of the
occlusion tree as well as the computational time were decreased.

Figure8.12depicts the dependence of the average size of the occlusion tree per shaft and the running
time of the algorithm on the number of visible triangles for R1, R4, and R7 tests. These tests correspond
to a small source polygon and different sizes of the scene triangles. We can observe that decreasing the
size of the triangles slightly increases the average size of the occlusion tree. The total running time of
the algorithm exhibits a slower growth with respect to the number of visible triangles. This behavior can
be explained by the fact that testing visibility of a small triangle is more efficient than testing visibility
of a larger one. A smaller triangle induces a smaller blocker polyhedron that reaches less leaves during
the traversal of the occlusion tree.

8.14.2 Structured scenes

The structured scenes were used to study the behavior in cases when the visible part of the scene remains
constant. We used two types of test scenes. The first type (used in tests S1-S3) were scenes consisting of
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Figure 8.12: The dependence of the size of the average size of the occlusion tree and the running time
of the algorithm on the number of visible triangles for R1, R4, and R7 tests.

several layers of “walls” where each wall consisted of 20x20 quads. The second type (used in tests S4—
S6) were scenes with layers of quads aligned in a chessboard pattern (see8Hi§uréhe tests were
applied using different size of the source polygon and different number of quad layers (20,100,1000).
The results are summarized in TaBl&

We can observe that the increase of the number of quads in the scene has practically no influence on
the running time of the method. Paradoxically, in some cases (tests S1 and S4) the running time even
decreased for scenes with more quads. This behavior can be explained by the fact that the structure of
the kD-tree was more efficient for the particular configuration of the source polygon and the quads. In
other words the hierarchical visibility tests culled more nodes at the higher level of the spatial hierarchy
than for the scenes with less quads.

Increasing the size of the source polygon always led to the increase of the size of the occlusion tree
and the running time, although the number of visible quads remained constant (tests S1-S3) or slightly
increased (tests S4-S6). This behavior can be explained by the increase of the complexity of the line
space subdivision in the regions of line space that do not correspond to real lines, i.e. the regions in
the neighborhood of the &tker quadric. The arrangement of the blocker polyhedra is more complex
although its intersection with the iRlker quadric remains constant.
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Figure 8.13: Computing PVS in scenes consisting of regularly structured quads. (left) The configuration
used in test S3-a. (right) The configuration used in test S6-a.

8.14.3 A real-world scene

For evaluation of the method on a real-world scene we used a model of the city 6f d@izted in
Figure8.14 The model consists df2235 triangles. Some triangles represent simplified building fa-
cades (typically two triangles per facade), the other triangles represent the streets, parks and the terrain.
The constructed kD-tree consisted of 17167 nodes.

Figure 8.14: An overview of the Graz scene.

We computed a PVS for 100 randomly selected view cells. The view cells were defined as prisms
with a triangular base erected 2 meters over the terrain. The PVS computation was carried out by
computing a PVS for each vertical face and a top face of a given view cell. For all view cells the
computation was initiated to use a single shaft per view cell face, the hierarchical visibility tests were
applied on nodes associated with more than 100 polygons. The results summarized B13able

The algorithm computed a PVS that consisted of 1% of scene objects on average, the hierarchical
visibility tests culled 93% of polygons per view cell face. The computation took 23s per viewcell on
average. Figur®.15depicts the plots of the PVS size and the running time for each view cell in a
logarithmic scale.

We can observe that the computation times for several view cells (number 20, 30, and 40) were sub-
stantially higher than for the other ones, although the size of the PVS for these view cells is only slightly
bigger. By studying the PVS for these view cells we could see that these cases correspond to a degen-
erate configuration of the view cell and the occluders, in which the viewcell intersects the occluders or

3Courtesy of VRVis Graz.
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Figure 8.15: Plots of the results for the Graz scene. The plots show the size of the PVS and the
computation time for each view cell in logarithmic scale.

there are little gaps between the occluders in the model (see RBdifje Such a configuration led to a
significantly bigger occlusion tree and consequently the computation was automatically restarted using
36 shafts to avoid restrictive memory consumption. An a priori handling of such a degenerate cases in
the implementation of the method remains a topic for future work.

8.14.4 Silhouette edges extraction

Finally, we have tested the algorithm for extracting silhouette edges with respect to the source polygon
outlined in Sectior8.12.3 The algorithm computed silhouette edges with respect to a rectangular source
polygon in a scene consisting of 10000 randomly generated triangles. Recall that a silhouette edge is an
edge that defines a boundary between a set of occluded and unoccluded rays emerging from the source
polygon. The result is depicted in FiguBel7.

There were 521 silhouette edges near the boundary of the cluster of triangles when viewed from the
source polygon. Note that due to the occluder fusion, there are no silhouette edges in the center of the
cluster. The result illustrates that the silhouette extraction algorithm is a good candidate for a synthesis
of virtual occluders in scenes containing many spatially disconnected occluders.
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8.15 Summary

This chapter presented a new method for computing from-region visibility in polygonal scenes. The
method is based on the concept of line space subdivision, approximate occlusion sweep and hierarchical
visibility tests. The key idea is a hierarchical subdivision of the problem-relevant line set ugicigePl
coordinates and the occlusion treetiéder coordinates allow to perform operations on sets of lines by
means of set theoretical operations on the 5D polyhedra. The occlusion tree is used to maintain a union
of the polyhedra that represent lines occluded from the given region (polygon).

We discussed the relation of sets of lines in 3D and the polyhedrdiock@& coordinates. We pro-
posed a general size measure for a set of lines described by a blocker polyhedron and a size measure
designed for the computation of PVS. The chapter presented two algorithms for construction of the oc-
clusion tree by incremental insertion of blocker polyhedra. The occlusion tree was used to test visibility
of a given polygon or region with respect to the source polygon/region. We proposed several optimiza-
tion of the algorithm that make the approach applicable to large scenes. The chapter discussed three
possible applications of the method: discontinuity meshing, visibility culling, and occluder synthesis.

The implementation of the method was evaluated on scenes consisting of randomly generated trian-
gles, structured scenes, and a real-world urban model. The evaluation was focused on the application
method for PVS computation. By computing a PVS in a model of the city of Graz it was shown that the
approach is suitable for visibility preprocessing in urban scenes. The principal advantage of the method
is that it does not rely on various tuning parameters that are characterizing many conservative or ap-
proximate algorithms. On the other hand the exactness of the method requires higher computational
demands and implementation effort.
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intersections

Figure 8.16: Inconsistencies in the input data. (left) A PVS computed for a view cell that intersects the
occluders (view cell no. 20 in the test). (right) A closeup of the view cell. We can also see gaps between
the occluder walls and the terrain.

Figure 8.17: Extraction of silhouette edges in a scene consisting of 10000 random triangles. The figure
depicts a source polygon, the visible triangles (shown in color), the processed but invisible triangles
(wire-frame) and the computed silhouette edges (red). There were 1300 visible triangles and 521 sil-
houette edges. The computation took 40 seconds.
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avg. avg.
source | polygon kD processed OT visible
Test| area area | polygons| nodes| polygons | nodes| polygons| time
[m?] [m?] (-] [] [-] [-] [-] [s]
2.00 200 100 25 9 73 98 0.38
2.00 200 1000 | 1075 84 125 268 1.52
R1 2.00 200 10000 | 18355 421 258 539 5.49
2.00 200 30000 | 34459 868 342 730 9.36
2.00 200 | 100000| 48733 2614 635 1386 | 27.77
50.00 200 100 25 9 100 99 0.53
50.00 200 1000 | 1075 90 189 296 2.48
R2 | 50.00 200 10000 | 18355 486 391 582 8.06
50.00 200 30000 | 34459 1005 589 805| 15.21
50.00 200 | 100000| 48733 2988 | 1139 1578 | 47.99
200.00 200 100 25 10 148 100 0.85
200.00 200 1000 | 1075 101 307 334 4.48
R3 | 200.00 200 10000 | 18355 568 650 617 | 13.98
200.00 200 30000 | 34459 1176 974 876 | 25.23
200.00 200 | 100000| 48733 3479 | 2315 1811 | 96.23
2.00 50 100 21 7 68 100 0.12
2.00 50 1000 329 74 417 761 3.53
R4 2.00 50 10000| 9479 379 527 1041 7.96
2.00 50 30000 | 31293 644 689 1285| 12.64
2.00 50 100000 | 56619 1564 963 1935| 25.40
50.00 50 100 21 8 99 100 0.20
50.00 50 1000 329 80 993 910 | 10.06
R5 | 50.00 50 10000| 9479 460 930 1166 | 15.60
50.00 50 30000 | 31293 781 | 1180 1383 | 22.88
50.00 50 100000| 56619 1933 | 1722 2130| 46.46
200.00 50 100 21 9 152 100 0.34
200.00 50 1000 329 88| 2442 975 | 31.97
R6 | 200.00 50 10000 | 9479 573 | 1746 1296 | 34.85
200.00 50 30000 | 31293 969 | 2178 1492 | 47.70
200.00 50 100000| 56619 2404 | 3480 2293 | 103.08
2.00 12.5 100 21 6 60 100 0.06
2.00 12.5 1000 231 64 837 995 3.18
R7 2.00 125 10000| 3913 605 | 1998 3654 | 25.04
2.00 12.5 30000 | 14919 787 | 2013 3868 | 29.81
2.00 12.5| 100000| 42929 1325| 2206 4209 | 38.48
50.00 125 100 21 7 85 100 0.08
50.00 125 1000 231 70 | 2452 1000| 13.81
R8 | 50.00 12.5 10000| 3913 703 | 6953 5276 | 131.37
50.00 12.5 30000 | 14919 1120 | 4802 4757 | 93.98
50.00 12.5| 100000| 42929 1840 | 4431 4663 | 95.44
200.00 12.5 100 21 8 131 100 0.14
200.00 12.5 1000 231 80| 6450 1000 | 64.00
R9 | 200.00 12.5 10000| 3913 791 | 22086 6730 | 846.57
200.00 125 30000 | 14919 1553 | 12187 5758 | 419.70
200.00 12.5| 100000| 42929 2458 | 9490 5196 | 293.98

Table 8.1: Results for randomly generated triangles. The table shows the name of the test, the area
of the source polygon, the area of each triangle, the number of triangles, the number of kD-tree nodes,
the average number of processed triangles per shaft, the average number of OT nodes per shaft, the
total number of visible triangles (i.e. the size of the PVS), and the total running time of the visibility
algorithm.
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avg. avg.
source | polygon kD processed OT visible
Test| area area | polygons| nodes | polygons | nodes| polygons| time
[m?] [m?] (-] [-] [-] [-] [-] [s]
2.00| 4.0804 8000 | 31459 1799 | 1737 400 | 0.88
S1 2.00| 4.0804 40000 | 64067 1893 | 1751 400 | 0.90
2.00| 4.0804| 400000| 104691 1200 | 1801 400 | 0.60
50.00| 4.0804 8000 | 31459 1799 | 1829 400 | 1.20
S2| 50.00| 4.0804 40000 | 64067 1923 | 1979 400 | 1.34
50.00| 4.0804| 400000| 104691 1370 | 2531 400 | 1.36
200.00| 4.0804 8000 | 31459 1808 | 1927 400 | 1.63
S3 | 200.00| 4.0804 40000 | 64067 1923 | 2373 400 | 2.11
200.00| 4.0804| 400000| 104691 1370 | 3539 400 | 2.47
2.00| 4.0804 4000 | 17777 1792 | 7325 924 | 3.66
S4 2.00| 4.0804 20000| 43083 1716 | 7451 924 | 3.76
2.00| 4.0804| 200000| 83801 1990 | 7459 924 | 3.64
50.00| 4.0804 4000 | 17777 2138 | 11481 1132 | 7.65
S5| 50.00| 4.0804 20000| 43083 2337 | 11605 1132 | 8.39
50.00| 4.0804| 200000| 83801 2545| 11613 1132 | 8.77
200.00| 4.0804 4000 | 17777 2866 | 19917 1430 | 28.91
S6 | 200.00| 4.0804 20000| 43083 2831 | 20233 1430 | 28.98
200.00| 4.0804| 200000| 83801 3001 | 20251 1430 | 31.86

Table 8.2: Results for quads aligned in a regular pattern. The table contains the name of the test, the
area of the source polygon, the area of each quad, the number of triangles, the number of kD-tree nodes,
the average number of processed quads per shaft, the average number of OT nodes per shaft, the total
number of visible quads (i.e. the size of the PVS), and the total running time of the visibility algorithm.

avg. avg. avg.
processed OT visible avg.
polygons | nodes | polygons| time

[-] [-] [-] [s]
| 855.98] 2400.89] 132.47] 23.02]

Table 8.3: Results for the Graz scene. The table depicts the average number of processed polygons per
shaft, the average number of occlusion tree nodes per shaft, the average number of visible polygons per
view cell (i.e. the size of the PVS) and the average computational time per view cell.
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Chapter 9

Conclusions

This chapter summarizes the results of the thesis and discusses possible directions for future work.

9.1 Summary of results

The introductory part of the thesis provides a taxonomy of visibility problems and algorithms, and
discusses important steps in the design of a visibility algorithm. The taxonomy is based on restricting
the domain of visibility problems and specifying the type of the answer to the problem. The domain
of a visibility problem is characterized by the dimension of the problem-relevant line set, which groups
together problems of similar complexity independently of their application area. The dimension of
the problem-relevant line sé{Ly) varies from0 to 4. The classification highlighted the fact the from-
region visibility in 2D and the from-point visibility in 3D involve problem-relevant line set of dimension
d(LR) = 2.

The answers to visibility problems are divided in three classes: visibility classification, subset of the
input, and the constructed data structure. The type of the answer restricts the domain of the output
of an algorithm solving a particular visibility problem. Visibility problems with a “coarser” type of
answer (e.g. visibility classification) are simpler to solve than problems requiring a precise description
of visibility.

The taxonomy helps to understand the nature of the given problem and assists in finding relationships
between visibility problems and algorithms in different application areas. It should also help algorithm
designers to transfer existing concepts for solving other visibility problems.

9.1.1 The concept of a visibility algorithm

Chapter3 presented a general concept of a visibility algorithm suitable for several visibility problems.
The concept builds on the top of existing from-point visibility algorithms and it generalizes their ideas
for solving other visibility problems. It aims to capture the essence of efficient solution to visibility
problems localized to a given point or a region. Solving different visibility problems using the same
concept allows to share the experience with the behavior of the method and reuse parts of the imple-
mentation.

The concept is based on three main ideas:aibygroximate occlusion swegiine occlusion treeand
hierarchical visibility tests The approximate occlusion sweep is used to generate an approximate depth
order of scene polygons. It represents a compromise between a computationally costly strict ordering
of the scene polygons and a fast ordering that need not be supported by additional data structures and
calculations. The occlusion sweep is used to construct the occlusion tree representing a subdivision of
the problem-relevant line set into sets of occluded and unoccluded lines. The occlusion tree serves as
an abstraction layer making the approach applicable to several visibility problems. The tree maintains
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a hierarchical binary space partitioning of the problem-relevant line set, which provides the following
benefits:

e The occlusion tree is applicable to problem-relevant line sets of different dimensions.

e The occlusion tree is adaptable to the input data. It reflects the boundaries of visibility events and
consequently it provides a coherent representation of visibility.

e The hierarchical structure of the occlusion tree provides efficient searches and updates.

e The occlusion provides a consistent representation of visibility, what improves the robustness of
the method.

e The construction of the occlusion tree requires only a few geometrical operations. In particular
the tree is constructed by partitioning of a polyhedron by a plane in the dimension given by
dimension the problem-relevant line set.

The occlusion tree can be used to test visibility of an object or a whole spatial region with respect to
the already processed polygons. The hierarchical visibility tests complement the proposed concept by
providing a general means of achieving output-sensitivity of the visibility algorithm. If applied on the
nodes of the spatial hierarchy these tests allow to quickly cull whole groups of invisible scene polygons.
The proposed concept exploits coherence of visibility by using two hierarchical structures: the occlusion
tree for partitioning of the problem-relevant line set and the spatial hierarchy for organizing the scene.

In the next sections we summarize the results of applications of the concept discussed in @hapters
5,6,7and 8.

9.1.2 From-point visibility culling

Chapter4 presented an application of the proposed concept to the from-point visibility culling. The
algorithm is designed to accelerate real-time rendering of large densely occluded scenes with large
occluders.

The occlusion tree is constructed using selected occluders close to the viewpoint. Then the tree
is used to classify visibility of nodes of the spatial hierarchy. We have described the algorithm for
constructing the occlusion and three algorithms for visibility tests. The first two algorithms determine
an exact visibility of a polygon and a polyhedron with respect to the selected occluders. The third one
is a fast conservative visibility test suitable for regions of a general shape.

Unlike previous continuous visibility culling methodd{ids97 Coor97 the proposed technique ac-
counts for occluder fusion and it is suitable for the use with a higher number of occluders. In complex
densely occluded scenes the occluder fusion is very important since it can significantly restrict the size
of the PVS computed for the given viewpoint. The lower sensitivity of the method to the number of
selected occluders is given by the hierarchical structure of the occlusion tree. In practice it is difficult
to select an optimal set of occluders since the occluder selection is a visible surface problem itself.
Thus the lower sensitivity of the algorithm to the number of selected occluders significantly improves
its practical usability.

The proposed method was evaluated on walkthroughs of complex architectural scenes. The results
indicate that the conservative visibility test performs superior compared to the exact one for a typical
walkthrough scenario. The savings in rendering time achieved for the tested scenes provided speedup
between 1.8 and 3.8.

The second part of Chaptépresented a series of modifications of the classical hierarchical visibility
culling aiming at exploiting temporal and spatial coherence. The proposed modifications are applica-
ble to most existing hierarchical visibility culling algorithms. The modifications assume a subsequent
application of a visibility test on nodes of a spatial hierarchy in the scope of a scene walkthrough.
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The hierarchy updating proved to perform well in practice as it saves almost half of the visibility
tests that would have to be applied using the classical approach. The conservative hierarchy updating
improved the overall frame time for certain settings. The visibility propagation saves only few visibility
tests. This however documents that the spatial coherence is already exploited well in the classical
approach.

9.1.3 Visibility maps

Chapter5 presented an algorithm that constructs a visibility map for a given view of the scene. The
advantage of the method is that it does not rely on a single projection plane and easily handles views
that span the whole spatial angle. The visibility map is constructed by a two stage algorithm: the
construction of a hierarchical representation of the view and its postprocessing. The occlusion tree can
be used to semantically classify elements of the visibility map, which helps to understand the structure
of the given view. The implementation of the technique was evaluated on several non trivial scenes.

The implementation proved the applicability of the proposed concept to the visible surface problem
in 3D. Additionally, it showed that the structure of the occlusion tree can be used to extract various
additional information about visibility that can potentially serve as a starting point for another visibility
algorithm (e.g. discontinuity meshing, occluder synthesis).

9.1.4 From-region visibility in 2D

Chapter6 described an algorithm that computes visibility from a given region in a 2D scene. The
algorithm is exact and it accounts for all types of occluder fusion. The method transforms the problem
from primal space to line space. Visibility is solved by hierarchical partitioning of line space maintained
by the occlusion tree. The algorithm requires an implementation of only a few geometrical algorithms,
namely partitioning of a polygon by a plane. The robustness of the method is thus determined by the
robustness of the polygon splitting algorithm.

The proposed method was tested using randomly generated scenes as well as a real-world scene
representing a footprint of a large part of a city. The results indicate that the method is suitable for
the 2D visibility preprocessing of large scenes and exhibits output-sensitive behavior in practice. An
application of the 2D method in the 3D computer graphics is possible by transforming the input data
to the plane and a correct interpretation of the results. For example we can preprocess visibility in a
building interior by using a (conservative) ground plan of the given building floor.

9.1.5 From-region visibility in 21D

Chapter7 presented two methods for computing from-region visibility %‘DZscenes. Both methods

are targeted at the application in urban scenes. They build on the observation that the majority of vis-
ibility interactions can be described by solving a 2D visibility problem. The first method combines an
exact solution to the 2D visibility problem with a tight conservative solution for the remaining “half
dimension”. The second method provides an exact analytic solution to the from-relgmmiﬁbility
problem. It uses a stabbing line computation by means of a polyhedra enumeratiarckerRio-
ordinates. The exact method is complemented with optimization techniques that make it suitable for
visibility computation in large scenes.

The from-region visibility algorithms forgD scenes were evaluated by computing PVS in a scene
representing the center of the city of Vienna. The results compare favorably with the previously pub-
lished method of Wonka et aMJonk0Q Wonk014 in both the running time and the size of the computed
PVS. The proposed methods efficiently handle large view cells and achieve output-sensitive behavior
in practice. Their suitability to large view cells is given by the fact that the computational complexity
method is given by the complexity of the visible part of the scene. Increasing the size of the view cell
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need not result in the proportional increase of the visibility complexity and thus the computational time

is not altered. The conservative algorithm computed a PVS that consisted of less that 1% of total num-
ber of scene objects on average. The PVS computed by the conservative method was 19.5% smaller that
the PVS computed by the algorithm of Wonka et ®¥onk0(q for small view cells and 13.6% smaller

for large viewcells. The exact method decreased the size of the PVS by 0.6% for small view cells and
1.2% for large view cells. The results indicate that the conservative method is very close to the exact
result and the effort required to implement the exact method is probably not worth the minor improve-
ment of the accuracy of the PVS. The tests also highlighted the problem of humerical accuracy of the
floating point implementation. For several tested view cells the exact method reported a PVS containing
an object that was classified as invisible by the conservative method. These cases occurred due to the
finite precision of the floating point computations and were emphasized by the fact that computations
were performed in different solution space domains (primal space for the conservative meilker Pl
coordinates for the exact method). The conclusion taken from this observation is that the visibility al-
gorithms implemented with floating point arithmetics (including the exact ones) should apply a unified
e-thresholding in the domain reflecting to the target application (e.g. z-buffered rendering).

9.1.6 From-region visibility in 3D

Chapter8 presented a new method for computing from-region visibility in polygonal scenes. The key
idea is a hierarchical subdivision of the problem-relevant line set usiiigk@i coordinates and the
occlusion tree. The Btker coordinates allow to perform operations on sets of lines by means of set
theoretical operations on 5D polyhedra iti€ker coordinates. A union of the polyhedra is maintained
by the occlusion tree that represents lines occluded from the given region (polygon).

The chapter discussed the relation of sets of lines in 3D and the polyhedizckePtoordinates. It
proposed a general size measure for a set of lines described by a blocker polyhedron and a size measure
designed for the computation of PVS. Two algorithms for the construction of the occlusion tree were
described. The first uses a polyhedron splitting, the second is based on the polyhedron enumeration.
The occlusion tree was used to test visibility of a given polygon or region with respect to the source
polygon/region using either exact or conservative visibility tests. Several optimizations of the method
were proposed that make the approach applicable for large scenes. Three possible applications of the
method were discussed: discontinuity meshing, visibility culling and occluder synthesis.

The implementation of the method was evaluated on scenes consisting of randomly generated trian-
gles, structured scenes, and a real-world urban model. We focused on the application method for the
PVS computation. The artificial scenes allowed to study the behavior of the method, computing a PVS
in the urban model explored the applicability of the method for visibility preprocessing in real-world
scenes. The measured results correspond to the theoretical expectations: the computational and memory
complexities of the method are primarily determined by the size and the structure of the visible part of
the scene. Increasing the number of scene objects need not lead to the increase of the computational
time if visibility remains constant. The results indicated the importance of occluder fusion for scenes
consisting of many small and disconnected polygons: in such scenes increasing the number of polygons
led to the increase in occlusion and consequently to the decrease of the number visible polygons and
the running time of the algorithm.

Although the method is based on a simple straightforward concept, an efficient and robust imple-
mentation of the method became rather complicated. We evaluated several implementations of the
polyhedron enumeration and an implementation of polyhedron splitting. Finally, we used a floating
point implementation of the reverse search polyhedra enumeration algodtyis®§, Bitt97] com-
bined withe-thresholding based on the proposed size measure for PVS computation. This combination
proved robust in practice, but it still draws a potential for acceleration of the method. The drawback of
the current implementation is that the polyhedron enumeration is executed independently of each other
although the computed polyhedra might be very coherent.
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The principal advantage of the method is its generality. The method does not rely on many tun-
ing parameters or significant restrictions of the input characterizing many conservative or approximate
algorithms Pura0Q Scha0QWonk0d.

9.2 Suggestions for further research

This section discusses suggestions for further research on the topics discussed in the thesis.

9.2.1 The concept of a visibility algorithm

The concept of a visibility algorithm discussed in Cha@evas targeted at computing visibility from

a given point, line segment, or region. The concept could potentially be extended for computing global
visibility in an adaptive fashion: the global visibility computation could balance a localized from-region
visibility with the merging of the computed results in a global visibility data structure. Another topic is
employing solutions to the simpler from-point or from-segment visibility problems to guide the global
visibility computation and to increase its efficiency.

9.2.2 From-point visibility culling

The visibility culling algorithm presented in Chapt#assumes that the occluders are sufficiently large
convex polygons. If this assumption is not satisfied we should apply some occluder synthesis techniques
such as the method discussed in Sec8d?.3 Finding a balance between the accuracy and computa-
tional demands of the occluder synthesis and the accuracy and the computational demands of real-time
visibility culling is an open problem.

The occlusion tree for the from-point visibility culling is built from scratch in each frame of a walk-
through although the trees constructed for subsequent frames are highly coherent. By reusing the tree
within more frames the tree construction time could be amortized. Consequently, a more complex
occlusion tree might be used to achieve higher culling efficiency.

The conservative hierarchy updating and the probabilistic modification of the visibility propagation
algorithm are based on a user-specified constants. More elaborate methods might be applied that au-
tomatically adjust these probabilities according to the history of visibility changes. The algorithm as
described determines, whether a node is visible or invisible. It could be extended to estimate, whether a
node that was patrtially visible in the previous frame remains partially visible. This modification would
benefit in sparsely occluded environments where many small regions are classified as partially visible.

9.2.3 Visibility maps

A challenging topic is the construction of an approximate visibility map using the proposed method.
The approximate variant of the algorithm could overcome the problem of overly detailed output of the
exact algorithm for a large number of tiny polygons. Another interesting topic is the application of

occlusion maps in occluder synthesis. Although the visibility map is constructed for a single viewpoint
it provides a lot of structural information that can potentially be exploited in solutions to from-region or

from-segment visibility problems.

9.2.4 From-region visibility in 2D and 21D

The subdivision of the problem-relevant line set maintained by the occlusion tree could be replaced by
a regular subdivision using a discrete occlusion map. The discrete aggregated occlusion map could be
implemented on a dedicated graphics hardware similarly to the recent method of Kolturkettal][
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9.2.5 From-region visibility in 3D

The solution of the from-region visibility problem can be used to accelerate algorithms solving problems
of visibility along a line, visibility from point or visibility from a line segment. There is a great poten-
tial in optimizing the proposed technique by using a more efficient polyhedron splitting/enumeration
algorithm.

One of the most promising applications of the method is the computation and the description of
virtual occluders. Another important topic concerns a construction of a viewspace subdivision driven by
the visibility events determined by the from-region visibility algorithm. The method could potentially
be applied in the context of an adaptive global visibility computation that would balance the accuracy
of the visibility computation with the memory and computational demands, considering an estimate of
the benefit achieved by providing a more accurate description visibility.
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Appendix A

Traditional visibility algorithms

Traditional visibility algorithms were designed to solve thisible surface determinationNowadays

the visible surface determination is commonly carried out by the z-buffer algorithm implemented in the
graphics hardware. Nevertheless, many recent techniques exploit concepts provided by the classical
algorithms. In the following text we briefly discuss the most important visible surface algorithms.

A.1 Z-buffer

Z-buffer, introduced by Catmulatm73, is one of the simplest visible surface algorithms. Its simplic-

ity allows efficient hardware implementation and therefore the z-buffer is nowadays commonly available
even on a low cost graphics hardware. Z-buffer is an image precision algorithm that associates a depth
information with each pixel of the frame buffer. The depths are initiated to zero, representing the depth
at the farthest clipping plane. The largest depth value that can be stored in the buffer corresponds to the
near clipping plane. Polygons are rasterized in an arbitrary order. For each pixel covered by a polygon
the algorithm computes the depth of the polygon at the center of the pixel. The depth is compared to
the corresponding entry in the z-buffer. If the new value is greater, the corresponding polygon fragment
is closer to the viewpoint and both the frame buffer and the z-buffer are updated. Otherwise the new
fragment is discarded since it is hidden by some previously processed polygon.

Z-buffer uses discrete samples of object depths and therefore it is prone to aliasing. This problem is
addressed by the A-buffer algorithr@qrp84. Another source of aliasing is the finite precision of the
depth values stored in the z-buffer (see FigAirE).

Z-buffer algorithm can be accelerated by processing objects in the front to back order. Such an order
minimizes the number of updates of both the frame and the depth buffers. The z-buffer algorithm is not
output-sensitive since it needs to rasterize all scene objects even if many objects are invisible. The lack
of output-sensitivity is not restrictive for scenes where most of the scene elements are visible, such as
a single albeit complex object. For large scenes with kigpth complexitythe processing of invisible
objects causes significant “overdraw”. This problem is addressed by visibility culling methods that are
discussed in AppendiB.

A.2 List priority algorithms

List priority algorithms determine an ordering of scene objects making sure that the correct image is
produced if the objects are rendered in this order. Typically objects are processed in a back to front
order: closer objects are painted over the farther ones in the frame buffer. There are several approaches
to determine the appropriate order of scene objects. In some cases no suitable order exisigdlice to
overlaps In such a case some object(s) are split. List priority algorithms differ according to which
objects get split and when the splitting occurs.
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Figure A.1: Aliasing in the z-buffer algorithm. The finite precision of the image plane causes alias at
the boundaries (l) and overestimation of small features (l). The finite precision of z-values causes alias
in depth (111).

A.2.1 Depth sort

The basic idea of thdepth sorialgorithm by Newell et al.Nlewe72 is to render polygons in the frame
buffer in order of decreasing distance from the viewpoint. The following three steps are performed:

1. Sort all polygons according to the farthest z-coordinate.

2. Resolve any polygon dependency cycles that possibly occur when the polygons’ z-extents over-
lap. In such a case some polygons are split.

3. Rasterize each polygon in ascending order of the smallest z-coordinates, i.e. in the back-to-front
order.

A simplified variant of this algorithm that ignores step (2) is calledghmter’s algorithmdue to the
similarity to the way a painter paints closer objects over distant ones.

To resolve the step 2 up to five tests are applied to determine if polygons overlap in the projection
plane Newe72 Fole9Q. These tests are performed in the order of increasing complexity. If all five tests
fail we now that the polygons overlap and at most two additional tests are applied that aim determine
the correct order of the two polygons. If these fail, one of the polygons must be split.

A.2.2 BSP trees

The Binary Space PartitioningdBSP) tree introduced by Fuchs, Kedem, and Naykarch8(Q allows
efficient calculation of visibility ordering among static polygons. A BSP tree is constructed in prepro-
cessing. At this step all potential dependency cycles are broken and the corresponding polygons are
split. The size of the BSP tree corresponds to the number of resulting polygon fragments and it is heav-
ily dependent on the particular BSP construction algorithm. The rendering is performed by an ordered
traversal of the BSP tree in a linear time with respect to the number of tree nodes.

The BSP tree algorithm is based on the work of Schumacker &&iue9who manually partitioned
the scene into collection of clusters. If clusters can be separated by a plane then the cluster on the same
side of the plane as the viewpoint cannot be obscured by the clusters on the other side of the plane. If
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such separating planes exist, the clusters can be subdivided recursively. The resulting subdivision of the
scene can be represented by a binary tree where each interior node corresponds to a plane separating a
given set of clusters and each leaf corresponds to one cluster. The clusters are determined so that there
is a viewpoint independent priority ordering of all polygons within a cluster.

The BSP tree algorithm is a generalization of the approach of Schumacher®ttal6) that au-
tomatically solves the problem of polygon priority without the necessity of manual construction of
clusters and their priorities. The BSP tree is constructed recursively as follows:

1. Let the current set of polygorss be all polygons in the scene.

2. If |S| < 1 create a leaf node with a reference to the single polygon 8qifhany) and terminate
this branch of the algorithm.

3. Select a plané® that partitionsS into S~ andS™ corresponding to polygons in the negative and
positive halfspace induced . Polygons straddling plang are split.

4. Construct a new interior nod¥€ with a reference t@. Associate all polygons embedded in plane
P with N.

5. Construct child nodes oWV by recursively repeating steps 2 to 5 usifig andS™ for left and
right child nodes respectively.

The crucial step of the BSP tree construction is the selection of the splitting plane (3). The usual
technique is to restrict splitting planes to the planes aligned with the scene polygons. The resulting tree
is calledautopartition[Berg97. To construct the autopartition we have a finite number of choices. The
order in which the splitting planes are selected is very important. Several heuristics for splitting plane
selection have been proposed that aim to minimize the number of polygons splits and thus the size of
the constructed tree. For purposes of rendering the tree need not be balanced. In fact a tree degenerated
to a linear list would exhibit the same rendering performance as a perfectly balanced tree. Nevertheless
the construction time is increased if the tree is heavily unbalanced. The construction of a balanced tree
is also advantageous for other tasks the tree might be used for such as point location.

In the rendering phase the tree is used to establish a back-to-front order of scene polygons. Visibility
is solved in image space by overwriting farther polygons by the closer ones. Given a viewpoint the
rendering using a BSP tree proceeds as follows:

1. Let current nod€”' be the root.
2. If C'is a leaf rasterize the associated polygon and terminate this branch of the algorithm.
3. Otherwise determine the position of the viewpoint with respect to the ffamesociated witld'.

4. Recursively repeat steps 2-4: First, process the child corresponding to the oppositefsitiaof
the viewpoint. Second, rasteriZ& Third, process the child on the same side as the viewpoint.

A similar procedure can be used to generate a front-to-back order of polygons. The difference is in
the processing order of child nodes in step 4. Algorithms that use a front-to-back order and a screen
space data structure for correctimage upda@esd91 Nayl92h can achieve output-sensitive behavior.

An 2D example of a BSP tree and its front-to-back traversal is depicted in Figre
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order: F,E,D,C,A2,B,Al

Figure A.2: An example of a 2D BSP tree. The scene consist of 6 line segments. The tree contains 7
nodes (segment A is split). On the right a front-to-back traversal order of the BSP tree is depicted.

A.3 Area subdivision algorithms

Area subdivision algorithms use tldivide and conquestrategy that subdivides the projection plane.
Atatime an area of the image is examined. If it is easy to decide which objects are visible in the area the
objects are rendered. Otherwise the algorithm subdivides the current area in smaller ones and continues
recursively. As the areas become smaller less objects need to be considered and the visibility decision
becomes simpler.

A.3.1 Warnock’s algorithm

Warnock Warn69 developed an area subdivision algorithm that subdivides a given image area into
four equal rectangles. At each step the algorithm identifies the position of each polygon with respect to
the current image area as follows:

1. Surroundingpolygon — it completely contains the area.
2. Intersectingpolygon — partially intersects the area.
3. Containedpolygon — it is completely inside the area.

4. Disjoint polygon — it is completely outside the area.

In the following four cases the visibility within the current area can be solved easily and the area does
need to be subdivided:

1. All polygons aredisjoint The background color is displayed.

2. There is only onéntersectingor containedpolygon. This polygon is rasterized (an intersecting
polygon is first clipped).

3. There is only onsurroundingpolygon. The area is filled with the polygon color.

4. There is asurroundingpolygon that is in front of all other intersecting, contained or surrounding
polygons. The area is filled by the polygon color. Determining if the polygon is in front of all
other is carried out by comparing z-coordinates of supporting planes of the polygons at the four
corners of the area.



A.3. AREA SUBDIVISION ALGORITHMS vii

If all these four tests fail the area is subdivided. The subdivision is terminated when the area matches
the pixel size. Alternatively sub-pixel subdivision can be used to remove aliasing. An illustration of the

Warnock’s algorithm is shown in Figu#e.3.

intersecting intersecting digoint
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Figure A.3: An illustration of the Warnock’s algorithm. The screen is recursively subdivided into
rectangles. The right part shows a classification of the polygons with respect to the four depicted screen
rectangles.
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A.3.2 The Weiler-Atherton algorithm

The algorithm developed by Weiler and Athertdidil77] subdivides the image plane using the actual
polygon boundaries, rather than rectangles used in Warnock’s algorithm. The Weiler-Atherton algo-
rithm does not rely on a pixel resolution and typically needs a lower humber of subdivision steps. On
the other hand, it requires robust polygon clipping algorithm.

The polygons are sorted according to their nearest z-coordinate (this step is mandatory but improves
efficiency). The polygon closest to the viewer is selected and used clip all other polygons in two sets:
polygons inside or outside with respect to the “shadow” of the selected polygon. All inside polygons
that are behind the selected polygon can be deleted since they are invisible. If an inside polygon is
closer than the selected one it is calld#tending An offending polygon is used to clip all remaining
offending polygons. All remaining outside polygons are processed recursively. The algorithm uses a
stack to handle cyclic overlaps. An illustration of the algorithm is depicted in Figute

1.A B->B;* B,

y offending z B, offending
l B, outside
A C outside
Bl 1b[Bi] A-> AL+ A,
outside
A, inside
2. C outside

X X 3_

Figure A.4: An illustration of the Weiler—Atherton algorithm. Four steps are necessary to resolve
visibility of the three depicted polygons.
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A.4 Ray casting

Ray casting Appe6§ is a visible surface algorithm that solves the visibility from the viewpoint by
by ray shooting i.e. shooting rays through each pixel in the image. The drawback of ray casting in
comparison with the other visible surface algorithms is that it does not exploit coherence of neighboring
rays unless specialized techniques are ubkedfO0H. On the other hand if ray casting is implemented
using a variant of the ray-walking technique proposed by GlassBlkas84 it results in an output-
sensitive algorithm.

A naive implementation of ray shooting would test each object in the for an intersection with a given
ray and then select the one closest to the viewpoint. The resaling time complexity for each ray is
not suitable for scenes with more than a few objects. To improve the time complexity of the ray shooting
guery many acceleration techniques have been designed. Most of them use a spatial subdivision of the
scene that allows to restrict the set of objects tested for an intersection only to those laying in proximity
of the given ray (see Figum.5). Ray shooting will be discussed in more detail in Sectioh

viewport

Figure A.5: A 2D illustration of ray casting. Ray casting is performed using ray shooting supported by
a uniform grid. Note the output-sensitive behavior of such ray casting algorithm: only visible objects
are touched by the algorithm.

A.5 Scan line algorithms

The first scan-line algorithms introduced in late 60’s and early 70's are summarized in Foley et
al. [Fole9(Q. The basic approach is an extension of a scan conversion of a single polygon. The al-
gorithm constructs an edge table of all non horizontal edges of the scene polygons. Entries in the edge
table are sorted into buckets based on the smaller y-coordinate of each edge. Within each bucket edges
are ordered by increasingcoordinate of their lower endpoint.

The algorithm maintains an active edge table anéhanut flag for each polygon indicating if we are
currently inside our outside of the polygon. If there is more polygons withasut flag set to inside
a depth comparison is used to determine the closest one to the viewpoint. The coherence is exploited
using incremental updates of the active edge table similarly as with the scan conversion of a single

polygon [Fole9q.
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Visibility in real-time rendering

This chapter discusses the use of visibility algorithms for real-time rendering acceleration. It also
presents other important techniques for rendering acceleration that are typically used in combination
with the visibility algorithms.

The are at least three performance goals for real-time rendering: more frames per second, higher
resolution and more realistic scen®4dll02]. A frame rate of 60-72Hz is typically considered suf-
ficient. Optimally the frame rate should match the monitor refresh i&enk014. There is also a
bound on resolution — 1600x1200 seams sufficient for typical size of the display device. Nevertheless
there is no natural upper limit on the scene complexity. For example a reasonably detailed aircraft
model consists include 500M polygord$ll02], a model of a city with a few building details consists
of 8M polygons Wonk01a Bitt01€]. The general conclusion is that the user demands and expecta-
tions on the scene complexity grow even faster than the computer processing power. This draws a
great potential for acceleration techniques that aim to reduce the amount of data sent to the rendering
pipeline [Schm97 Rohl94 Bish98 West97 Deva97 Cham9§.

B.1 Backface culling

Back face culling aims to avoid rasterization of surfaces that are not facing the viewpoint. For an
orthographic projection about 50% is of the scene polygons is expected to be culled on average. For the
perspective projection the percentage of backfaces increases as the viewpoint moves closer to the scene
objects.

Backface culling on a per polygon basis is often supported in hardwafdp2, ATi 02]. The
problem is that it is applied rather late in the rendering pipeline. Additional speedups can be achieved
if a whole group of polygons is identified as backfacing at a single test. This can be achieved by the
clustered backface cullingkuma96lh Kuma96azZhan97&

B.2 View frustum culling

View frustum culling(VFC) eliminates rendering of objects that are outside of the viewing volume.
The viewing volume is represented by a frustum of a pyramid cailed frustum Objects that do not
intersect the view frustum cannot be seen and therefore need not be rendered.

The VFC is often supported by the current graphics hardwavéJ02, ATi 02]. Similarly to the
backface culling, considerable savings can be achieved if a whole group of objects is culled before
sending the objects to the graphics pipeline. This is a goal ohig@rchical view frustum culling
(HVFC). HVFC uses either a modeling hierarchy (scene graph) or a spatial hierarchy. Starting at the
root node of the hierarchy, the algorithm computes the intersection of the volume corresponding the
current node and the view frustum. If the volume does not intersect the view frustum the corresponding

iX



X APPENDIX B. VISIBILITY IN REAL-TIME RENDERING

F /Q\@
@5@§@é§@/§@\%

Figure B.1: Clustered backface culling. Polygons are grouped according to their supporting planes.
Pruning of the resulting hierarchy results in culling whole groups of backfacing polygons: orange nodes
have ambiguous visibility classification, the blue nodes are invisible, yellow node is visible.
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subtree is culled. If it partially intersects the view frustum the algorithm is applied recursively on the
children of the current node. Otherwise the volume is completely included in the view frustum and
objects from the whole subtree of the current node are sent to the graphics pipeline. Note that in this
case the screen space clipping can be disabled for all objects fully contained in the volume.

Often a spatial hierarchy is used for HVFC instead of the scene graph. The spatial hierarchy follows
the idea ofpatializationi.e. itis built according to the spatial proximity of objects. On the contrary the
scene graph is constructed according to the modeling rules that need not group close objects together.

A popular spatial hierarchy for HVFC is theounding volume hierarch{BVH) [Clar7§. BVH
consists of bounding spheres, axis aligned bounding boxes (AABB), or oriented bounding boxes (OBB).
Often a mixture of bounding primitives is used in the same BVH. The choice of the bounding primitive
to use depends on the depth of the given node. For nodes closer to the root only the coarser bounding
sphere or AABB intersection test is applied, for deeper nodes the OBBs are used.

Volumes of the bounding volume hierarchy can overlap significantly, which makes the HVFC algo-
rithm inefficient. This problem is eliminated by using spatial subdivisions at the cost of lower flexibility
for dynamic scenes. Spatial subdivisions commonly used for HVFC are octrees, kD-trees, and BSP
trees. The requirements for construction of spatial hierarchies for VFC are similar to construction of
hierarchies for visibility culling and ray shootingohe9§. An illustration of the hierarchical view
frustum culling is depicted in Figurg.2.

Several optimizations of the HVFC algorithm were proposed by Assarsson ahdr NAssa0(.

Some of these techniques aim to exploit temporal coherence, other concern efficient implementation of
the intersection tests. Slater and Chrysantt®iatp7 presented a probabilistic scheme for acceleration

of the view frustum culling. Visibility status of an object is updated according to its estimated distance
from the view frustum.

B.3 From-point visibility culling

View frustum culling eliminates objects outside the view frustum, but there might still be many objects
invisible due to the occlusion. Techniques that aim to avoid rendering of occluded objects are called
visibility culling (also calledocclusion culling.

Visibility culling can be applied with respect to a single point or a whole region. Typically the from-
point visibility culling is appliedonling, i.e. visibility is recomputed after each change of the viewpoint.
On the contrary the from-region visibility culling can be appliEtline i.e. it precomputes visibility
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Figure B.2: Hierarchical view frustum culling using hierarchy of bounding spheres (left) and a kD-tree
(right). The white nodes are completely inside the view frustum, orange nodes partially intersect the
view frustum and the blue nodes are culled. The objects are colored according to their visibility classi-
fication. The orange line depicts a cut of the hierarchy at which the HVFC algorithm was terminated.

in preprocessing. The from-region visibility culling will be discussed in Sediigh Here we outline

several methods for the from-point visibility culling designed for an online application. We first review
the algorithms that use a discrete representation of occlusion and then the algorithms using a continuous
representation.

B.3.1 Hierarchical z-buffer

A general technique for the from-point visibility culling is thgerarchical z-bufferintroduced by
Greene et al.Gree93. It uses a z-pyramid to perform fast visibility queries. Each level of the pyra-
mid corresponds to a z-buffer with a down-sampled resolution. Level O corresponds to the traditional
z-buffer, level 1 to a z-buffer with half resolution, etc. Each entry at level n+1 contains the farthest of
the four corresponding entries from level n.

The z-pyramid is used in combination with a scene octree. The octree nodes are recursively tested for
visibility using the corresponding bounding boxes. For each face of the box its depth is first compared
to the coarsest level of the pyramid. If the face is farther it is hidden and thus invisible. Otherwise the
test proceeds using relevant entries at the finer level of the z-pyramid. See Bigfioe an illustration
of the hierarchical z-buffer algorithm. The z-pyramid is maintained by propagating changes at the level
0 z-buffer up into the hierarchy. FiguB:4 depicts a conservative depth propagation in the z-pyramid.

To make the algorithm suitable for the current graphics hardware Greene @tet93 proposed a
heuristics based on the temporal coherence. The two pass algorithm can be outlined as follows: First,
previously visible objects are rendered using traditional z-buffering. The z-buffer is then read back from
the hardware and the z-pyramid is built in software. Second, the octree test is performed in software,
but it skips nodes that have already been rendered in the first pass. Finally, the list of visible objects is
updated for the use in the next frame.
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Figure B.3: The hierarchical z-buffer algorithm. The z-pyramid is used to cull invisible nodes of the
octree. Objects are rasterized into the level 0 z-buffer.
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Figure B.4: The propagation of depths in the z-pyramid. The depths are conservatively propagated up
the z-pyramid: each entry at level n+1 contains the farthest of the four corresponding entries from level
n.

B.3.2 Hierarchical polygon tiling

The hierarchical z-buffer algorithm applies the occlusion test on the octree nodes. Gizeadd
proposedhierarchical polygon tilingalgorithm operating on a per polygon basis. It exploiserage
masksto accelerate operations on the z-pyramid. Additionally if a front-to-back order of polygons is
established, the z-pyramid can be replaced lmpweerage pyramid The coverage pyramid contains

only two state values indicating if the corresponding part of screen is occluded. The depth tests are
eliminated completely. The hierarchical polygon tiling with coverage masks is well suited for rendering
large scenes in high resolution without a dedicated graphics hardware.
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B.3.3 Hierarchical occlusion maps

Zhang et al. Zhan97lp describedhierarchical occlusion map@HOM) that use similar idea as the hier-
archical z-buffer and exploit the standard graphics hardware.

Occluder selection

The HOM algorithm assumes that a setgmiod potential occluderis identified in preprocessing.
Ideally for each viewpoint we pick only objects that are visible and cause significant occlusion. This
however is the visible surface problem itself. The solution is to preprocess the scene and identify set of
promising occluders for a given range of viewpoints.

Occlusion map

The algorithm uses a pyramid of occlusion maps. Each entry of the occlusion map contains a opacity
value: 1 corresponds to full occlusion, 0 to no occlusion. Values between 0 and 1 indicate partial
occlusion. Level 0 occlusion map is obtained by rendering selected occluders with lighting and depth
tests disabled. The resolution of the level O occlusion map is typically much lower than one of the
rendered image (e.g. 256x256 pixels). Pixels occupied by some occluder contain value 1. Level 1
occlusion map with half resolution is formed by down-sampling: each pixel is an average of the four
corresponding pixels from level 0. The complete hierarchy of occlusion maps is built in the same
manner. The down-sampling can be performed efficiently with the help of the texture filtering operations
implemented in the graphics hardware.

Depth estimation map

Occlusion maps do not contain any depth information. The depth of occluders is represented by the
depth estimation mafDEM). Each entry of DEM corresponds to a rectangular region on the rendered
image (the DEM resolution is typically only 64x64). The DEM entry contains a maximum distance of
occluders that project to the corresponding rectangle. For simplicity only bounding boxes of occluders
are used for the depth estimation (see Figiu®).

estl mated depth
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Figure B.5: DEM for the hierarchical occlusion map. Note that occludees A and B pass the depth test
although they are invisible with respect to the selected occluders.

HOM culling algorithm

The HOM culling algorithm can be outlined as follows: First, render the occluders to the level 0
occlusion map and form the HOM pyramid. Second, construct the DEM. Third, starting at the root node
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of the spatial hierarchy traverse the scene while performing occlusion tests. If a leaf of the hierarchy is
found visible render the associated objects.

The occlusion test is performed as follows: For each node’s bounding box test if the corresponding
pixels are occluded with respect to the coarsest level occlusion map. If they are not occluded (opacity
is lower than 1) descend to the higher resolution occlusion map. The procedure can be easily modified
to perform arapproximatevisibility culling. For details on the algorithm segfjan9§.

B.3.4 Shadow frusta

The principle of shadow frusta culling of Hudson et #luds97 is rather simple: Identify few good
polygonal occluders and use their shadow volumes to cull invisible objects by hierarchical visibility
tests. A visibility test is performed against each frustum independently using a spatial hierarchy. The
test determines if a bounding box is completely contained in any shadow frustum. If the box is in shadow
the corresponding hierarchy node and its whole subtree are culled. The drawback of the method is that it
does not account for occluder fusion and its time complexity grows linearly with the number of selected
occluders (see Figui®.6).

viewpoint viewpoint
[> visible Q object size

’ invisible Zy effective frusta

Figure B.6: (left) Visibility culling using shadow frusta. Four shadow frusta are constructed for the four
depicted occluders. The gray objects are classified invisible. The white objects are classified visible.
(right) Effective shadow frusta for the depicted objects. The algorithm classifies the object as invisible
if the center of the object is located inside an effective shadow frustum.

B.3.5 Visual events

The previously mentioned methods use some representation of the occluded volume with respect to the
given viewpoint. Coorg and TelleCoor97 developed a method that is based on a different idea. For
a given spatial region they identify an umbra volume from which the region is invisible with respect to
a given occluder. If the viewpoint is located in the umbra the region is culled. The penumbra of the
region and occluder is a volume from which the region is partially visible. The umbra is bound by the
supporting planes of the region and occluder, the penumbra is bound by the separating planes.

For each viewpoint a few promising occluders are identified as in the shadow frusta algorithm of
Hudson et al.lHuds91. The culling is performed hierarchically starting at the root node of the spatial
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hierarchy (Coorg and Teller use a kD-tree). For the current node supporting and separating planes are
constructed for the corresponding box and each occluder. The algorithm tests the position of the view-
point with respect to the computed umbras and penumbras. The test classifies the node as fully visible,
partially visible or invisible. Invisible nodes are culled, fully visible nodes are rendered. Visibility of
partially visible nodes is recursively refined. To exploit temporal coherence the algorithm maintains a
cache of supporting and separating planes. See FRyurior an illustration of the algorithm.

fully
visible

partialy invisible

visible
Figure B.7: A 2D example of supporting and separating planes for two occluders and an octree node.
There are two umbra regions and four partially overlapping penumbras. The figure depicts the visibility

classification of the node from the five depicted viewpoints. Note that the algorithm conservatively
classifies viewpoint; as partially visible since it does not account for tueluder fusion

B.3.6 Cells and portals

Jones Jone7] proposed to subdivide the scene into cells and portals to solve the hidden line removal.
He manually subdivided the model into convex polyhedral cells and transparent polygonal portals con-
necting these cells. Every polygon of the scene must be embedded in some face of one or more cells.

The scene is traversed starting at the cell containing the viewpoint. All faces of the current cells are
rendered. Then the algorithm recursively continues by processing cells visible through portals of the
current cell. The portal sequence through which any cell is reached forms a convex mask that is used
to clip the faces of the cell. If the mask is empty the current branch of the algorithm is terminated.
This method is complementary to the culling algorithms mentioned so far in the way how the invisible
objects are identified. The culling is not based on identifying that an objectladed byther objects
(occluders), but an object is culled if it is n@isible througha portal or a sequence of portals.

The method of Luebke and Georgésigb9g is a simplification of the method Jones that uses rect-
angular masks. The rectangular mask is a conservative overestimation of the polygonal mask. This
approach enables simple and fast real-time intersection of the masks. For each viewpoint cells are pro-
cessed in the front-to-back order and the opened portals are represented by a set of rectangles. The
algorithm checks if a given cell is visible through at least one opened portal using rectangle overlap
tests. If the cell is visible its geometry is rendered and the portals of the cell are intersected with the
portals through which the cell is visible (see Fig&8).
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Figure B.8: Cells and portals for the from-point visibility culling. The portals are used to create rectan-
gular masks. The masks are intersected and the algorithm traverses the cells until the masks intersection
iS non-empty.

These two approaches are similar to the visibility preprocessing algorithm of Telleégnah$rell91]
that will be discussed in Sectid@4.1 The cell/portal methods are well suited for indoor scenes where
cells roughly correspond to rooms and portals to doors. The drawback of these methods is that in gen-
eral scenes there is no natural subdivision into cells and portals. In such a case their efficiency drops
both in the running time and in the percentage of the culled objects.

B.3.7 Occlusion horizons

Occlusion horizonsf Downs et al. PownQ1]] exploit the %D nature of outdoor urban areas (see Sec-
tion 2.5.1) to perform a fast and efficient online visibility culling.

The occluded volume is represented by a conservative piecewise cdmstaonthat is maintained
by a balanced binary tree. The scene is swept in a front-to-back order and the horizon is updated by the
processed objects (or their relevant subset). This process is interleaved with the hierarchical visibility
tests. The visibility test checks if the bounding box corresponding to a hierarchy node is below the
horizon. In such a case the node is culled.

The strength of the method is that it accounts for the occluder fusion. Additionally it can handle
significantly more occluders than the other continuous methods.

B.3.8 Occluder shadows for visibility from point

Wonka et al. YWonk99 proposed theoccluder shadows$or the from-point visibility culling in %D

scenes. The algorithm uses orthographic projection and the z-buffer algorithm to merge occlusion due

to a set of occludersccluder shrinkings used to guarantee the conservative behavior of the algorithm.
For a given viewpoint the algorithm determines a set of relevant occluders. Each occluder induces an

occluded volume represented bgleadow polygonThe shadow polygon is a truncated wedge defined

by the viewpoint and the top edge of the shrank occluder.



B.4. FROM-REGION VISIBILITY CULLING XVii

The algorithm creates a discratallmapthat is formed by rasterizing shadow polygons. An entry of
the cullmap corresponds to the highest point that is guarantied to be occluded from the viewpoint. The
size of necessary occluder shrinking is given by the resolution of the cullmap. See Bi§doe an
illustration of the algorithm.

occluder
shrinking

viewpoint

Figure B.9: Discrete cullmaps for visibility from point. Shadow polygons polygons are rasterized into
the cullmap. To guarantee a conservative behavior of the algorithm the occluders are shrank according
to the resolution of the cullmap.

B.4 From-region visibility culling

The from-point visibility culling requires recomputation of visibility for each change of the viewpoint.
On the contrary, the from-region visibility culling techniques typically precompute a superset of objects
visible from any point inside a given view cell.

B.4.1 Cells and portals

Airey et al. [Aire90Q] proposed the concept pbtentially visible se(PVS). The model of indoor archi-
tectural environment is subdivided into cells and portals. For each cell the algorithm identifies other
cells that can be visible through associated portals or their sequences. The identified cells form a PVS
that is associated with the cell. A more precise solution is to calculate a PVS consisting of visible
objects rather than visible cells.

In real time the algorithm identifies the cell in which the observer is located. Only objects from the
cell's PVS are rendered. This can deliver speedups of orders of magnitude for large indoor scenes with
restricted visibility.

Airey et al. used ray shooting to find a PVS of the given cell. This method is only approximate since
some objects can be missed by the sample rays. Another drawback is that huge amount of rays must
be cast in order to obtain sufficiently precise results. Visibility in indoor scenes was further studied
by Teller and ®quin [Tell91]. Teller [Tell92l proposed an exact analytic method to compute PVS in
scenes with natural cell/portal structure. The algorithm uses five-dimensional halfspace intersection to
test the existence of a stabbing line for a sequence of polygonal portals. Teller also proposed a simpler
conservative algorithm based on clipping planes. The cells and portals methods are restricted to indoor
scenes with a particular structure. Next, we present more general methods suitable for other types of
scenes.
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B.4.2 Single occluder ray shooting

Cohen-Or et al.Cohe98ause ray shooting to sample occlusion due to a single convex occluder. They
cast rays that bound a shaft between the view cell and the region in question. If all rays hit the same
convex occluder the region must be invisible (see Fiddi)). Cohen-Or et al. provide an analysis

of visibility in densely occluded random scenes and derive bounds on the expected efficiency of the
method. They show that in very large densely occluded random scenes the size of computed PVS
is small in comparison to the total size of the scene. Nevertheless, the method generally produces
significantly larger PVS than methods that handle occluder fusion.

R1

viewcell

Figure B.10: Ray shooting based visibility preprocessing. The rays bounding the shaft between the
given region and the view cell must intersect the same convex object. The iegisrconservatively
classified as visible since the method does not account for occluder fusion.

B.4.3 Volumetric occluder fusion

Schaufler et al.$cha0OQuseblocker extensiont handle occluder fusion. They use a discrete subdivi-
sion of the scene into transparent and opaque regions. Given a view cell the occluded part of the scene
is determined by extending the opaque regions using a set of simple rules. All objects fully contained
in the occluded regions are excluded from the PVS. The method finds a discrete conservative approx-
imation of occluded volumes. Although the technique handles occluder fusion it fails to resolve all
configurations of occluders.

The principle of discrete volumetric visibility is also used in the method of Yagel and ReageP5g
for computing visibility in caves. The cave system is represented by a volumetric model and visibility
is determined by finding connected sequences of unoccluded voxels. This method can be seen as an
inverse of the method by Schaufler et &cha0(, i.e. it extends the visible part of the scene instead of
the occluded one.

B.4.4 Extended projections

Durand et al. Pura0Q proposedextended occluder projectiommdocclusion sweep handle the oc-

cluder fusion. For a given view cell nearby occluders are projected on a projection plane using extended
projection operators. The resulting occlusion map is swept through the scene using reprojection and
merging using extended projections of encountered occluders. The set of projection planes forms a
discrete conservative approximation of occluded volumes. Graphics hardware can be used to accelerate
both the extended projection and the reprojection operators.
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B.4.5 Occluder shadows

Wonka et al. Wonk0Q extended the occluder shadows method for the from-region visibility%iD 2
scenes. The algorithm uses orthographic projection and point sampling to merge occlusion due to a set
of occluders. Occluder shrinking is used to guarantee conservative behavior.

The cullmap is formed by sampling visibility from points on boundaries of the given view cell.
For a given view cell the algorithm determines a set of relevant occluders. The cullmap is formed by
an intersection of occluded volumes defined by the occluders and the sample points on the view cell
boundary. For each sample point occluder shadow polygons are rendered into the cullmap. The shadow
polygon is a wedge formed by the sample point and the top edge of the shrank occluder. The size of
necessary occluder shrinking is given by the distance between the sample points and the resolution of
the cullmap.

Wonka et al. Wonk01H proposed an application of the occluder shadows method in an online algo-
rithm. The PVS is computed for a small neighborhood of the given viewpoint. This PVS is valid for
several frames assuming that the viewpoint moves smoothly. In this way the time spent on computing
PVS is amortized over several frames.

B.4.6 Dual ray space

Koltun et al. Kolt01] proposed a conservative algorithm for computing from-region visibilitygtﬁ)z
scenes usinglual ray space Given a view cell and a region the algorithm computes a plane that is
tangent to the view cell and the region. Visibility is then resolved in 2D using intersections of this plane
and the scene occluders. The 2D visibility is solved using a mapping of rays to the discrete dual space.
The algorithm exploits graphics hardware to perform operations on the duals of the occluded rays.

B.4.7 Hardware occlusion test

Newer graphics hardware provides an occlusion test for bounding boxes. The problem of this occlusion
test is that the results of such an occlusion query are not readily available. A straightforward algorithm
would therefore cause many unnecessary delays (pipeline stalls) in the rendering. The focus of research
has now shifted to finding ways of ordering the scene traversal to interleave rendering and visibility
queries in an efficient manndrdgy07]], [Klos01].

B.5 \Visibility in terrains

Visibility algorithms for terrains are important for applications such as flight simulation, urban visual-
ization, path planning or telecommunications. Similarly to urban scenes (S@chdhthe terrain can

be considered a 2D height function. In comparison to the outdoor urban scenes the terrain is typically
much smoother, i.e. it does not contain many height discontinuities. Furthermore the description of
the terrain is typically much more regular (grid, octree) than description of an urban scene (general ob-
jects). As a result the terrain visibility methods are being developed independently from the algorithms
for general and urban scenes. A survey of terrain visibility problems and algorithms was published
by Nagy Nagy94. De Floriani and Magillo present a survey of visibility algorithms for triangulated
terrains Flor94.

The most common visibility problem in terrains is computing ltleeizonor theviewshedor a given
viewpoint. Stewart$tew96 Stew98lh proposed an algorithm for computing horizon for a given view-
point. Cabral et al.$abr87 and Max Max88 proposed approximate methods designed specifically for
bump mapsCohen-Or and Shake€phe9% used sampling to determine visible and invisible parts of
the terrain with respect to the given viewpoint. De Floriani and MagHlof95 developed an algorithm
computing horizon at different resolutions that can be updated at different levels of detail.
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Stewart Btew97 proposed a from-region%ED algorithm for visibility preprocessing in terrains. He
maintains a multi-resolution representation of the terrain in a quadtree. For each quad the algorithm
computes a conservative discréterizon The horizon for a quad is divided into sectors and for each
sector an ordered list of vertices is determined that represemtcunsion regiorfrom which the quad
is not visible. In real time the algorithm processes the quadtree recursively. If the viewpoint lies in an
occlusion region of the current quad the corresponding subtree is culled.

The results from the computational geometry show that to compute a horizon of a point is equiv-
alent to computation of an upper envelope @fn) segments for a terrain mesh consistingrof
points [Atal83]. The horizon has)(na(n))! complexity and can be computed @(n logn) time.

Cole and SharirCole89 and Bern et al. Bern94 studied visibility in terrains in order to efficiently
answer ray shooting queries.

B.6 Other acceleration techniques

Visibility culling is only one of many acceleration techniques for real-time rendering. It can yield a
significant speedup for scenes with significant occlusion, but for example it will fail in outdoor scenes
with unrestricted visibility. Visibility culling should be used in combination with other acceleration
techniques to achieve an optimal performance. For example results of visibility computation can be
used to drive the levels of detalCarlOQ or image based renderindgieb93. We review the most
important acceleration techniques and briefly discuss their links to the visibility computations where
appropriate.

B.6.1 Geometry structuring

A general technique to increase rendering performance is to structure the geometry in a way convenient
for the graphics hardware. Optimized geometry structuring saves calculations of transformation and
lighting and reduces the bandwidth between the CPU and the graphics hardware. Geometry structuring
can be successfully applied on most polygonal data and it is rather independent of visibility calculations.

Triangle strips and fans

Any polygonal model can be converted to a set of triangles. Connected triangles share an edge
and two vertices. If the triangles are sent to the graphics hardware independently, there are redundant
computations performed for the shared vertices. Additionally the same data is sent twice.

One way to reduce these overheads is to form strips of connected triabg@soph. Initially
we sent the vertices of the first triangle in the strip and continue by sending one vertex per triangle.
The algorithm uses a buffer for two vertices to which the current vertex should be connected. By
default the triangle is connected to the edge formed by the last two vertices. If the connecting rule
should be changed a special command indicatirsgvapis issued or a vertex is retransmitted. The
Iris GL [Neid93 uses an additional bit for each new vertex indicating to which edge the new triangle
should be connected. Triangle fan can be seen as a degenerated triangle strip where the opposite default
connectivity rule is used. All triangles in the fan share a common vertex (see HdlLie

A generalization of triangle strips and fans for use with vertex buffers of more than two entries is
calledgeneralized triangle mesHt was shown that even small buffer sizes can substantially improve
the total rendering performancEJan96. Construction of optimal triangle strips is a NP-complete
problem Evan96aEvan96l. Several heuristics for constructing good triangle strips have been pro-
posed Evan96h Belm01, Stew0].

Ya(n) is an inverse of the Ackermann function that can be considered a constant for any practical n.
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Figure B.11: A triangle strip and a triangle fan.

Indexed face sets

Indexed face sets provide a flexible representation of polygonal masble®(). The mesh is stored
as a set of vertices and their attributes, and a set of vertex and attribute indices for each face of the mesh.
The typical attributes include normals per vertex, colors per vertex and texture coordinates per vertex.
Colors and normals can also be specified on a per face basis.

Such a representation allows to eliminate the repeated transformation and lighting calculation for
shared vertices. Nevertheless, care must be taken if this representation is used with the graphics hard-
ware. All attributes and their transformed values should then be stored in the graphics hardware so
that efficient indexing can take place. Incoherent access to the attributes can cause significant cache
penalties.

B.6.2 Levels of detall

Complex objects can contain many small details that cannot be seen when observed from a distance. In
real-time applications we often sacrifice the details in order to achieve high frame rates and a pleasant
feedback. Complex objects can be simplified udiengls of detail(LOD). The lower the level of

detail the less polygons are used to represent the object. The choice of the LOD used in run-time
is typically based on the distance of the object from the viewpoint, its semantic importance or the
desired overall rendering time&{ink93. Visibility computations can be used to guide the LOD selection
algorithm [Carl0Q.

Discrete LOD

An object can be simplified using several LODs with progressively smaller amount of polyglansg
Pupp9T. Distracting artifacts callegoppingcan occur when switching between the LODs. Popping
can be eliminated by continuous blending between the LODs at the cost of additional computations in
real time [Cohe98bZach03.

Continuous LOD

The idea of continuous LOD is to perform a series of elementary simplifications of an object in real
time. The simplifications can adapt to the current viewing conditions. This ability is important namely
in large terrains, where the terrain close to the observer should be finely tessellated whereas the farther
parts can use rather coarse representation.

The typical elementary simplification is tleelge collapséHopp96 Hopp97. A triangle mesh gets
progressively simplified by a series of edge collapses. At each edge collapse the nearby vertices are
shifted to better express the shape of the object. By using a history of modifications the original shape
can be restored. ThgeomorphLODs use smooth vertex transformations to avoid popping when the
edge is collapsed or expandedidpp98 Grab01.
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B.6.3 Image-based rendering

Image based renderirftas become an alternative for rendering complex environments in reaBhad 96
Scha96 Alia97, Scha97. Many image based rendering techniques use impostors: an impostor repre-
sents a complex geometry by a combination of simple geometry and a texture. The impostor can be
reused until it is no longer a satisfying representation of the view of the represented geometry. The as-
sociated rendering cost mostly depends on the number of pixels in the final image and not on the scene
complexity.

Probably the simplest impostor is a quadrilateral with texture representing a rather flat or distant
object. The texture includes opacity component to capture boundaries of the object. Such impostors
have long been used in computer games for trees. The simple quadrilateral impostor often appears
very flat and unnatural. Many techniques have been designed to improve the quality of representation
as well as to allow an automatic construction and updating of impostgirmi0l, JescO2 Many
recent techniques exploit the idealayered depth image® capture occluded parts of the model in an
image based representati®had98Pope98Alia99]. McMillan [ McMi97] proposed an algorithm for
warping images with depth information from one viewpoint to another. The algorithm resolves visibility
by a correct occlusion compatible traversal of the input image.

Nailboards

Nailboards proposed by Schaufl&cha9Tare impostors with a texture including a depth component
instead of opacity. This depth information is used to obtain correct depth values in the framework of
z-buffered rendering. The depth stored in the nailboard is an offset from the nailboard polygon using
only a small number of bits.

3D image cache

The 3D image cache proposed independently by Schaufler &cilap§and Shade et alghad9§
allows an automatic generation of impostors suitable for walkthroughs and flyovers of large 3D scenes
with unrestricted visibility.

A spatial hierarchy is built over the whole scene. For each sufficiently distant node of the hierarchy
an impostor is generated that represents all geometry contained in that node. For leaf nodes the impostor
is generated from the geometry, impostors for intermediate nodes are regenerated from impostors lower
in the hierarchy. For obtaining the final image the hierarchy is traversed in a front to back order and the
impostors are drawn yielding a correct visibility.

B.6.4 Point-based rendering

Point-based rendering is another alternative to the conventional polygon-based rendering. Itis useful for
highly complex models, which would otherwise require a huge number of triangles. Most point-based
rendering algorithms project points on the screen uspigttingand apply soméltering technique to

render the resulting image. Splatting implicitly reconstructs the local topology of the model to avoid
gaps in the image and to resolve visibility of projected points.

Pfister et al. PfisOQ use software visibility splatting to identify holes in the image. Most other
techniques use a hardware accelerated z-buffer. Grossman and Gais9f8 use a variant of the
hierarchical z-bufferGree93 to resolve visibility. Rusinkiewicz and LevoyRusiOQ use splats of dif-
ferent shapes to improve the quality of the image, particularly of the object silhouette. The randomized
z-buffer algorithm proposed by Wand et alvind0] samples a large triangle mesh to accelerate its
rendering. The mesh is preprocessed and the algorithm selects sufficient number of sample points so
that each pixel receives at least one sample point from a visible triangle with high probability.



Appendix C

Visibility in realistic rendering

The goal of realistic rendering techniques is to generate a (photo)realistic image of a virtual scene using
an accurate simulation of the light propagation. In this chapter we first review methods that aim to
increase realism of the synthesized image by including shadows and discuss how these methods make
use of visibility computations. We first review methods computiagd shadowsi.e. shadows due

to point light sources. Then we discuss algorithmsdoit shadowsi.e. shadows due to areal light
sources. Then we discuss visibility algorithms for thdiosity method and review work on efficient

ray shooting that serves as a core of most regéotial illuminationalgorithms. Finally, we discuss
severalglobal visibility algorithms.

C.1 Hard shadows

The presence of shadows in a computer generated image significantly increases its Wat ok

Slat92 Moll02]. Shadows provide important visual cues about positions and sizes of objects in the

scene. Traditionally shadow algorithms have been the domain of realistic rendering and they were
too slow for the use in real time. Nowadays some algorithms, particularly these exploiting graphics

hardware, are often suitable for a real-time application.

C.1.1 Raytracing

The ray tracing Whit79] algorithm simulates the light propagation by tracing rays from the eye back
to the scene. At each intersection with an object a shadow ray is cast to each point light source. This
point-to-point visibility query determines if the given point is in shadow (light source is invisible) or lit
(light source is visible). Ray tracing does not explicitly reconstruct shadow volumes. It samples points
on the light path for inclusion in the shadow independently of each other.

Tracing of shadow rays can be significantly accelerated by usingtitdufferintroduced by Haines
and GreenbergHain8§. The light buffer is an array corresponding to the projection of the scene cen-
tered at the light source. Each element of the array forms a list of objects that need to be tested for an
intersection if the query point projects to this element. Another speedup can be achieved by precomput-
ing shadowed regions in the scene and storing this information within the spatial subdiVisioiQg.
More details on the ray shooting acceleration techniques will be presented in S&&ion

C.1.2 Shadow maps

A shadow map proposed by William®/ll78] is a discrete representation of shadows due to a single
point light source. It is a 2D array corresponding to a projection of the scene centered at the light
source. Each element of the array contains the depth of the closest object that projects to that element.

XXiii
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The algorithm first constructs a shadow map by rendering the scene using the z-buffer algorithm from
the light source point of viewgega92Heid99. Then the scene is rendered using a given view and
projecting visible points to the shadow map. The depth of the point is compared to the value stored
at the shadow map. If the point is farther than the stored value it is in shadow. This algorithm can be
accelerated significantly using extensions of the current graphics hardseyag?

Similarly to ray tracing, shadow maps can represent shadow due to objects defined by complex
surfaces, i.e. any object that can be rasterized into the shadow map is suitable. In contrast to ray
tracing the shadow map approach explicitly reconstructs the shadow volume. The shadow volume is
represented in a discrete form as a set of rays defined by non empty elements of the shadow map. The
disadvantage of the approach is that the discrete representation of the shadow volume can lead to severe
aliasing. Many techniques have been proposed to reduce the aliasing ¢Xes193.

C.1.3 Shadow volumes

The shadow volume of a polygon with respect to a point is a semi-infinite frustum. The intersection
of the frustum with the scene bounding box can be explicitly reconstructed and represented by a set
of polygons bounding the frustum (see Fig@d). Crow [Crow77 observed that these polygons can

be used to test if a point corresponding to the pixel of the rendered image as by counting number of
polygonsin front of p andbehindp. Denoten; number of polygons in front of andn;, number of
polygons behing. Then ifny — n;, > 0 the point is in shadow.

light source

shadow planes

adow volume

Figure C.1: Shadow volume due to a polygon. The volume is bounded by four planes: the supporting
plane of the polygon and three shadow planes.

An efficient real-time implementation of this technique proposed by Heidmélaid91 uses
OpenGLstencil bufferto render the shadow polygons and to countsthe- n; for each pixel in the
image. Than the color of all pixels witlh; — n;, > 0 can be adjusted accordingly.

C.1.4 Shadow volume BSP trees

The Shadow Volume BSESVBSP) tree proposed by Chin and Feinéhin89 is a variant of the BSP
tree for the representation of polyhedieh[b87, Nayl90. The SVBSP tree represents a union of
shadow volumes cast by convex polygons (occluders). Each internal node of the tree is associated with
ashadow plangassing through the light source and an edge of the occluder.

The direction of the shadow plane normal is used to determine the half-space in which the occluder
and its shadow are located. Each leaf node of the tree corresponds to a semi-infinite pyramid. The leaves
are classified a® or out. Anin-leafis associated with a scene polygon that truncates the corresponding
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pyramid to the shadow frustum. An:t-leaf represents an unoccluded pyramid and hence the volume
lit by the light source. The complete shadow volume is a union of all shadow frusta corresponding to
in-leaves. An example of the SVBSP tree is depicted in Figuge

,,‘\‘Iight source

P adow planes

shadow volumes

shadowed
fragment

Figure C.2: A 2D example of the SVBSP tree constructed for three polygons.

The SVBSP tree is constructed incrementally by processing the polygons in the front-to-back order
with respect to the light source. The contribution of one polygon to the tree is determined as follows:

1. Lit fragments of the polygon are determined.
2. The tree is enlarged by shadow volumes cast by the lit fragments.

The lit fragments of the polygon are determinedfittering the polygon down the tree. The filtering
is a constrainedepth first traversabf the tree that starts at the root. For the current node the position
of the polygon with respect to node’s shadow plane is determined. If the polygon lies completely on
the back or the front side of the shadow plane, it is filtered down the back or the front child of the node,
respectively. Otherwise, the polygon is split by the shadow plane into two fragments that are filtered
down the appropriate children.

Reaching leaf nodes a set of convex polygonal fragments is obtained. These are eithetdyes)
or shadowedif-leaves). In theut-leaves the tree is enlarged by the shadow volumes cast by the lit
fragments. For each lit fragment new nodes defined by edges of the fragment are used to replace the
corresponding leaf. The lit and shadowed fragments are stored within the original polygon. During
rendering the illumination of these fragments can be set accordingly.

The front-to-back ordering of polygons can be achieved by building a BSP tree for the scene polygons
and its appropriate travers&ich8(Q. Alternatively, methods exploiting occlusion dependency graphs
can be used@hen96 Mill96, Jame98Snyd98. The SVBSP tree algorithm was designed for static
scenes. Chrysanthou and Sla€hfy99 extended the method for dynamic scenes.

C.2 Soft shadows

Rendering soft shadows is significantly more difficult than rendering hard shadows. Soft shadows ap-
pear in scenes with areal light sources and/or in scenes with secondary illumination due to diffuse
reflections.

A shadow due to an areal light source consists of two partdraandpenumbraUmbra is a part of
the shadow from which the light source is invisible. Penumbra is that part from which the light source
is partially visible and partially hidden by some scene objects.
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C.2.1 Ray tracing and areal light sources

A straightforward extension of the ray tracing algorithm handles areal light sources by shooting ran-
domly distributed shadow rays towards the light sou€edk84. The illumination due to the light
source is determined by stochastic sampling and Monte Carlo integration.

C.2.2 Soft shadow maps

Heidrich et al. Heid0Q proposed an extension of the shadow map approachniear light sources.

They use a discrete shadow map enriched bis#ility channelto render soft shadows at interactive
speeds. The visibility channel consists of estimates of percentage of the light source visible at the cor-
responding points. First, the shadow maps are rendered from the endpoints of the linear light source.
Then an edge detection algorithm is applied to detect depth discontinuities in the shadow maps. The
detected edges are used to f@knpolygons that are warped into the other shadow map. The visibility
channel is updated by merging the visibility estimates with the linearly interpolated estimated visibil-
ity corresponding to the skin polygon. Soler and Silli@o[e98 proposed a shadow map algorithm
handling areal light sources. They use convolution to compute visibility estimates in the shadow maps.

C.2.3 Shadow volumes for soft shadows

Heckbert and HerfHleck97 proposed an algorithm extending the concept shadow volumes to areal
light sources. A shadow volume is constructed for each vertex of the light source as with the point light
sources. The illumination of a point in shadow is modified according to the number of shadow volumes
it is contain in.

C.2.4 Shadow volume BSP tree for soft shadows

An adaptation of the SVBSP tree method for areal light sources was proposed by Chin and®taimd [
This approach was further elaborated by Chrysanti@hry9q and Chrysanthou and SlateCliry97
for the use in dynamic scenes.

C.3 Global illumination

Realistic image synthesis aims to solve thadering equatiorformulated by Kajiya Kaji86]. The
rendering equation expresses the light transport intensity between two surfacezpaimts’ in the
scene as:

I(z,2") = wv(x,2)[e(z,2') + (C.1)
/p(x,x',x")[(w’,:r”)dac”] (C.2)
Q

where:

e v(xz,2’') is thevisibility functionthat equals 1 is the points x and x’ are visible and 0 otherwise,
e c(z,2’) is the transfer emittance from x’ to x,

e p(x,2’,2") is the unoccluded three-point transport reflectance. related to BRDF



C.4. RADIOSITY XXVii

1(x,x")

€(x,x")
X p(xX X))

Figure C.3: Geometry involved in the rendering equation. Paihtdz/ are occluded and therefore
v(a’,z5) = 0.

The terms of the rendering equation are illustrated in Figli® The rendering equation provides
context for evaluation of the rendering algorithms according to the quality of the approximation to the
equation they provide. The evaluation of visibility function is one of the most demanding tasks in global
illumination. The algorithms evaluating the visibility function differ in dependence on the particular
rendering algorithm. For example in the classical radiosity algorithm the visibility function is evaluated
simultaneously for a whole set of rays that intersect the given patch, whereas in most stochastic methods
visibility is evaluated by shooting rays independently.

C.4 Radiosity

The classicatadiositymethod {5ora84 simulates light propagation by solving a system of linear equa-
tions describing the light transfers. It handles scenes that consist of perfect diffuse surfaces. The
surfaces are subdivided into patches and#ukosity B; of patchA; is expressed as:

& w
Bi=E;+R; Y  BjF; [—
=1 "
where,F; is the energy emitted from the patch akig is aform factorexpressing the mutual transfer
of energy between patchels andA;. F;; is given as:

] (C.3)

energy leaving patch A; that directly hits A; -] (C.4)

F.. =
" energy leaving patch A; in all directions

This can be expressed as:

/ / (dA;, dA;) COS¢ZCOS¢]dA dA; (C.5)

wherev(dA;, dA;) is the visibility term that equalsif the differential areag A; anddA; are visible
and0 otherwise (see Figur€.4). In the next sections we discuss several methods of computing form
factors.
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Figure C.4: Geometry for computing a form factor between two polygons.

C.4.1 Ray shooting and form factors

The form factor can be evaluated by shooting random rays and using Monte Carlo integration. This
approach was used by several researcdl89, Geor9(Q Shir95 Slus97 Stam98 Stam9T.

C.4.2 Hemisphere and hemicube

A simplified form factor evaluation between two patches computes a form-factor of a differential area
of P; with respect to the other pat@?y. The form-factor between the two patches is estimated assuming
that the differential form-factor is almost constant acrBss

The hemispherenethod Szir9g projects the visible part of the polygon on a unit hemisphere cen-
tered at the middle of the patch. Themicubealgorithm proposed by Cohen and Greenb&gtle8%
uses five item buffers that are erected above the given patch. The scene is rendered into the item buffers
using a perspective projection from the center of the patch. The item buffers are scanned and their
entries are used to estimate the form factor between the given patch and the patch corresponding to the
entry. There are two sources of error in the hemicube algorithm: the finite resolution of the hemicube
and the fact that visibility is sampled only at the center of the patch.

C.4.3 BSP trees

Campbell Camp9( proposed an algorithm computing point-to-polygon form factors using a variant of
the Shadow Volume BSP tree. For each vertex of the given patch the algorithm constructs a BSP tree
representing a view of the scene from this vertex. The BSP tree is used to efficiently identify fragments
of visible patches from the vertex. Then the point-to-polygon form factor is evaluated analytically using

a visible fragment of the given patch.

C.4.4 Discontinuity meshing

Following the work of Campbelllamp90 Camp91], Heckbert Heck93 and Lischinski et al.l[isc92]
proposed a precise computation of form factors by computing a discontinuity mesh with respect to the
light source. A discontinuity mesh is a partition of the scene into patches so that each patch “sees”
a topologically equivalent view of the light source. The view of the light source from the patch is
called backprojection Boundaries of the resulting mesh correspond to loci of discontinuities in the
illumination function.
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Discontinuity meshing can be used to analytically calculate form factors with respect to an areal light
source: For each patch of the discontinuity mesh that is visible from the light source the form factor can
be evaluated using a corresponding backprojection of the light source from the palcB3.

The algorithms of Heckbert{eck93 and Lischinski et al.l[isc92 construct a subset of discontinu-
ity mesh by casting linear surfaces corresponding to the vertex-edge visibility events. More elaborated
methods capable of creating a complete discontinuity mesh were proposed by Dréitatdg§, Dret-
takis and FiumeDPret944, and Stewart and GhalStew93 Stew94.

C.5 Ray shooting in global illumination

Ray shooting is crucial for many global illumination algorithms that sample light paths by tracing a

huge number of rays. The first global illumination algorithm is ray tracinif79]. In its original

form ray tracing simulates only specular reflections and point light sources. Many modern methods

solve the rendering equation by Monte Carlo integratian/¢90, Veac94 Kell97, Slus97 Veac97.

All these methods invoke a huge amount of ray shooting queries to sample visibility within the scene.
Ray shooting is also used within many hybrid approaches that combine finite element approach

(radiosity) with the stochastic algorithmSi[I89, Kok92, Kok93, Jens95Tobl97]. In the remainder of

this section we review the work on ray shooting acceleration.

C.5.1 Ray shooting acceleration techniques

A naive ray shooting algorithm tests all objects for intersection with a given ray to find the closest visible
object along the ray i@ (n) time. For complex scenes this linear time complexity is very restrictive
since a huge amount of rays is cast to synthesize an image.

Researchers from the computational geometry community aim to establish tight bounds of the time
and memory complexities of the proposed algorithms. In order to obtain theoretically provable results
the scene description is usually restricted to polygons. De Berg proposed an alg@#tga3h that
reachesD(logn) time complexity withO(n*+€) preprocessing time and storage, wheiie an arbi-
trarily small positive constant, and is a number of polygons. It was shown that thélogn) time
complexity is asymptotically optimaS§zir97. The worst-case-optimal results are important theoreti-
cally, but the initial assumptions, the storage complexity and implementation problems usually disallow
their use for the real-world data.

An overview of practical acceleration techniques for ray shooting was given by Anvo89. A
recent comprehensive survey was presented by HattamrQ0d4. Most of the proposed methods or-
ganize the scene objects in spatial indexing data structures, that allow efficient determination of objects
that can possibly be pierced by a given ray. The goal is to minimize the number of ray/object intersection
tests. The algorithms use various acceleration data structures such as uniforri g8}, [bounding
volume hierarchies}old87, octrees fame89bPeng8T, kD-trees Fuss88MacD9(Q Subr9], irregu-
lar grids [Silv97], hierarchies of sorted list$pur93, or hierarchical gridsCaza95Caza97aKlim97].

Some hybrid approaches combine several hierarchical data stru@uite9() Subr93. Other methods

build on a subdivision of line space or ray spaéep87, Simi94, Kwon9§. The main disadvantage of
these methods is the high memory complexity of a discrete subdivision of the higher-dimensional (4D
or 5D) space.

Another possibility of acceleration is to reduce the number of rays that are traced. Firstly, the coher-
ence of radiance along similar rays can be utilizain91, Loof93, Kok93, Tell96, HavrO0f. Sec-
ondly, a visibility preprocessing can avoid ray shooting between invisible regions of the stan8q
Wo00903 Luka9g. Thirdly, some methods trace infinitely many rays enclosed in a bétenl84
Zwaa95 Rajk96 Funk9g Tell9g].
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Theray bundle tracingoroposed by Szirmay-Kalo$kir98a Szir98 shoots a set of parallel rays
through the scene according to randomly sampled direction. This approach allows to exploit a visible
surface algorithm for tracing many rays at the same time. When using the z-buffer the algorithm makes
use of the dedicated graphics hardware. The disadvantage of the method is that the rays are highly
correlated and in general more rays need to be traced to obtain sufficiently precise and unbiased results.

Further acceleration of ray shooting can be achieved by speeding up the ray/object intersection it-
self. This is usually carried out by object bounding volumes such as simple axis aligned boxes.
A different approach that uses duality to speedup the ray/polyhedron intersection was proposed by
Kolingerova [Koli97]. Recently, there have been attempts to accelerate ray shooting using SIMD exten-
sions of modern CPU&Nald0Z or a dedicated graphics hardwaRujc02.

Ray shooting can also be accelerated by exploiting temporal coherence of subsequent frames within
animation sequence&las88 Badt88 Chap90 Jeva92Bish94 Grol93.

C.5.2 Ray shooting using uniform grid

The uniform grid (UG) is one of the first accelerating data structures for ray shootogge]. It
subdivides the scene into equally sized cells. Within each cell a list of objects that intersect the cell is
maintained. Since the UG does not adapt to the distribution of the scene geometry a large number of
UG cells can be vacant. On the other hand the ray shooting algorithm for the UG can be implemented
very efficiently using a 3D-DDA algorithmAman87 Fuji86, Clea8§.

Starting from the cell containing the ray origin the UG is traversed along the ray direction. Within
each cell objects contained in the corresponding list are tested for intersection with the ray (see Fig-
ureC.5). The traversal is terminated when an object intersecting the ray is found or all relevant cells of
the UG have been visited. Typically many cells contain no objects, thus the traversal algorithm needs
to perform many steps until the intersection is found. To overcome this problem some methods use
precomputed zones where no ray/object intersection can doewig9, Cohe94 Semw9T.
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Figure C.5: Ray shooting using the uniform grid.

C.5.3 Ray shooting using kD-tree

kD-trees is a common data structure used to organize multi-dimensionaBasit&y § Same89h The
fundamental factor influencing the properties of a kD-tree is the positioning of partitioning planes. The
construction of kD-trees for ray shooting purposes was first studied by Kagptgtgds. A more elab-

orate method of MacDonald and BoottigcD9(Q uses asurface area heuristict® estimate the cost of
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the resulting tree. The kD-tree is built using a greedy algorithm that minimizes the expected cost of the
tree when choosing a partitioning planégvr004. Kaplan Kapl85 introduced thesequentiatraversal
algorithm for the kD-tree. A more efficiemecursivealgorithm was proposed by Jansen Jdafs8p

and further elaborated by Arvé\fvo88], Sung and Shirley$ung92 and Havran et al.Hlavr984. The
recursive algorithm performs a constrained depth first traversal starting from the root of the tree. The
traversal order and its constraints are determined by the mutual position of the ray and the partitioning
plane corresponding to the currently visited node.

The ability of the kD-trees to adapt to the scene geometry is paid by the overhead of the traversal of
the interior nodes of the hierarchy. Additionally even if the location of the origin of the ray is known the
recursive traversal proceeds again from the root of the tree. A method overcoming these problems uses
neighbor-links (ropes)NlacD9Q Havr984 in the scope of a non-recursive traversal algorithm. Ray
shooting using kD-tree is illustrated in Figu@et.
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Figure C.6: Ray shooting using the kD—tree.

C.6 Global visibility

The aim ofglobal visibility computations is to capture and describe visibility in the whole sdensP4.

These methods are typically based on some fortmefspace subdivisiothat partitions lines or rays

into equivalence classes according to their visibility classification. Each class corresponds to a contin-
uous set of rays with a common visibility classification. The techniques differ mainly in the way how
the line space subdivision is computed and maintained. A practical application of most of the proposed
global visibility structures is still an open problem. Prospectively these techniques provide an elegant
method for ray shooting acceleration — the ray shooting problem can be reduced to point location in
the line space subdivision.

C.6.1 Visibility complex

Pocchiola and Vegter introduced the visibility compl&ofc93 that describes global visibility in two-
dimensional scenes. The visibility complex has been applied to solve various visibility problems in the
plane Rivi95, Rivi97b, Rivi97a Orti96]. The visibility complex was generalized to 3D by Durand et

al. [Dura9g. Nevertheless, no implementation of the 3D visibility complex is known.
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C.6.2 Visibility skeleton

Durand et al. Pura97 introduced thevisibility skeleton Visibility skeleton is a graph describing the
skeleton of the 3D visibility complex. The visibility skeleton was implemented and verified experimen-
tally. The results indicate that its worst case comple&ify.* log n) is much better in practice. Recently
Duguet and Drettaki€fjugu0g improved the robustness of the method by using robust epsilon-visibility
predicates.
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