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Abstract

This thesis reviews methods for building bounding volume hierarchies (BVH) for ray
tracing. It focuses on techniques applicable to interactive applications with dynamic
scenes. Based on the research of these techniques, two e cient BVH construction algorithms
that use tight bounding volumes, such as OBB and ODOP, are implemented. For the
implementation, available codes in the CUDA language were used and uni ed inside a
common framework. The resulting BVHs were compared in terms of their construction
speed and ray tracing speed on six di erent scenes. The bottlenecks of this construction
were discussed, and possible improvements were suggested.

Keywords: Bounding volume hierarchy, OBB, ODOP, ray tracing, CUDA.
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Abstrakt

Tato prce se zalyva metodami stavby hierarchie okalek (BVH), ktee jsou vywitelre
v algoritmech sledowan paprsku. Sousted se na techniky aplikovatelre pro interaktivn
aplikace pracujc s dynamickymi senami. Na zklacke dkladre analzy echto technik
dva efektivn algoritmy na stavbu BVH, vywvajc £sra otalkowa tlesa, jako nagklad
OBB a ODOP, byly naimplementovany. Pro implementaci a integraci echto metod
do jednotreho frameworku byly vywity dostupre lody v jazyce CUDA. Wsledre BVH
jsou porovrany na aklace casowe raranosti jejich stavby a rychlosti sledovan paprsku
otestovare nasesti uzrych serach. Prce dile diskutuje takzvara uzlka msta jejich
konstrukce a navrhuje mara vylegsen.

Ktowa slova: Hierarchie olalek, OBB, ODOP, sledovan paprsku, CUDA.
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Chapter 1

Introduction

In the fast changing and highly competitive eld of computer graphics, achieving
real-time rendering with realistic results is a necessity. This is a challenging process
that requires special approaches to the rendering. This thesis aims at exploring these
approaches focusing on the optimization of ray tracing techniques which produce highly
photo-realistic images.

1.1 Motivation

As the realistic approach to rendering scenes is more and more aimed at the gaming
and entertainment industry, new and improved methods have to be introduced to render
the scene quickly to meet the demanding requirements.

The ray tracing method is one approach to realistic rendering as it enables achieving
global illumination in the scene. Figure 1.1 shows a photo-realistic image rendered using
the ray tracing method.

However, naive ray tracing is very slow, and acceleration data structures enabling fast
traversal of the rays through the scene are essential during this process. There are many
options for the di erent data structures, each with advantages and disadvantages tting
more into di erent algorithms and their expected results.

Figure 1.1: This computer-generated image, created by Enrico Cerica using OctaneRender, shows
realistic ray tracing techniques, including glass distortion, di use lighting and frosted glass. Image taken
from NVIDIA Blog, 2018 [26].

One of these data structures is the bounding volume hierarchy structure (BVH). This
structure uses bounding volumes to encapsulate the scene primitives in geometry objects.
It makes it possible for the ray to quickly and e ectively traverse through the hierarchy
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to the intersected leaves.

Many algorithms have been presented implementing the construction of the bounding
volume hierarchy data structure. One of them is the Parallel Locally-Ordered Clustering
for Bounding Volume Hierarchy Construction (PLOC) algorithm that uses the axis-aligned
bounding box (AABB) as the bounding volume encapsulating the scene objects [20].

However, even though the axis-aligned bounding volume o ers simplicity and e ciency
in the BVH construction and handling ray tracing queries, these volumes don't o er as
tight t as some other bounding volumes.

There is a wide possibility of di erent types of bounding volumes that can be used
in the hierarchy structure. One of them is the oriented bounding box (OBB), which
generally creates tighter- tting encapsulation of the scene objects thanks to its adaptable
orientation. The use of this type of bounding volume brings its benets as well as
drawbacks.

In scenarios where tighter bounding volumes are preferred while the time of the BVH
construction isn't as critical, OBBs are a perfect option. OBBs bring a good balance
between the tightness of the volume over the geometry. These volumes reduce the number
of intersection tests while increasing the construction time. This fastens up the entire
rendering process with a decrease in the construction performance.

1.2 Goals of the Thesis

Specialised BVH builders are essential for the construction of OBB BVH to keep the
construction time bearable as their construction is complex and computationally intensive.
This thesis focuses on such builders, exploring methods that signi cantly reduce the
number of intersection tests during the ray tracing process.

One of discussed methods, the method proposed by Vitsas et al. 2023 [34], transforms
an already existing AABB BVH into an OBB BVH. Another approach is brought by
method developed by Sabino et al. 2023 [28], which builds the OBB BVH using ODOPs
with the use of the PLOCTree algorithm.

This thesis discusses these methods for constructing OBB BVH along with the PLOC
algorithm which produces AABB BVH. It details their speci cs with their advantages for
the BVH construction. This data structure is then used for rendering 3D scenes with the
ray tracing rendering method.

The goal of the thesis is the implementation of these two methods and comparison of
the resulting BVHs in terms of their construction speed and ray tracing speed on eight

di erent scenes. It aims at identifying bottlenecks of this construction and suggesting
possible improvements.

1.3 Structure of the Thesis

The rst part of the thesis presents the theoretical background with a brief description
of the ray tracing method and acceleration data structures, focusing on the bounding
volume hierarchy. The description of Morton Codes follows with the introduction to the
Agglomerative Clustering used in the PLOC algorithm.

Then, the thesis introduces related work in chapter chapter 3. It gives details of the
algorithm propsed by Vinkler et al. 2017 [33] with the PLOC algorithm. Finally, it
explains the DITO algorithm proposed by Lengyel, 2011 which is exploited in one of the
methods.

The chapter 4 follows, introducing both methods for the OBB BVH construction. It
presents the details of both methods important for their implementation.
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The nal implementation is described in chapter 5. The details of the implementations
are provided of how the methods were implemented, taking advantage of an already
implemented PLOC algorithm project implemented by Daniel Meister et al. [5].

The results of the implementation tested and measured on eight scenes follow in
chapter 6 chapter, along with the project's conclusion written in chapter 7.



Chapter 2

Theoretical Background

This chapter sets a theoretical background necessary for understanding the technical
terms used throughout this thesis. It de nes and describes the ray tracing process which
produces a realistic images of a rendered 3D scene. Another method used for rendering
images is the Path tracing used in many modern realistic rendering methods.

The chapter follows by presenting optimizations of the ray tracing algorithms where the
acceleration data structures stand out. It discusses di erent acceleration data structures
with their own variations and specics, and focuses on one speci ¢ data structure, the
bounding volume hierarchy. An important metric of a quality of a data structure which
tells how fast the ray tracing will be over this data structure is a surface area heuristic.
This chapter nishes with talking about this heuristic.

2.1 Ray Tracing

There are many methods of rendering a 3D scene. One of them is ray tracing, a widely
used technique in modern graphics ensuring realistic visualisation of a 3D scene consisting
of scene primitives. This method uses rays shot for each pixel of the scene. The rays
are then followed until the intersection with a scene primitive is obtained. This method
produces much more realistic results than rasterizing methods. The details of this method
are described in this section. Additionally, there is also an improved version of ray tracing
using a statistical approaches producing even more realistic results: path tracing. This
section mentions this techniques as well.

2.1.1 Ray tracing variants

The ray tracing method is a method of computing global illumination in the scene.
The ray tracing algorithm has two main variants, tracing of primary rays and tracing of
secondary rays [37].

Tracing of primary rays (Ray casting): An idea of ray casting is shooting a ray from
the camera's position through every pixel. The method aims to nd the closest object hit
by the ray. This means nding all intersections of the ray with the scene primitives and
selecting the closest intersected object to the camera's position. The resulting colour of
the pixel is computed using illumination models like the Phong model.

The naive approach means testing every scene primitive for an intersection with the
ray. The time complexity for this naive implementation is O(mn), where M is the number
of scene primitives, and N is the number of shot rays.
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Whitted Ray Tracing: As the primary rays don't consider any re ections or refractions,
the rendered result does not look realistic if there are some indirect e ects in question.
The algorithm does not stop when the ray intersects an object in this method. It follows
other "secondary" rays bounced o the surface or transmitted and scattered through the
object. Additionally, to create realistic shadows, light sources add to the colour only if
they illuminate the position of the intersection. To account for this, shadow rays are shot
directly towards all the light sources in the scene, with the origin in the hit position. The
computed colour is an addition of the colours obtained from these rays. This approach
accounts for shadows and re ections or refractions, which makes the rendered result more
realistic.

Both primary and secondary rays are visualized in Figure 2.1.

Figure 2.1: Visualization of ray tracing. Primary rays are traced back from the camera to the scene
until an intersection with an object is found. The secondary rays originate at the intersection point.
Shadow rays are shot in the direction of light sources to "shade" the ray. The other secondary rays

computing re ections and refraction e ects are shot following the laws of re ection and refraction. This
makes the method recursive, as more rays can be shot from the intersection points of these secondary
rays. Image taken from T. Muller, 2006 [24].

2.1.2 Algorithm details

In terms of computer graphics, ray tracing usually stands for the variant of ray tracing
with casting secondary rays. The rayR(t) = O + tD is described by its origin O and
direction D, wheret 0 de nes the distance along the ray. Then, pointP = R(t) lies on
the ray [35].

The algorithm starts by generating rays that are shot from the camera through each
pixel. This means computing the ray's direction based on the camera’'s position in the
scene and the pixel it is evaluated for [11].

The ray cast to the scene is tested against scene primitives to nd the closest intersection
along the ray's direction from the ray's origin. If no intersection is found, the evaluated
pixel is assigned the background color.

At the point where the ray intersects the scene primitive, the shadow rays are shot to
each light source in the scene. If the rstintersection of the shadow ray with another scene
object is the light source, the light source lights the point and a ects the displayed colour
in the point. Otherwise, the point lies in the shadow of the light, and the light does not
contribute to the resulting colour-computing equation. The shadow rays are responsible
for rendering cast shadows.



After the contributions of the light sources are computed, the re ected and refracted
rays are cast from the point, and the whole process is repeated until the maximal depth
of the recursion is reached. The maximal depth of the recursion is set to stop the high
repetition of the re ections of the secondary rays from objects. The secondary re ected
and refracted rays are responsible for rendering re ections of other objects on the surface.

The resulting colour displayed in the pixel is evaluated as the sum of the colours
obtained from the shadow rays and the refracted and re ected rays.

The ray tracing method has a great advantage in the possibility of computing the
global illumination of the scene and the computation of re ections of other objects on
the surface or realistically visualizing transparent objects. It can also visualize caustics
appearing when the light is focused and then re ected by a specular surface [27].

This means that the ray tracing method is used when the realistic rendering is aimed to
achieve even despite the downgrade in performance compared to the rasterization method.
Thanks to the high programmability of GPUs driven mainly by the demand of the
computer games industry, it is possible to use GPU for ray tracing and photon mapping

[35].

2.1.3 Path Tracing

An improved version of ray tracing which correctly evaluates the indirect illumination
is called path tracing. It uses statistical techniques to solve a rendering equation that
takes into account how heat spreads in an environment. The rendering equation mimics
how light passes through the air and scatters from surfaces [25].

The equation is solved along the path of a satisfactory number of individual rays to
approximate the lighting in the scene accurately with ray tracing technique.

This is done using the Monte Carlo method which is used to solve the equation. This
brings an unbiased image estimate by generating random re ection/refraction directions.

It shoots multiple rays per pixel generating many primary samples and one secondary
ray per hit point which resembles single light path. [37].

A comparison between this technique and simple ray tracing and rasterization is visible
in Figure 2.2.

Figure 2.2: A trio of images rendered using di erent rendering techniques: path tracing (on the left)
which produces the most realistic image, ray tracing (in the middle), and rasterization (on the right).
Image taken from NVIDIA Blog, 2022 [25].



2.2 Acceleration Data Structures

Tracing a ray in a scene is a resource-intensive process. When done naively without
any data organization technique, each ray needs to be tested against every scene primitive.
The time complexity of the naive approach is O(mn), where m is the number of scene
primitives, and n is the number of shot rays. This would make rendering each frame very
time-consuming, even with a small number of triangles in the scene. This is especially
true for scenes with millions of triangles.

Performance can be improved by organizing the data in a scene region or by arranging
the data into an acceleration data structure. These methods signi cantly help speed up
ray tracing. During ray tracing, groups of triangles are ruled out by pruning branches of
the structure that are not intersected by the ray. When the ray does not intersect the
region or bounding volume represented by one branch of the structure, it cannot intersect
the primitives within this region or the bounding volume.

The ray-shooting algorithm's worst-case complexity isO(logN). On the contrary, the
algorithm's space complexity and preprocess time increase [31].

This means that a signi cant downgrade for these data structures is the time needed
for their construction and the storage requirement. The more e ective the acceleration
data structure is, the longer it takes to construct it [37].

One example of a high-quality acceleration structure is a kd-tree. The best algorithm
for constructing this high-quality acceleration structure has O(NlogN) time complexity

[4].

Shooting a ray through a data structure: The ray is followed from its origin along
its direction vector. It is tested against the root of the structure for an intersection. If
the ray does not intersect the bounding volume of the root, it does not intersect any scene
primitive, and the algorithm ends. If the ray intersects the root's volume, it is nested into
the hierarchy and recursively tested against the current node's children. This process is
repeated until the ray reaches a leaf. At this stage, it undergoes testing against all the
scene primitives stored in the leaf to determine an intersection.

Figure 2.3 depicts the process of shooting a ray through a data structure. Simple
improvement, such as partitioning the scene into a regular grid, signi cantly enhances the
performance of ray tracing by reducing the number of ray-primitive intersections.

Figure 2.3: Shooting a ray through a grid structure on the left and a more complex structure,
particularly octree, on the right. The grey regions visualize the intersected regions in the structure.
Source: Elmar Langetepe and Gabriel Zachmann, 2006 [14].



2.2.1 Partitioning techniques

Three methods exist for organizing data within a scene based on the partitioned
elements. The data structure can be created by organizing either space or objects or
through a combination of both approaches.

Spatial partitioning technique: This technique, as the name suggests, primarily
partitions the space. It subdivides the scene into grids or hierarchical regions that do
not overlap, fully covering the original spatial region. However, some scene primitives
may be split between multiple regions, resulting in duplicated primitives being stored in
the leaves. Examples of spatial partitioning data structures include the Uniform grid,
Binary Space Partitioning Tree (which splits the space into two equal regions by inserting

a plane in the middle of the current region), and octree (which subdivides the space into
eight equal regions). The kd-Tree is a special case of a BSP tree in which the splitting
plane is moved in one direction along one of the axes. Figure 2.3 shows an example of an
octree (quadtree in 2D) and a Uniform grid.

Object hierarchies: These structures are created by partitioning scene primitives into
subsets. In this technique, overlapping regions can be created in the process, and some
spatial areas do not have to be covered by the nal structure. The leading example of this
technique is the Bounding Volume Hierarchy.

2.2.2 Bounding Volume Hierarchy

Bounding volume hierarchy is a tree-like data structure encapsulating all scene objects
into a hierarchy. It stores the scene primitives in leaves and the enclosing bounding volume
in internal nodes. The bounding volumes are grouped into larger volumes with each higher
tree level, resulting in storing only one large bounding volume in the tree's root.

Figure 2.4: Visualization of bounding volume hierarchy built over a hand model, courtesy of Jeremy
Fisher et al, 2011 [9].

As mentioned, using an organizing data structure like BVH can signi cantly improve
ray-tracing performance. With the algorithm being able to prune out branches where the
ray does not intersect, the time complexity improves from linear to logarithmic, nearly
matching the complexity of a kd-tree [21].

Other benets of BVH are easy parallelization and the memory e ciency of the
structure, requiring storing mostly only minimal and maximal values of the bounding
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volume in the internal nodes.

There are two di erent approaches to constructing the hierarchy. It can be built up
either from top to bottom or from bottom to top.

Figure 2.5: BVH built over scene primitives. Primitives encapsulated in their bounding box are stored
in leaves in the nal hierarchy. The internal nodes represent constructed bounding boxes visualized with
the green colour in the left part of the image

There are various types of bounding volume hierarchies, with the main di erence
lying in the type of bounding volume used in the tree structure. The commonly used
bounding volumes include sphere, axis-aligned bounding box (AABB), oriented bounding
box (OBB), and discrete oriented polytope (DOP). These bounding volumes can be
characterized by how tightly they encapsulate scene primitives, the e ciency of intersection
tests, the memory e ciency of the BVHs, and how easily they can be updated. For
example, sphere BVH is fast in terms of constructing the whole structure and computation
of intersection tests. However, it often does not e ciently enclose complex objects within
the bounding volume.

Figure 2.6: Types of bounding volumes: sphere, axis-aligned bounding box (AABB), oriented bounding
box (OBB), eight-direction discrete orientation polytope (8-DOP), and convex hull. Image taken from
Christer Ericson, 2004 [8].

K-dops, on the other hand, can, in many cases, tightly t the object inside, leading to
more accurate collision detections and faster ray tracing. However, constructing the whole
structure takes longer, and the intersection tests of a ray and k-DOP are more complicated
than the intersection test of a ray with a sphere

The choice of the speci c type of bounding volume used in the hierarchy is a balance
between achieving tighter enclosure of the scene objects and faster construction. This puts
importance on using the correct BVH type based on what is expected from the algorithm
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it is used in.

2.3 Bounding volumes

Although an axis-aligned bounding box is, for its simplicity, the most used bounding
volume in a bounding volume hierarchy, there are cases where using simple bounding
volumes is ine cient. For example, when a lower ray tracing cost is needed and the
construction time is not as critical. As already mentioned in subsection 2.2.2, there are
various possibilities of which bounding volume could be used instead.

2.3.1 AABB

As the name suggests, an axis-aligned bounding box is a rectangular enclosure of the
primitive that is aligned with the canonical axes of the coordinate system in which it is
de ned, typically the standard X, Y, and Z axes in the Cartesian system. Since the sides
of the box are parallel to these axes, operations such as computing the bounding rectangle
for geometry or performing intersection tests are simple and e cient [11].

AABB in bounding volume hierarchy

Using axis-aligned box as the bounding volume in a bounding volume hierarchy simpli es
the construction of the hierarchy and the query tests. On the other hand, it results in less
tight geometry t compared to more tting volumes.

Each node of the hierarchy stores only the minimum and maximum bounds of the
bounding box along the parallel planes de ning slabs of the bounding volume. This
requires storing 3 2 oat numbers, which equals to 24 bytes of memory per node. This
calculation does not include pointers to child nodes, parent nodes, or other hierarchy-related
data since these components are consistent across all bounding volumes.

Some ray tracing kernels require the parent node to store its children's bounding boxes
instead for e cient access during the ray tracing process [1]. In that case, each node
consumes 48 bytes of memory.

2.3.2 OBB

An oriented bounding box is again a rectangular enclosure of the primitive as the
AABB. However, its orientation is arbitrary with respect to the coordinate axes. The
advantages of OBB are invariance to translation and rotations, yet the collision test is
computationally more expensive than with AABBs [6].

OBB in bounding volume hierarchy

Using an oriented bounding box as a volume in a bounding volume hierarchy brings
a balance between the increased complexity of the hierarchy operations and the improved
tightness of the volume. The utilization of OBB optimizes both performance and accuracy
in spatial queries.

Each node of the hierarchy stores the axes that determine the orientation of the
rectangle along with the absolute values of the extents of its bounding box. These extents
are measured along those axes from the centre point of the bounding box. Additionally,
the midpoint in the standard base is stored in each node as well.

The centre point is represented by 3 oats, axes by 9 oats, and extents by 3 oats,
which sums to 60 bytes of additional memory needed per node.
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2.3.3 DOP

The object's most complex bounding volume is the convex hull. On the other hand, it
is complicated to construct in a performance and memory utilization manner. The next
option is a discrete-oriented polytope (DOP). A DOP is one of the most complex bounding
volumes. It is a generalization of AABB volume.

k-DOP

k-DOP has an additional de nition of the k number of hyperplanes speci ed by normal
vectors that determine its shape. The planes are brought closer to the enclosed object
until they collide [6].

Figure 2.7: Examples of k-DOPs with di erent k values. Image created by Gabriel Zachmann et al.,
2005 [36].

With k being 6, the resulting polytope has six faces, each having a de ned normal
vector. The normal vectors are: ( 1;0;0);(0; 1;0);(0;0; 1)and the polytope corresponds
to the axis-aligned bounding box. Examples of di erent k-DOPs based on the value of k
are shown in Figure 2.7 [14].

k-DOP in Bounding Volume Hierarchy

Using k-DOP as the bounding volume in BVH brings an immense benet. The
complexity of the geometric shape and the tightness of the encapsulation of the object
tted inside the volume saves time during the ray tracing process. As already mentioned
in the chapter 2, fewer scene primitives stored in the leaves of the hierarchy are tested
against the ray intersection, which lowers the performance cost of ray tracing.

k-DOP volumes are stored in the inner nodes of the hierarchy and share a set of normals
among the whole hierarchy. This means there cannot be, for example, a combination of
6-DOPs and 14-DOPs in the BVH.

Since the set of normals is xed, the k-DOP volume requires storing only the minimal
and maximal values along the normal vectors of the volume. Each k-DOP is then de ned
by k/2 number of minimal and maximal values making it k*4 bytes of memory.

2.4 Cost Model

A cost model of the hierarchy was introduced to measure the quality of the built
hierarchy. One of them is the surface area heuristic (SAH).
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24.1 SAH

The construction time of the hierarchy is minimal compared to the time it takes to
traverse the hierarchy and calculate the ray/object intersections. This makes it useful to
build a more e cient hierarchy that takes into account the additional time saved during
hierarchy traversal [18].

The probability of a ray intersecting a node of the hierarchy equals the surface area of
the node divided by the surface area of the root if the rays meet [30]:

" the ray's origins and directions are uniformly distributed across the object space
" ray origins are su ciently far from the object.
~ all rays intersect the bounding volume for the entire scene

This results in intersection estimates [18]:

X sA®)
Number of interior nodes hit per ray = - SA(root)
X sA)
Number of leaves hit per ray = - SA(root)
X' sa(y N(I)
Number of objects tested for intersection per ray = ‘: " SA(root)

where the various quantities are:

" Nj = number of interior nodes

" N; = number of leaves

SA(i) = surface area of interior node i

SA(l) = surface area of leaf nodel

~

N(l) = number of objects stored in leaf |

Given these estimates of each type of node, the cost of the whole hierarchy can be
computed as a sum of these three values. The cost of the tree is then given by:

PN , Pn PN
Ci 2y SA@l)+ C 2 SA()+ Co 2 SA(l) N(I)

cost of tree =
SA(root)

where

" C; = cost of traversing an interior node

" C, = cost of traversing a leaf

" C, = cost of testing an object for intersection

These values are considered to be constants for each hierarchy.
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2.5 Morton Codes

Morton Codes is a way of mapping multidimensional data onto a one-dimensional
curve. It is named after G. M. Morton, who introduced the usage of the Morton Codes
ordering in le sequencing described in 1966 [23].

The main idea behind the Morton codes is that data close to each other in an area
should also be close to each other in the sequencing. It transforms provided data into
guantized vectors and orders them creating a curve connecting the data. Vectors with
subsequent Morton codes are then locally close to each other. The nal curve resembles
the letter Z as visualized in Figure 2.8; that's why it is also referred to as the Z-curve.

Figure 2.8: Z-curve visualized for four elements of data (frames).

Figure 2.9: Z-curve visualized for eight elements of data (frames).

Morton dealt with area data and divided the space into square regions called frames.
The Z-curve virtually connects these frames by ordering their Morton codes and creating
a sequence of these frames. Visualization of the Z-curve for di erent numbers of frames
can be seen in Figure 2.8 and Figure 2.9. It is noticeable that additional frames 4-7 added
in the second image hold the same relationship as a whole as the frames 0-3.

Each frame can be represented by two binary numbers (X, y) according to its actual
position, such as these rules proposed by Morton are followed:

1. Express the frame number in an even number of binary digits.
2. Starting with the leftmost bit, write down every alternate bit.
3. Starting with the second leftmost bit, write down every alternate bit again.

4. The number written in (2) is the binary representation of the x coordinate, and in
(3), the binary representation of the y coordinate.
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An example would be frame 14. 14 can be written as 1110 in binary form. This binary
number would then be split into parts 11 and 10, while 11 represents the x coordinate and
10 represents the y coordinate. 11 is 3 in decimal form, and 10 is 2 in decimal form. This
means that frame 14 would lay on position (3,2). This example can be veri ed in Figure
2.10 where number 14 lies, as computed, on position (3,2).

Figure 2.10: Z curve created for 16 frames

Morton codes are heavily exploited in BVH construction for e cient approximate
spatial sorting of scene primitives [7, 15, 20].

2.5.1 Constructing BVH Using Morton Codes

As mentioned earlier in this section, the Morton Codes can be used for sorting scene
primitives by representing them as points and encoding them. These sorted points can
then be composed into clusters creating BVH recursively. There is also a critical property
these clusters hold: Di erent clusters can be distinguished by a change of a bit in the
Morton code on a particular bit position.

There are two main approaches to constructing the BVH using the Morton codes.
Lauterbach et al. came up with a method called LBVH. This method sorts primitives by
their centroid, nds changes in the bits, and recursively builds the hierarchy [16].

The other method, called HLBVH introduced by Garanzha et al. is similar to the
LBVH method in the higher parts of the hierarchy but also uses a surface area heuristic to
further subdivide small clusters by computing the surface area of the bounding volumes
[10].

2.6 Agglomerative Clustering

Agglomerative clustering is a clustering of primitives based on similarity. It progresses
from the bottom to the top, merging similar objects (clusters) until only one cluster
remains. It starts in the leaves where only one object is stored and continues upwards,
building a hierarchical structure during the process.

Locally ordered agglomerative clustering: In each step, the algorithm nds the
nearest neighbour for each cluster. If both agree they are each other's nearest neighbours,
the closest cluster pairs are merged, creating one larger cluster.
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Chapter 3

Related Work

Many algorithms have been proposed for the construction of data structures, enhancing
the performance of ray tracing. This chapter discusses several of these algorithms, focusing
on the specic details of each, including data organization such as spatial partitioning,
hierarchical structuring, and di erent strategies of the BVH construction. Understanding
the dierent approaches to BVH construction, along with both their advantages and
disadvantages can help in selecting the most suitable BVH construction algorithm to
t speci ¢ requirements. It presents the Extended Morton Codes for High Performance
Bounding Volume Hierarchy Construction [33] with the Parallel Locally-Ordered Clustering
for Bounding Volume Hierarchy Construction [20] methods.

Additionally, this chapter mentions the DiTO algorithm, which e ectively creates OBB
bounding volume over a given mesh. This method is bene cial for forming the OBB
bounding volume used in BVH, enhancing the overall summed area of the hierarchy across
all nodes. This improvement brings more e cient ray traversal through the OBB structure
compared to the AABB BVH.

Fast ray tracing relies on e cient ray-volume intersection tests. Speci cally, ray tracing
with the use of OBB BVH relies on a fast ray-OBB intersection test. Consequently,
the chapter ends with the Fast and Robust Ray/OBB Intersection Using the Lorentz
Transformation method.

3.1 Extended Morton Codes for High Performance Bounding
Volume Hierarchy Construction

Vinkler et al. proposed a new extended use of Morton Codes in a BVH construction
that signi cantly improved the quality of the nal BVH without increasing the computation
time. Final BVH can almost match high-quality BVHs constructed with more time-complex
algorithms [33]. In this section, the algorithm is described along with the bene ts of this
approach.

The algorithm believes that objects with signi cant di erences in size should be during
the process of BVH construction separated. Large bounding volumes would severely
in uence the bounding boxes of smaller objects. These boxes enforce large bounding
volumes in the path from a leaf to the root. It causes the creation of not tightly tting
bounding volumes for small objects laying on this path after creating their common
bounding volume. The solution for this problem is to separate large objects from the
rest by encoding the object's size into the Morton code.

The Morton code has, after this addition, four coordinates (x, vy, z, s), where X, v,
Z encode the spatial position of the scene primitive and s its size in a normalized form.
The highest value of size representable with the given number of bits corresponds to the
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Figure 3.1: The visualization of the BVH construction using the extended Morton code with the
injected object's size. On the third level of the hierarchy, the splitting axis is considered to be the size bit
to subdivide the objects into two sections on smaller and larger objects. Larger objects are the ones that
are larger than the diagonal of the current box (shown in blue). lllustration from Vinkler et al. 2017 [33].

diagonal of the scene’'s AABB. The size bit is injected into the quantized spatial coordinates
to follow the sequence xyzsxyzs.

During the subdivision into subtrees, if the size is the current separation axis, objects
with the size bit set to 1 are perceived as larger than the currently evaluated box and are
separated into a di erent subtree. This subdivision is illustrated in Figure 3.1 on the third
level of the hierarchy.

In scenes with a large number of triangles or for shorter bit codes, encoding the size
could signi cantly impact the main subdivision by the spatial position of the object.
Vinkler et al. introduced a method of using fewer bits for size encoding by injecting the
size bits only every seventh bit. In other words, injecting it after two series of splits in
each axis leads to the bit sequence being constructed as follows: xyzxyzs.

3.2 Parallel Locally-Ordered Clustering for Bounding Volume
Hierarchy Construction

The Parallel Locally-Ordered Clustering for Bounding Volume Hierarchy Construction
(PLOC) algorithm took a slightly di erent direction in the bounding volume hierarchy
construction using the parallel approach to locally-ordered agglomerative clustering. This
algorithm can e ciently speed up the building of the BVHs while improving the ray tracing
over the structure [20]. This section summarizes the details of the algorithm.

The main idea of the algorithm is, as already mentioned in the introduction to this
section, the usage of parallel locally-ordered agglomerative clustering performed on a large
number of clusters. However, as mentioned in section Agglomerative Clustering, this
method needs to nd the nearest neighbour for each cluster in each step. Finding the
nearest neighbour is a time-consuming step that requires the help of a supporting data
structure, such as a Kd-tree. As Meister et al. pointed out, Kd-trees are unsuitable for
parallel processing, resulting in this structure being impossible to use in the implementation.

Meister et al. came up with a solution of using Morton codes with local exploration
for nding only the approximate nearest neighbour of each cluster in an ordered sequence,
signi cantly reducing the time of nding the nearest neighbour.
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Figure 3.2: The illustration of the nearest neighbour search of clusters along the Z-curve. In the image,
the red triangles are searching for their nearest neighbour. Image taken from Meister et al. 2018 [20].

Approximate nearest neighbour search: Firstly, the clusters are sorted based on the
Morton codes computed for their centroids. Secondly, the algorithm nds their nearest
neighbour along the Z-curve in a prede ned radius. The search interval is then< i

r;i + r> where r is the search radius, and i is the index of the currently evaluated cluster
Ci. Each cluster except clusterC; in the interval becomes a candidate of the nearest
neighbour. The distance between the candidate cluster and the currently evaluated cluster
is computed, and the candidate with the smallest distance value is marked as the nearest
neighbour of cluster C;. The process is demonstrated in Figure 3.2. Red triangles are
searching for their nearest neighbours along the Z-curve, and the distance of their search
is visualized with the red line.

3.2.1 Algorithm details

At rst, n bounding boxes are created for each triangle, and their Morton codes are
computed. The Morton codes are then sorted, which orders the triangles along the Z-curve.
Initially, every bounding box is one cluster being the input into the recursive merging
process of the clusters.

In each iteration, the algorithm nds the nearest neighbour in the one-dimensional
input bu er for each cluster. It continues with merging the cluster pairs that have agreed
on being each other's nearest neighbour. The merging process of a pair of clusters is
done only by the thread processing a cluster with a lower index to avoid conicts. The
second cluster is marked as invalid. Then, a new cluster is created. The whole algorithm
is demonstrated in Figure 3.3.

The nal phase of the iteration is called compaction, where invalid clusters being the
merging stage results, are removed after performing a parallel pre x scan. The pre x
scan produces values that help determine the indexes of the active clusters that are then
written into the output bu er. The global pre x scan must be done to determine the active
clusters to remove gaps formed along the Z-curve after removing the invalid clusters. No
additional sorting is required. The bene ts of such sorting would not prevail over the
high-performance cost of the operation.

The active clusters over a particular model in a speci c iteration are illustrated in
Figure 3.4.

At the end of each iteration, the input and output bu er are swapped, and the whole
process is repeated until only one cluster is present.
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Figure 3.3: lllustration of the algorithm showing ve iterations of the primary cycle that merged eight

clusters into one. Green nodes connected by a dotted line are merged clusters that agreed on being each

other's nearest neighbours. These merged clusters were the input to the next iteration along the clusters

that did not agree with their nearest neighbour and were not merged (red nodes). The illustration comes
from Meister et al. 2018 [20].

3.3 Fast Computation of Tight-Fitting Oriented Bounding
Boxes: DITO Algorithm

As already mentioned, one way how to fasten up traversing algorithms like ray tracing,
collision detection, frustum culling, occlusion culling, and other queries is by using tighter
tting bounding volumes. One of them might be the oriented bounding box (OBB). This
section discusses an algorithm that presents a way to compute high-quality OBB from a
set of vertices in a linear time [17].

3.3.1 Algorithm overview

The algorithm operates by generating a ditetrahedron from a small, constant number
of extremal vertices selected along prede ned axes. The resulting OBB is derived from
this ditetrahedron; more speci cally, the optimal orientation of the box is chosen. The
algorithm's running time depends on the number of prede ned axes along which the
extremal vertices are selected. Dierent instances of this algorithm are called DITO-k,
where k represents the number of selected vertices.

One of the twelve triangles of a ditetrahedron should most closely represent the geometry
orientation of most meshes. The algorithm iterates over all triangles of the ditetrahedron

Figure 3.4: The visualization of the active clusters over the Happy Buddha model in iterations 20 in
the left and 55 in the right images. The bounding boxes show clusters created in these iterations. Image
taken from the PLOC article by Meister et al. 2018 [20].
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and selects an orientation with the minimum-volume OBB. A comparison between an
AABB and OBB is visualised in Figure 3.5.

3.3.2 Algorithm details

The algorithm nds a tight- tting OBB de ned by a set of three axes de ning its
orientation, a midpoint and the box's extents from a geometry mesh. It works in three
main parts. At rst, the algorithm selects extremal vertices from the mesh. Secondly,
it generates a ditetrahedron from these extremal vertices. Finally, the algorithm iterates
over all triangles of the ditetrahedron and picks one from which a local reference frame
creates the smallest surface area OBB.

Extremal vertices selection is heavily dependent on a set ofs = % prede ned
axes. The algorithm nds k extremal points from a setP of geometry vertices by nding
vertices with minimal and maximal projection values along the prede ned normals. All
these extremal vertices are guaranteed to lie on the convex hull of the geometry. Lengyel
presents four various sets of normals with di erent k. These e cient sets are shown in
Table 3.1.

This approach resembles building a k-DOP over the vertices with k prede ned axes
representing the k-DOP's planes.

Ne N1o N7 Ni3
©0;La | Gal+a) | (100 (1,0,0)
01 a) | (0;a 1 a)| (06;50) (0;1;0)
(Lia0) | (a1+a0) | (0;0,1) (0;0;1)
( Lao)| (& 1 a0 | (LL1) L11)
@01 | A+aba | (L1 1) | (L1 1)
(&0 1) A+a0 a | (I L1 | (1 11
(G S R I P R O N (N H

1L 1 (1,1,0)
1 11 (1; 1,0)
1 L1 (1,0;1)
(1,0, 1)
(0;1;1)
(0;1, 1)

Table 3.1: Sets of normals for k = 12, 20, 14 and 26.

Finding axes of the OBB is a second part of the DiTO algorithm. In this part,
candidate axes are generated (candidate OBBs), and the best ones are kept (the OBB
with the smallest area). The rst step is nding the largest base triangle. This triangle is
de ned by two furthest extremal points p; and p, and a third point ps that is the furthest
point from a line passing through points p; and p,. Edges of this triangle are used to
generate three di erent candidate orientations. The axes are computed as:

& |
0 keok”
U=
17 knk

Uo> = Up Ug:

where n is a normal of the triangle and eg = p1  po. This step is repeated for the
other two edges, and the axes of the resulting OBB with the smallest area are kept.
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Figure 3.5: Comparison of computed boxes for a simple cube and star mesh by three di erent
algorithms. The rst column shows the AABB, the second column shows the OBB constructed by PCA
methods, and the third column shows the OBB by the DIiTO algorithm. The illustration taken from

Lengyel, 2011 [17].

The ditetrahedron is constructed by nding the two furthest points from the large base
triangle in both directions. See Figure 3.6 for an example of this process.

For every triangle of the ditetrahedron, three sets of axes are generated, as already
described earlier. As before, these axes represent a candidate OBB, and the ones that
represent OBB with the smallest area are retained.

The nal phase of the algorithm consists of tting every vertex into the nal OBB
and setting the nal minimal sy;sy; sw and maximal Iy; ly;ly projection values. It iterates
over every vertex of the geometry, projects the vertex onto the OBB's axes, and updates
the OBB's extents.

Finally, the algorithm determines whether the nal OBB is smaller than an initially
computed AABB. Otherwise, it is aligned with the AABB instead.

Figure 3.6: An example of a ditetrahedron created from a set of points with a large base triangle.
Image taken from Lengyel, 2011 [17].

3.4 Fast and Robust Ray/OBB Intersection Using the Lorentz
Transformation

Ray/AABB intersection is a relatively fast query that requires six scalar comparisons
to test the ray against three slabs representing AABB sides. However, the ray/OBB
intersection is a bit more di cult to query because of the box's orientation. This section
presents an algorithm that speeds up the ray/OBB intersection query by transforming the
ray into the OBB's local frame [29].
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Figure 3.7: Ray being transformed from OBB model space into a unit AABB space using the M oéB
matrix (lower blue arrow) and backwards from unit AABB space to the OBB in Model Space (upper
purple arrow). Image taken from Sabino et al. 2021 [29].

3.4.1 Ray/AABB intersection

As AABB can be decomposed into six axes-aligned hyperplanes, the intersection can
be written as:

tmin = 7Pmin O; tmax = Lmax O:
d d
where Pnin and Pnax are points de ning the planes, more speci cally, the corners of
the AABB, O is the origin of the ray and d is the direction of the ray. tmin and tmax are
the entry and exit points of the ray as it intersects the AABB. These values are calculated
from the ray's origin along its direction.
This can be simpli ed as:

S¢ = MiN( tmin; tmax);
st = mMax(tmin; tmax);
to = max(max( Sc:X; ScY); Sc:Z);
t1 = min(min( s :X; St 1y); St :2);

The ray and the AABB intersection exists if no overlaps exist between the closest and
farthest set of t's, meaningty tj.

3.4.2 Ray/OBB intersection

As was already mentioned, the ray/OBB intersection test can become quite complex.
This method provides a way of simplifying the query by transforming the ray into the local
coordinate system of the OBB and then applying the standard ray/AABB intersection.
This process is visualised in Figure 3.7.

To transform the ray into the local coordinate space of the OBB, it is multiplied by
the M OéB transformation matrix. This transforms the ray into the local frame where the
OBB is represented as a unit-axis aligned cube with spans ranging from [-0.5,0.5] in all
axes.

The matrix can be precomputed for a mesh's vertex seP. It is derived as a matrix
multiplication M ogg = TRS, where T is the translation matrix, S represents the scale
matrix, and the R is the rotation part. These matrices are extracted from the mesh by
the PCA method. The rotational part is computed as the eigenvectors of the covariance
matrix for P. The scaling part can be derived from the maximal and minimal coordinates
of the mesh after the rotation. Finally, the translation part is put together based on
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the sample meanP computed by the covariance matrix and the centroid V centre Of the
transformed mesh, as follows:

po= ! RT(Pi P);
i=1

Vn?in = min( P (b;
Vo, =max(P9;
Vc%nter = Vngl)in + Vrr?ax 0:5;

S=scale Vo, V.,
T=P+ va?anter;

MOBB = TRS:

The matrix M pogg transforms the unit AABB into the mesh's local OBB. This means
that the inversion of this matrix M 455 transforms a ray in the model space into the mesh's
unit AABB space. The ray is transformed using M aagg = M OéB M inst as followed:

0%= M angs O;
d00= M AABB d:
As the nal step, the transformed ray replaces the original ray in the ray/AABB

intersection, and the original OBB is replaced by unit AABB with extents [-0.5, 0.5] in all
axes. To point out, the resulting t is valid in the world space.
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Chapter 4

Building Bounding Volume
Hierarchies using Oriented
Bounding Boxes

As previously discussed, there are several advanced algorithms for the bounding volume
hierarchy construction. These algorithms present state-of-the-art builders for the BVH
construction. These algorithms tend to prefer the axis-aligned bounding boxes as bounding
volumes in the construction of the BVH. This is done due to their simplicity and e ciency
in the BVH construction and handling of ray tracing queries. Additionally, these volumes
don't o er as tight t as some other bounding volumes. However, in scenarios where tighter
bounding volumes are preferred while the time of the BVH construction isn't as critical,
oriented bounding boxes are used. OBBs bring a good balance between the tightness of
the volume over the geometry, which reduces the number of intersection tests and increases
the construction time.

Specialised BVH builders are required for the building of OBB BVH to keep the
construction time bearable as their construction is complex and computationally intensive.
One of these methods uses th®iTO algorithm (discussed in section 3.3) to transform
an existing AABB BVH into an OBB BVH. This algorithm can transform an already
generated AABB BVH into an OBB BVH. This transformation involves recalculating the
bounding volumes while keeping the topology of the hierarchy.

Another approach uses orthogonal sets of polytopes (ODOPSs) to build the OBB BVH.
This method uses ODOPs during the entire BVH construction process and, in the last
step, converts the ODOP in each node into an OBB by selecting the highest quality OBB.
The highest quality OBB minimizes the bounding volume's surface area and improves
traversal e ciency.

These advanced methods provide exibility in balancing the tightness of the bounding
volumes and the complexity of the construction process. This chapter discusses both
methods, presenting their speci cs and advantages.

4.1 Parallel Transformation of Bounding Volume Hierarchies
into Oriented Bounding Box Trees

As was already mentioned in chapter 2, an axis-aligned bounding box is a heavily used
bounding volume in bounding volume hierarchies. However, OBB provides a tighter- tting
bounding volume. DiTO algorithm, as presented in section 3.3, is an algorithm used for
bounding a mesh into an oriented bounding box. This section discusses a method that,
with the use of the DITO algorithm, transforms an existing bounding volume hierarchy,
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Figure 4.1: An illustration of the process of the OBB construction with the use of the DITO algorithm
in two dimensions illustrated by Vitsas et al. 2023 [34].

switching from axis-aligned bounding boxes to oriented bounding boxes. [34].

This method works as a post-process step over an already existing binary AABB
BVH. It uses a fast parallel approach to extract OBBs from an unordered set of points
and proposes a fast parallel agglomerative algorithm that computes high-quality OBBs for
all the hierarchy nodes.

41.1 Overview

This method parallelizes the DITO algorithm for execution on a GPU. It processes all
the steps of the DIiTO algorithm using separate kernels, as outlined in section 3.3. An
illustration of the DITO algorithm is shown in Figure 4.1. The algorithm's rst and last
steps are implemented using shared memory or warp-level shu e operations, which are
suitable for reduction operations. The results are written into the global memory using
atomic operations. The step of nding the ditetrahedron is a fast step that is also executed
on the GPU with a small kernel launch.

Figure 4.2: Propagation of the extremal values up the hierarchy, a rst step of the method of
transforming an AABB BVH into an OBB BVH. Extremal vertices out of a set of geometry vertices of
each leaf are selected and propagated to the parent nodes up the hierarchy. Image taken from Vitsas et

al. 2023 [34].

4.1.2 Method details

In the rst step of the method, the kernel is launched for all leaf nodes. It traverses
the nodes of the hierarchy bottom-up, updating the k extremal projection values for each
node and propagating them up the hierarchy. Each node keeps the corresponding extremal
points for these values. To minimize frequent writes to global memory, it only updates the
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Figure 4.3: A comparison between bounding volume hierarchy using the axis-aligned bounding boxes
and the one using oriented bounding boxes. It is visible that the one using OBB has a much more
improved tting of the actual geometry. The image comes from Vitsas et al. 2023 [34].

parent node's projection values when the second child reaches the parent node. The other
child node's values are fetched, and the parent's projection values are updated accordingly.
The visualisation of the propagation of the extremal values can be seen in Figure 4.2.

In the second step, the corresponding kernel is launched over all hierarchy nodes. It
uses the pre-computed extremal values and corresponding vertices to determine the base
triangle of the ditetrahedron. The method then utilizes these extremal points again to
determine the other two corner points of the ditetrahedron.

The third kernel is launched over all leaves of the hierarchy. The threads traverse
the hierarchy to the root and update the candidate OBB's extents. It propagates every
vertex of the leaf to the parent node and updates the parent's bounding box with atomic
operations. Not only does the second child that reaches the parent node propagate the
values and continue, but every thread continues until it reaches the root.

The algorithm's nal step is a kernel launch where the OBB is nalized for every
hierarchy node. Additionally, the transformation matrix of the node is calculated, which
is then passed to the ray tracer. It uses the approach presented in section 3.4.

The results of the method and the comparison between the AABB hierarchy and the
newly constructed OBB hierarchy can be seen in Figure 4.3.

4.2 Building Oriented Bounding Boxes by the intermediate
use of ODOPs

One approach to constructing a bounding volume hierarchy with volumes being oriented
bounding boxes is to transform an existing BVH, as described in the methodParallel
Transformation of Bounding Volume Hierarchies into Oriented Bounding Box Trees in
section 4.1. Another approach is to build the hierarchy using OBBs directly. This chapter
presents one of these methods, specically one that uses orthogonal sets of polytopes
(ODOPs) to achieve this [28].

42.1 ODOP

An orthogonal discrete oriented polytope is a volume whose extents are given by the
intersection of slabs. Groups of normals of the ODOP are perpendicular to each other,
forming orthogonal bases. An example of a set of uniformly distributed normals specifying
ODORP is visible in Figure 4.4.

Using ODOPs in this method brings the advantage of not having to process vertices
during the conversion to OBBs. This fact is due to the structure serving as a storage of
the unbiased topological features of the mesh.
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Figure 4.4:  Uniformly distributed normals (left), trios of orthogonal normals representing an OBB
(centre) and the intersection of all the OBBs creating the nale ODOP (right). The source of the image
is Sabino et al. 2023 [28].

ODOP Construction

Bases and Normals: An ODOP is de ned by N three-dimensional orthogonal bases,
which means that an ODOP of N bases has Bl normals. The bases are generated in a
way that they are uniformly distributed on the 3D sphere. As in k-DOP, each normal
represents a pair of hyper-planes called slabs. The minimdl; and maximal ; projection
values along normalq;;j = 1;2;3 de ne the distance these hyper-planes are placed from
the origin. This is illustrated in Figure 4.5 for a slab de ned by direction ¢ and its minima
'y and maxima .

Degree of ODOPs:

The degree of an ODOP describes the number of its bases. A D-degree ODOP,
D-ODOP, has N = D3 bases. This means that 1-ODOP has\ = 13 = 1 base representing
the AABB bounding volume with the canonical base as the only base.

An ODOP with a higher number of bases generally o ers a better t of the geometry.
However, on the other hand, it requires higher memory space and increased computational
time to evaluate the maxima and minima along each normal. This means that the resulting
OBB is a trade between tighter t and higher building requirements.

Conversion to OBB:

An ODOP base forms a parallelepiped. This means that the volume de ned by the
intersection of three orthogonal slabs forms an OBB. Because the nal ODOP bounds
the whole geometry, it is given that each OBB formed by the trio of orthogonal normals

Figure 4.5: Visualisation of a slab with direction ¢ and the minima !; and maxima ; that binds the
object illustrated by Sabino et al. 2023 [28].
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