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INSTANT BAY TRACING

Inveniors: Adexander Keller and Carsten Waechter
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Field of the Ihvention

The presenot nvention relaes gonerally to methods and systems for image readening in
and by digital computing svsiems, such ax for motion pictures and other applications, and in
particular, relates to methods, systems, devices, and computer software for substantially

mstanisnecus, precision ray tracing,

BACKGROUND OF THE INVENTION

The term “ray tracing” describes a techiique for synthesizing photorealistic images by

identifving all light paths that conneet light sources with cameras and summing up these
contributtons. The simulation traces rayvs aloag the line of sight to determine vistbility, and
waces ravs front the light sources in order to determine thanination,

Ray racing has become mainstrcam in motion pictures and other apphications.
However, current ray fracing techniques suffer from g number of known linutations and

weaknesses, including numerical problems, imited capabilitics to process dynamic scenes,

PCT/US2007/066972
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show setup of acceleration data structures, and large memory footprmts. Thas, cwrrent ray
racing techniques lack the capability to deal efficicntly with fully animated scenes, such ax
wind blowing through a forest or a person’s hair. Overcomning the Bmitations of current ray

tracing systems would also enable the rendering of, for example, higher quality motion blur n

LAy

movie productions.

Currerg attenypts to improve the performance of ray tracing svstens have fallen short
for a number of reasons. For example. current real-time ray tracing sysiems genorally ose
3ID-trees as their acceleration strocture, which are based on axis-gligned binary space partitions.
Because the main focus of these systems is on rendering static scenes, they typieally lail to
1) address the sipnificant amount of setup Hime required to construct the required dats structures

in connection with fully animated scenes. Along these lines, one manefacturer has improved
real-time rav tracing by building efficient 30-frecs and developing an algorithm able to shorten
the thme needed to raverse the ree. However, it can be shown that the expecied memory
recuirement for the svstem increases quadratically with an increase in the number of objzcls o
I3 beray-lraced
Another manufacturer has designed a ray tracing insgrated cirouit that uses bounding
volume bierarchies fo improve system performance. However, it has boen found that the
architectare’s performanse breaks down il too many mcoherent scoondary rays are traced.
In addition, attempts have made to improve system performance by implementing
20 3D-tree traversal algorithms using Held-programmable gate avrays (FPGAs). The main
increase in processing speed in these systers is obtained by tracing bundles of coherent rays
and exploiting the capability of FPGAs to perform rapid hardwired computations. The
construction of acceleration structures has not vet been implemented in hardware. The FPGA

implementations tvpically use floating poinl techaiques at reduced precision.

fnd
L

SUMMARY OF THE INVENTION

Ce aspect of the mvention relates to an improvement in g computer graphics system
of the tvpe comprising a computer and a display element, the display element being operable to
display a human-perceptible image in response to a display -conirolling clectrical putput from

3 the computer, the computer being operable 1o generate the display -controlling electrical output
based on caleulations of pixel values for pixels in the image, respective pixel valoes being
reprosentative of points i a scene as recorded on an tmage plane of a simulated camera, the
compater being operable to generate pinel values for an image using & ray-tracing methodology,

the ray ~tracing methodology comprising the use of a ray tree and an associated ray racing data

Lad
L

stracture, the ray tree including at least one ray shot from the pinel Wto a scene along a selected

direction, the ray-tracing methodology further comprising the calculating of the intersections of

i
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vavs and surfaces of objects i the scene, and the ray-tracing bemnyg deternuned i response ©
the resulls of processing of objects in an image.

Tn this aspect of the invention, the improvement comprises constrocling a hicrarchical
ray fracing acceleration dafa straslure comprising a tree structure, the nodes of which are
generated utilizing & bounding interval hicrarchy based on defining an axis-aligued scene
bounding box and two paralie] planes (o partition a set of objects v a scene i fefl objects
and right objects, and nxatching spiit planes to object bounding boxes, wherein:

{A) the two planes are perpendicular 1o a selecied one of x, ¥, or z-axes;

{B) given a splitting plane, cach object in an image is classitied either left or right
based on a lef¥right selection criferion, and two splitting plane values of the child nodes are
determined by the maxinmum and minimum coordinate of the left and right objects, respectively,

{C) given a bounding box and the selocied axis. a left child L results from replacing a
maximum value of a left object’s coordinates alony the selected axis by the first plane, and a
right child R results from replacing & minimum vahse of & right object's coordinates by the
second plane. and wherein any resoliing zero volumes are used o represont empty children,
and

{12y spliting planes are detcrmined by

(1) selecting candidate splittng planes by hierarchically subdividing an axis-
aligned scene bounding box along the longest side in the middle. wherein all
candidate sphitting planes form a regular grid;

{2) if a candidate plane is outside the bounding box of a volume clement o
subdivide, continuing with candidate planes front the hall where the volume
clement resides; and

{E) further compwising!

(a) recursively partitoning the bounding box into object bovnding boxes,

(b} i a split plane candidate separates objects without overlap, fitting the
resuiting spiit planes to the objects on the left and right, thereby maximizing
emply space, and

(¢) terminating the recursion when po more than a predetermined pumber of
objecis remains.

Iy another aspect of the invention, the left/right selec fion criterion comprises, given a
splitting plane, classifving cach object in an image cither fef} or right depending on which side
of the plane it extends most; and the construction of the hisrarchical ray tracing acceleration
data structure 1s based on bucket sorting. and comprises hierarchical execution of:

{A) computing a scene bounding box and average object size to determine resolation

¢ space, or slternatively, using a vser-gpecified

b

of an ordered. regular grid for partitionin

resolution,

5
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{B) allocating a counter for cach gnd eell,

{C) mitializing all counters. sach comesponding to a respective grid ocll, to zero,

{1y selecting a point for each object to increntent the respective counter for the grid
cell containing the selocted point,

(E) transforming counter vatues to offset values by replacing cach counter value by the
stm of values of all previous counlers,

{F3 allocating a global object index array,

{(3) using the offet values to sort the objects into buckets, using fov cach respective
object the corresponding point selected for incrementing the covnger for the grid celf containing
that point. and

(H) Tor each bucket, computing the bounding box of the objects ¥t contamns.

A further aspect of the invention comprisos the hicrarchical acceleration data structwre
only where ravs fraverse or where geometry is visible to the rav.

Yer a further aspect of the invention comprises configuring & processing and memory
streinre i accordance with the foregoing method, the processing and wemory structore being
operable to provida:

{&) pre-processing by sorting image triangles into buckets and storing corresponding
bucket values on a storage device,

(B} for rendering, crealing a top-level bounding interval hicrarchy out of the buckets,

without needing to construct the tree for the trangles mumediately. and wherem each bucket

that is intorsected by a ray creates its own tree otilizing on-demand creation of the tree,

£ wherein the bucket's triangles and the acceleration dats structure are stored 1.3
cache of either dynamic or fixed user-defined size, and

{1y wherein the bucket with the largest number of wiangles defines the maxinwum
nemory footprint.

In a further aspect of the invention, the amount of memory reguired can be bounded in
advance, linearly in the number of objects to be rav waced.

Those skilled in the art will appreciate (hat the mvention can take the form of a method
carried ont in computer sofiware, hardware, or g combination of software and hardware; a
computer-based device or system that carries out such methods: a somputer software product
gomprising computer-execntable code stored on a magnetic disk, RAM card, ROM clement,
FPGA, ASIC, or other processing and/or storage element that can be communicated with by a
compater, the code being executable by a computer fo carry oot such methods: or some
combination of such embodinents.

Tt will also be anderstood and appreciated by those skilled w the art that the mvention

can be practiced without a display clement. for example, and without vse of a particular,
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predefined computing apparates. For example, pivel values and inwage data can be created and
siored for later display.
These and other aspects will be discussed in greater detatl below w the following

Detadled Deseription of the Tovention and 1n connection with the attached drawing figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic diagram of a conventional personal compuier, or like
computing apparatus, in which aspects of the present fnvention can be deployed.

FIGS. 2A-B show schematic diagrams illustrating a conventional network-based
compuling system and network devices, m which aspects of the present invention can bo
deploved.

FIG. 3 is a diagram iHustrating an overall method in accovdance with a first aspect of
the present fnvention.

FIG. 4 is a diggram of a vy tracing provedurs, illestrating the problem of
sclf~mtersection,

FIG. 5 shows an example of a code lisung for implementing a described technigue for
gnvoding degeoncrsie irianglog.

FIG, 6 shows an example of a code listing for implementing a described technique for
exiending triangles for a robust intersection (sl

FIGS. 7A-TD show an example of a code histing for implementing a described tnangle-
Box inlersection technique.

FIG. 8 shows a diagram, i elevation view, of a partitioned axis-aligned bovading box
that is used as an acceleration data stracture in accordance with a farther aspect of the
INVENLon.

FIGS. 9-11 are a senes of diagrams, W isometric view, of the axis-aligned bounding
box shown in FIG. 3, illustrating the partitioning of the bounding box with L.- and R-planes,

FIGS, 12 and 13 are flowcharts of ray tracing methods according to forther aspects of
the mvention,

FIGS. 14A-14C show an example of a code listing for implementing a described
echnigue for traversing bounding volume hierarchies.

FIGS. 13A-C show a series of diggrams illustrating a technique according to a further
aspect of the invention in which a bounding box 1s mersected by an axis-aligned plase to
define a half-space.

FIG. 16 shows an example of a code Hsting for implementing a described lechnigque for
cncoding leaf nodes.

FIGS. 17A-D show an example of a code listing for implomenting the tracing of one
ray through a boyndiag volune hieraschy.

-5
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FIG. 18 shows a diagram of 3 bounding box that has been chipped by four axis-aligned
planes i accordance with a further aspect of the invention,
FIG. 19 shows an example of a code listing for implementing a data siructure in

accordance with the dlagram showa in FIG. 18,

3 FIGS. 20A-C show an example of a code listing for implementing a traversal of
bounding volume hierarchies using a tree buill using the dats structwre illustrated i FIGS. 18
and 19,
FIGS. 21A-D show a senies of images from animations and inleractive applications
generated vsing the deseribed ray tracing techniques,
10 FIGS. 22A~E and 23A-D are a series of diagrams illustrating differences between a
binary space pantitioning technigue and the described bounding interval hivrarchy techmique.
FIG. 24A shows an example of a code listing for implementing a techatgue for
defining a data structure for use with the described ray fracing techniques, and FIG. 248 shows
a memory lavout of the data structure.
i3 FIGS. 23A-D show a series of simplitied diagrams illostrating a described techuigus
lor determining candidate splitting planes without object analyvsis,
FIG, 26 shows a diagram of an exemplary bounding box coniaining six objects A-F.
FIG, 27 shows lowr generations of candidate sphitting planes superimposed over the
bounding box shown 1n FIG. 26,
20 FIG. 28 shows the sphiting planes of intevest in FIG. 27,
FIG. 29 shows a diagram illustrating how cach of objects A-F are contained in child
bounding boxes of various generations.
FIGS. 30A-D illustrate the first generation of children generated from the scene shown
i FIG 26,
25 FIGS. 31 A-C illusirate the sccond generation of children generated from the scene

gshown in FIG. 26

FIGS, 32A-C illustrate the third generation of chuldren generated from the scene shown
mn FIG. 26,

FIGS. 33A-E show the generation of children for objects A and B in the scene shown

A i FIG 26,

FIG. 34 shows a flowchart of & method according to a further aspect of the invention
for performing a bucket-sorting preprocess i corgunction with the construction of the
desceribed data structures.,

FIGS. 35-36 show a series of array pairs illustrating a technigue for in-place sorting of

Lad
L

abject indices w accordance with a further aspect of the invention.
FIGS. 37-42 show g series of tables illustrating the results of comparisons between
currently used techaigues and improved technigues according (o the present invention.

8w
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FIGS. 43 and 44 show flowcharts of overall techmiques in accordanee with deseribed
aspests of the invention.

FIG. 43 is a schematic block diagram of processing modules within a computer 162 i
accordance with one process of the invention.

FIG. 46 is a schematic block diagram of software product modules within a disk
fremovable or non-removable) or other storage element 126 n a computer or other processing

device in accordance with the imvention.

Preiatled Description of the Invention

Digual Processing Eavironmaend o
Which Invention Can Be Implemented

Before describing particular examples and embodiments of the inverdion, the
following is a discussion, to be read in connection with FIGS. | and 2, of underlyving digital
processing siructures and environments in which the invention may be implemenicd and
practiced.

it will be understood by those skilled i the art that the present invention provides
methods, svstems, devices and computer program producis that coable more efficient ray
gracing and other activities in computer graphics systems, whose output is typically a human-
perceptible (or digitally stored andior transmitted) image or series of images that can comprise,
for example, an animated motion picture, computer aided design representation, or other
vpical compuler graphics outpul. The present invention can thas be implemented as part of
the computer software or compuier hardware of a computer that formas part of 2 computer
graphics systen, along with a display. user interface elements such as a kevboard, tablet andfor
mouse, memory, storage, and other conventional computer graphios sysiem components,
While conventional components of such kind are well known to those skilled in the art, and
thus need not be described in groat detail herein. the following overview indicaies how the
present invention can be implemented bt conjunction with such components in 8 conpyter
graphics system.

Movre, particularly, those skilled in the art will understand that the present invention
can be utilized in the generation and svathesis of tmages. such as for display in & motion
pictwre or ather dynamic display. The techniques deseribed herein can be praciiced as part of a
computer graphics systen, in which a pixel value is generated for pixels i an image. The
pinel vahue is representative of a point in a scene as recorded on an image plane of a simulated
camera. The anderlving computer graphics system can be configured o generate the pivel
value for an image using a selected methodology. such as that of the present mvention.

The following detailed description Hlustrates oxamples of methods, siructures, systems,
and computer software products in sccordance with these technigques. 10will be understood by

T



i

3
e

fnd
L

L4l

L

WO 2007/124363 PCT/US2007/066972

LAy

£

&

those skilled in the art tat the described methods and systems can be implemented o sofiware,
hardwars, or a combination of softwars and hardware, using conventional computer apparatus
such as a personal computer (PC) or equivalent device opersting in accordance with (or
cmulating) a conventional operatng system sach as Microsolt Windows, Linux, or Unix, cither
in a standalone configuration or across a network, The various processing aspecis and means
described hercin may theretore be implemented in the software and/or bardware clements of a
properly configured digiial processing device or network of devices. Processing may be
performed sequenually or in paratiel, and may be implemented vsing special purpose or e~
coufigurable hardware.

As an example, FIG. 1 atdached hereto depicts an iHustrative computer svstem 16 that
can catry out such computer graphics prosesses. With reference to FIG. 1, the computer
gystem 10 in one embodiment includes a processor module 11 and operator interface clements
comprising opersfor input components such as a kevboard 124 andior a mouse 128 (or
digitizing tablet or other analogous element(s), generally identificd as operator input clemeni(s)
12y and an operator output chement such as a video display device 13, The illustrative
computer system 14 can be of a conventional stored-programe compater architecture, The
processor module 11 can include, for example. one or more processor. memory and mass
storage deviges, such as disk and‘or tape storage elements (not separately shown), which
perform processing and storage operations in conncction with digital data provided thersio.
The operator input clement(s} 12 can be provided to permit an operator to input mformation for
processing. The video display device 13 can be provided to display output information
gencrated by the processor module 11 on a screen 14 o the operator, including data that the
operator may input for processing, information that the operator may wput to control
processing, as well as information generated during processing. The processor module 1 can
generate information for display by the video display device 13 using a so-called “graplucal
gser mterface”™ {FGUI™Y, in which information for various applications programs is displayed
using various “windows.”

The terms “memony”, "storage” and "disk storage devices™ can encompass any
computer readable medivm, such as a compuier hard disk, computer Hoppy disk. computer~
readable flash drive, compuier-readable RAM or ROM clement or any other known means of
encoding digital information. The term "applications programs”, "applications”, "programs”,
"computer program product” or "computer software product™ can encompass any computer
program product consisting of computer-readable progeams instructions encoded andfor stored
o a computer readable medinnm, whether that medium is fived or removable, penmanent or
crasable, or otherwise  As noted. for example, in block 122 of the schematic block diagram of
FIO. 2B, applications and data can be stored on a disk, in RAM. ROM. on other removable or

fixed storage, whether internal or external, and can be dowrdoaded or uploaded, m accordance

-
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with practices and techniques well known in the art. As will also be noted in this docoment,
the present invention can take the form of soltware or a compuster program produst stored on a
compulerreadable medinm, or it can be in the form of computer program code that can be

uploaded or dowidoaded, or fixed 1o an FPGA, ROM or other electronic straclure, or if can

LAy

take the fonm of a method or a svstem for carrving out such a method. n each case, the
ivension is operable to enable a computer or compiter system 1o caloudsie a pixel value for
pixels in an image or scone, and the pixsl value can be used by other elements of a compuicy
graplics system, which can be conventional clements such as graphics cavds, display
controllers, or display clowments such as LCDs and/or CRTs, fo generate a display -controlling
1) clectrical or clectronic output. and ultimartely to enable the display of an image n a humarn-
perceptible form, andfor the storage of such an image {or data specifying sych an image) for
later display and/or processing.
Although the computer system 18 is shown as comprising particular components, such
as the kevboard 124 and mouse 128 for receiving inpot information from an operator, and a
15 video display device 13 for displaying outpadt information to the operatar, it will be appreciated
that the computer system 10 may include a variely of components i addition to or instead of
those depicted in FIG. L
In addition, the processor module 11 can include one or more netwvork ports, generally
identificd by reference nuwmeral 14, which are connected to commumication links which
20 comnect the computer system 16 1n a computer petwark. The network ports enable the
compuder system 1 to transnit information to, and receive information from, other computer
svstems and other devices in the nebwork. bra typical petwork organized according to, for
example, the client-server paradigm, certain computer systems in the network are designated as

servers, which store data and programs {gencrally. “information™) for processing by the oiher,

fnd
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chient computer systems, thereby 1o enable the clicnt computer sysiems 1o conveniently share
the information. A client computer svstem which needs access lo information maintained by a
particolar server will enable the server 1o download the information to it over the network.
Afler processing the data, the client compuler system may also return the processed data o the
server for storage. I addition to computer systems {including the above-described servers and
30 clients), a network may also include, for example, printers and facsimile devices, digital andio
or video storage and distribution devices, snd the bke. which nay be shaved among the various
computer systems connected 1n the network. The communication links inferconnecting the
compater systems in the network may. as is conventional, comprise any convenienl

information-carrving medium, inchading wires, optical fibers or other media for canyving

Lad
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stevials among the computer svstems. Computer svstems transfer wiormation over the network

by means of messages transferred over the conununication links, with cach message including

£
O

information gid an identifier identifving the device to receive the message.

e 9.



WO 2007/124363 PCT/US2007/066972

Iir addition to the computer system 10 shown in the drawings, nwethods, devices or
software products in accordance with the present invention can operats on any of a wide range
of conventional computing devices and svstems, such as those depicted by way of example in

FIGS. 2A and 2B {e.g.. network svstem 10803, whether standalons, networked, portable or fixed,

LAy

including conventional PCs 102, laptops 104, handheld or mobile compmives 106, or across the
fngernet or other networks 108, which may i tum include servers 110 and storage 112,

I ling with conventional compuler software and bardware practice, a software
application configured by accordance with the invention can operate withm, e.g., a PC 1R like
that shown in FIGS. | and 2A-B. s which program instructions can be read from ROM or CD
10 ROM 116 (FIG. 2B, magnetic disk or other storage 120 and loaded mio RAM 114 for

execution by CPU 118, Data can be input into the system via any known device or means,
including a conventional keyvboard, scanner. mouse, digitizing tablet, or other elements 103,
As shown in FIG. 2B, the depicied storage 120 inclodes removable storage.  As fusther shown
in FIG. 2B, applications and data 122 can be located on sone or all of fixed or removable
13 slorage or ROM. or downloaded.
Those skilled in the art will enderstand that the method aspects of the wvention
deseribed hercin can be excented in hardware elements. guch as a Freld-Programmable Gate
Array (FPGA) or an Application-Spesific Integrated Cirsuit { ASIC) constructed specifically to
carry out the processes described hersin, wsing ASIC construction techniques known to ASIC
20 manufacturers. Various forms of ASICs are available from many manufacturers, although
currently available ASICs do not provide the functions described in this patent application.
Such manufacturers inchude Indel Corporation and NVIRMA Corporation, both of S8anta Clara,
California. The actual semiconductor clements of a conventional ASIC or equivalent

integrated cirouit are not part of the present invention. and will not be discussed in detail berein,

23 Those skifled b the art will also understand that ASICs or other conventional
integrated circuil or semiconductor elements can be implemenied in such & manner, using the
teachings of the present brvention as described in greater detail herein, to carry out the methods
of the present invention as shown, for example, i FIGS. 3 et seq. discussed in greater detasl
below,

30 Those skitled in the art will also enderstand that method aspects of the present
invention can be carvied oul within commercially available digital processing svsiems, such as
workstations and personal computers (PCs), operating vader the collective command of the
workstation or PC's operating system and a computer program product configured in
accordance with the present mvention. The ferm “computer program product’” can Qucompass

33 any setof computer-readable programs nstructions encoded on a computer readable wmedium.

A computer readable medium can encompasg any form of computer readable element,

inclading, but not limited W, a computer hard disk, computer floppy disk, computer-readable

~ 10~
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flash drive, computer-readable RAM or ROM clement. or any other known means of encoding,
storing or providing digital information, whether local to or remote from the workstation, PC
or piher digital processing device or svstent. Various forpis of computer readable elenwents and
media are well known in the computing arts, and their selection s left to the implomenter. In
cach case, the invention is operable 1o enable a computer system to caloulaie a pixel value. and
the pixel value can be used by hardware elements i the computer system, which can be
porventional slemenis such ax graphics cards or display controllers, to generate a display-
controlling electronic output. Conventional graphics cards and display controliers are well
kuown in the compuling arts, are not necessarily part of the presert invention, and their

selection can be left to the implementer.

Embodimenis of the Invention

The mvention will next be described i detail m the following pages. taken in
connection with the attached drawing figuwes. Those skilled in the art will appreciate that
varions additions, sublractions, and other modifications and impdementations of the inveniion
can be practiced, and are within the spirit and scope of the present irvention.

Ag noted above, known forms of infegrated circuii or semiconductor clements such a8
FPGAs or ASICs can be implemented in such a manner, using the teaclings of the present
invention described herein, to carry oul the methods of the present invention as shown. for
example, in the drawings discussed in greater detail below.

The following discussion should thus be read with reference to FIGS. 3 et seq.; and is

organized into the following sections:

1. Real-Thnce Precision Ray Tracing
i Overall Method
2. Precision Ray Tracing Archutecture
2.1, Sclf-Intersection Problem
2.1.1. Floating Point Precision Ray Freeform Surface
Intersection
Ray -Triangle Intersection
High-Performance 3D-Tree Construction
2.3.1. Spliiting Plane Sclection
2.3.2. Mintmom Storage Construction

-~

2.3.3, Tree Prayung by Left-Ralaucing
-

?“) :F"»)
Tl B2

Inlersection
2.4. High-Performance Bounding Volume Hicrarchy
2.4.1. Construction
2441, Finding the Splitung Planes
2.4.1.2. Inefficient Axis-Aligned Bounding Boxes

2.4.2. Traversal
243 On-the-Flv Bounding Volume Construction
2.3, Radix Sort Processing

2.5.1. Counstruction on Demand
i1~
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3. Summary of Real-Tume Precision Ray Tracing Techunigues
4. Additional Technigues
A C’.mlstms:ting a Bounding Volume Hierarchy by Catting
off Half Spaces
3 4B, Clipping an Axis-Aligned Bouoding Box by Four Axis-
Aligned Planes
4. High-Performance Sctup of Acoeleration Data Structures
4D, Efficient Tree Entry Node Determination
4E. Bundle Traversal
10
IL Instant Ray Tracing
1. Inwroduction
2. Principles of Accelerated Ray Tracing
2.1, Accelerated Ray Tracing Based on Partitioning of Space
1. Space Partitioning Using Regular Grids
2. Binary Space Paruition
2.2, r'\c lg,rmg.,d Rav Tracing Based on Partitioning of Obyject Lists
2.1. Bounding Volume Hicrarchy
3 Suxnnmrixing Carrent Approaches to Accelerated Ray Tracing
The Bounding Inferval Hierarchy
3.1, Data Strugture
3.2, Ray Intersection
33 Cmm:m fion of the Hierarchy
3.1, Global Hewristic for Determining Sphitting Planes
1.2 Approximale Sorling
133, lmplementation Details
3.4, Constroction on Demand
4. Discussion
4.1, Momory Footpring
30 4.2, Nomerical Precision
4.3, Tracing Ensembles of Rays
4.4. Hardware Considerations
4.3, Massive Data Sets
4.6, Large Objects
Resulis
5. Conclugion

I
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I Real-Time Precision Ray Tracing
40 There are now described a precision ray tracing architecture and associated fechanigues.
The desoribed architecture and echniques address a number of issees, incloding problems in

rav tracing due to foating point quantizaiion and large memory requirements, as well as others.

1. Overall Method

43 FIG. 3 is a diagram depicting an overall method 200 in accordance with the echniques
desoribed herein. The method is practiced in the context of a computer graphics system, in
widch a pixel value s gencrated for cach pivel in an image. Each gonerated pixel value 1s
representative of @ point i 8 scene as recorded on an image plane of a sinndated camera. The
computer graphics system is configured o gencrate the pixel valae for an image using a

30 selected ray-tracmg methodology. The selected ray-tracing methodology ncludes the wse of a
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ray tree that ncludes at least one rav shot from the pixel into a scene along a selected direction,
and further includes calculations of the intersections of rays and objects (and/or merfaces of
objects) in the scene.

In the FIG. 3 maothod 200, bounding voleme lierarchies are used to caloulate the
mtersections of ravs and surfaces in the scene. In step 201, a bounding box of a scene is
computed. In step 202, it is dotermined whether a predetermined ternination criferion is niet.
i not, then in step 203 the axis-aligned bounding box is refined. The process continues
recursively wntl the tomunation oriterion 1s met. According to an aspect of the imvention, the
termination criterion is defined as a condition at which the boundiag box coordinates differ
only in ong nuit of resolution from a floating point representationy of the ray/surface
infersection point, However, the scope of the present invention extends to other termination
criteria,

The use of bounding volume luerarchics as an acceleration structure 15 advantageous
for a manber of reasons. The memory roquirements for bounding volume hievarchies can be
lincarly bounded in the numuber of ohjects 1o be ray traced, Also. as described below, bounding
volume hierarchies can be constructed much more elficiently (han 3D-trees, which makes them

very suitable for an amortized analyvsis. as required for fully animated scenes.

2. Precision Ray Tracing Architccture
The following discussion deseribes m greater detml cortain issues in ray fracing

technoloey, and particular aspecis of the imvention thal address those issues.
gy, ¥

2.1, Self-Intersection Problem

FIG. 4 is a diagram iuswrating the “self-interscction” problem. FIG. 4 shows a ray
tracing procedure 300, ncluding a surface 302, an observation podnt 304, and a light source
306. Tn order to svnthesize an image of the surface, a serivs of computations are performed i
order 1o locate ravs extending between the observation point 304 and the surface 302, FIG. 4
shows one such ray 308, Ideally, there is then caloalated the exact point of infersection 310
between the rav 308 and the surface 302,

However, due (o floating point arithmetic computations on computess, it is sometimes
possible for the calculated rav/surface interssotion point 312 to be different from the sctual
imersection poing 310, Forther, as Hustrated in FIG. 4, it is possible for the caleulated point
312 to be located on the “wrong™ side of the surface 302, In that case, when compuiations are
performed to locate a secondary ray 314 extending from the calculated rav/surface intersection
paint 312 to the light sowrce 306, these computatons indicate that the secondary ray 314 hits
the surface 302 at a sccond intersection point 316 rather than extending dircetly to the light
source 306, thus resulting in an imaging error.

V13-
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One known solution to the selfvintersection problem is to start each secondary ray 314
at a safe distance from the surface 302, This safe distance is typically expressed as a global

floating poit ¢. However, the determination of the global floating point ¢ depends heavily on

the scene, and the particudar location within the scene itself, for which an image is being

Lty

synthesized.

An aspect of the invention provides a more precise alternative. After arriving ata
calcnlated ray/surface inlersection poid 312 the calculated point 312 and the direction of the
ray 308 are then used o re-compule an intersection point that is closer to the actual intersection
point 310, This re-comptation of the intersection poing is incorporated byo the ray trachng
10 sechnique as an iteration that increases precision. I the eratively computed inersection point
tums out to be on the “wrong” side of the surface 302, it is moved to the “correct” side of the
surface 302, The deratively computed interseotion point can be moved along the surface
normal, or along the axis determined by the longest component of the normal. Instead of using

a global foating point ¢ the poini is moved by an bueger ¢ to the Tast bitx of the floating point

o
=2

raantiseas.

The described procedure avoids computations in double precision and has the
advantage that it implicidy adapts to the scale of the floating point number, which is
detesmined by iis exponent. Thus. in this implomentation, all secondary rays duectly start

from these modified points making an c-offset ponecessary. During indersection computation,

20 it can therefore be assumed that the ray interval of validity to begin at O rather than some offset.
Modifying the integer representation of the mantissa also avoids numerical problems

when interseciing a triangle and a planc is order to decide which points are on whai side.

2.1.1. Floating Point Precision Ray Freeform Surface Intersection
35 Exploiting the convex hall property of convex combinations, tdersections of rays and
freeform surfaces can be found by refining an axis-aligned bounding box, which contains the
point of intersection nearest to the ray origin. This refincment can be continued until the
resolution of flogting point numbers is reached, Le., unul the bounding box coordinates differ
only in ong nait of resolution from the floating point represerdation. The self-intersection
30 problem then is avoided by selecting the bounding box comer that is closest to the surface

normal in the center of the bounding box. This corner point then is ased to start the secondary

ay.
2.2, Ray-Triangle Interscction
33 The above-described “ray object ittersection test™ is vary efficient and benefits from
the gvoidance of the self~iniersection problent. Afier constructing the acceleration data
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structure, the wiangles are transformed meplace. The new representation encodes degenerate
riangles so that the interseciion test can handle them withowt extra effort. FIG. 3 shows an
example of a code listing 328 for implementing the described technigue. §t of cowrse is also
possible to just prevent degenerale iangles fo enter the graphics pipeline,

The test first determines the intersection of the ray and the plane of the triangle and
then exchudes intersections outside the valid bwerval }, resultafar] on the ray. This is achieved
by only ong integer test. Note that the +0 18 excluded from the valid interval, This is imporiant
i denormalized floating point numbers are not supported.  If thus first deternunation is
successiul, the test proceeds by computing the Barycentric coordinates of the intersection.
Nite that again only an integer test. L.e., more specifically only testing two bits, is required o
perform the complete nclusion test. Thus the number of branches is minimal, In order to
enablc this efficient test, the edges and the normal of the triangle are scaled appropriately in the
transformation step.

The precision of the test is sulficient (o avoid wrong or missed ray intersections,
However. during fraversal situations wmay occur i which it is appropriate to extend the
wiangles for a robust intersection fest. This can be done before wansforming e tangles,
Since the wiangles sve projected along the axig identified by the longest component of their
normal, s projection case has to be stored. This is achieved by couaters in the leaf nodes of
the acceleration data stracture: The triangle references are soried by the projection case and a
leaf contains a byte for the number of giangles in cach class. FIG. 6 shows a code listing 340

for implemeating this aspect of the invention.

2.3. High-Performance 3D-Tree Construction

A further agpect of the prese invention provides an improved approach for
constructing acceleration data structures for ray tracing. Compared with prior software
implementations that follow a number of different optimizations, the approach described herein

vields significantly flatter trees with superior ray racing parformance.

2.3.1 Spluting Plane Sclection

Candidates for spliting planes are given by the coordinates of the triangle vertices
ingide the axis~-aligned bounding box to be partitioned. Note that thig includes vertices thal
actually He outside the bownding box, but have at feast one coordinate that Hes i one of the
three intervals defined by the bounding box. QOui of these candidates, there i3 selected the
plane closest to middie of the longest side of the cwrent axis-aligned bounding box. A further
aptimization selects only coordinates of triangles whose longest component of the surface
normal matches the normal of the potential sphitting plane. This procede vields nyuch flatier

wees, since placing splitting planes through the triangle vertices imphicitly reduces the number

~1
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of triangles split by splitting planes. Tn addition, the surface s approximated tghtly and empty
space iy maximized. 1 the number of wiangles is higher than a specified threshold amd there
are no more candidates for splilting planes, the boy is split in the nuddic along its longest side.
This avoids inefTiviencies of other approaches, ncluding the use, for example. of long diagonal

objects.

2.3.2. Mininam Storage Constrastion

The recursive procedure of deciding which triangles belong to the lelt and right child
of a node in the hicrarchy has typically required extensive bookkeeping and memory allocation.
There is 8 puch simpler approach that only fails in exceptional cases. Only two artays of
references 1o the objects to be ray traced are allosated. The first array is inttialized with the
objeot references. During recursive space partition. a stack of the clemends on the left is grown
from the beginning of the array, while the elements, which are classified vight, are kept on a
stack growing from the end of the array towards the middle. In order (o be able to quickly
restore the elements that are infersecting a sphit plane, e, are both left and right. the second

array keeps a stack of thern. Thus backtracking is efficient and sumpls.

233, Tree Praning by Lefi-Balancing

Instcad of pruning branches of the tree by using the surface arca heuristic, tree depth is
proned by approxinately left-balancing the binary space panition starting rony a fixed depth.
As observed by exhaustive expecimentation, a global fixed depth parameter can be specified
acrass @ vast variety of scenes. This can be understood by observing thal afler a cerfain
amount of binary space partitions usnally there remain connected components that are

velatively flat in space.

23.4. High Numerical Precision Triangle Rectangle Interscotion

In order to decide whether a triangle intersection the splitting plane is contained in the
lefl and/or right pastition of @ bounding box. a numerically optimized 2d-version of a triangle-
box interscction technigue has been developed. There is first compuied the infersection of the
wiangle with the splitting plane. A check is then performed as to how this ine Hes relative to
the rectangle give by the inisrsection of the splitting plane and the bounding box. FIGS. 7A-D
show an exemplary code bisting 360 for implementing the desenbed technique. Despite the
apparent complexity of the code, the techaigue is more efficient and numerically stable than

previous methods.

~ 16~
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2.4, High-Performance Bounding Volume Hierarchy
Using bounding volume hierarchies, each object o be ray traced is referenced exactly
ance. As a consequence, and in contrast with 3D-trees, no mailbox mechanisms are required (o

prevent the multipls lersection of an object with a ray duning the traversal of the hisrarchy.

LAy

This is a significant advantage from the viewpoint of sysiem performance and makes
implementations on a shared memory systen much stmpler. A second impestant consequense
is that there cannot be more inner nodes in the tree of a bounding volume hisrarchy than the
total number of objects to be rav-traced. Thos the memaory footprint of the acceleration data
structars can be linearly bounded in the number of objects before constraction. Such an ¢
10 priori bound is not available for the construction of a 3Dree, where the memory complexily is
expested to increase guadratically with the number of objects to be ray-traced.

Thus, there is now described a new concept of bounding vohume bicrarchics that are
significantly faster than current 3D-tee rayv tracing techmgques, and in which the memory
requiremenis grow lincarly, rather than expected quadratically. with the number of objects to

I3 beray-lraced

241, Construction
The core concept that alfows bounding volume hierarchies to cutperform 3D-trees is to
focus on how space can be partitioned, rather than focusing on the bounding vohumies
20 themselves.
Ta a 3D-iree, a boonding box s pattitioned by a single plane. According to the present
aspect of the wvention. two parallel planes ave used to define two avis-aligned bounding boses.
FIG. B s a diagram illustrating the principal data stracture 400,

FIG. § shows an axis-aligned bounding box 402, in elevation view. An L-plane 404
o ot ;\

fnd
L

and an R-plane 406, which are axis-aligned and pavallel with cach other, are used to partition
bounding box 402 into lefi and right axis-aligned bounding box. The left bounding box
extends from the left wall 408 of the original bounding box 402 to the L-plane 404, The right
hounding box extends from fhe R-plane 406 to the right wall 410 of the original bounding box
402, Thus. the left and right bounding boxes may overlap cach other. The traversal of ray 412
3 is determined by the positions of intersection with the L- and R-planes 404 and 406 relative to
the mnterval of validity IV, F] 414 of the ray 412,

Inn the FIG. 8 data stracture 400, the L.~ and R-planes 404 and 406 are positioned with
respect to cach other to partition the set of objects contained within the original bounding box

402, vather than the space contained within the bounding box 402, In contrast with & 3D-wree

Lad
L

partition, having two planes offers the possibility of maximizing the empty space between the

two planes. Consequently the boundmy of the scene can be approximated much faster.

~ 17~
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FIGS. 9-11 are a series of three-dimensional diagrams fuwrther flustrating data strocture
406, FIG. 9 shows a diagram of bounding box 402, For purposcs of illustration, virtual objscts
within bounding box 402 are depicted as abstract circles 416, As shown in FIGR, 10 and 11,

L-plane 404 and R-plane 406 are then used to partiGon bounding box 402 nto & left bounding

LAy

box 402a and a right bounding box 402b. The L~ and R-plancs are selected such that the empty
space between them is maxinuzed. Each virtual object 416 ends ap in cither the left bounding
hox 402a or the right bounding box 402b. Az shown &t the bottom of FI5. 11, the virteal

% 35

objects 416 are partitioned o “left” objects 416a and “right” objects 416b. Each of the
resulting bounding boxes 402a and 402b are themselves partitioned, and so on. until 3
10 ternunation criterion bas been satisfied.

FIG. 12 is a flowchart of the described method 300, In step 301, a bounding box of 3

w*s

cenc is computed. In step 302, parallet L- and R-planes are used to partition the axis-aligned
bounding box lefl and right axis-aligned bounding boxes. which nway overlap. In step 303, the
left and right bounding boxes are used to partition the sei of virtual objects contained with the
i3 original axis-aligned bounding box inio a set of lofl objects and a set of right objects. In step
304, the left and right objects are processed recursively until a fermination criterion is met,
Instead of one sphit parameter. wsed in carlier impleneniations, two gplit parameiers
are sfored within a node. Since the number of nodes is linearly bounded by the number of
objects to be ray traced. an array of all nodes can be allocated once. Thes. the costly memory
2 management of 3D-rees during constructon becomes unmecessary.
The construction techaiqus s much simpler than the analog for 3D-troe construction
and is castly puplemented in a recursive way, or by nsing an iferative version and a stack.
Given a list of objects and an axis-abigned bounding box, the L- and R-planes are determined,

and the set of objects is determmed accordingly, The left and right objects are then processed

fnd
L

recursively uniil some jernunation criterion 1s met. Since the nomber of mner nodes 15
boundsd, it is safe to rely on termination when there is only one objcot kefl,

1t should be noted that the partition only relies on sorting objects along plancs that are
perpendicular fo the -, v-, and z-axes, which is very efficient and numerically absolutely
stable. In contrast with 3D-trees, no exact interseciions of objects with splting plaves need o
3 be vomputed, which is more costly and hard fo achieve in a numernically robust way.
Numetical problems of 3D-rees, such as missed triangles at vertices and along edges, can be
avoided by extending the aiangles before the construction of the bouwnding volume huerarchy.
Adso, in a 3D-tree, overlapping objects have 1o be sorted both into the left and right axis-

atigned bounding boxes, thereby causing an expecied quadratic growth of the tree.

Lad
L
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24 11 Finding the Splittmg Planes
Various fechniques may be used to defermine the L- and R-planes. and thus the actual
wee lavoul. Returming to FIGR. 9411, one technigue is 1o determine a plane A4 418 using the

3D-tres consiruction technigee described above and partition the objects such that the overlap

LAy

of the resulting L-plane and R-plane of the new axis-aligned bounding boxes minimaliy
averlaps the suggested sphitting plane 4 418, The resulting tree s very similar to the
porresponding 3D-tree, however, since the object sels are partitioned rather than space, the
resulting tree is much flatter. Another approach is (o select the R-plane and L-plane in such a
way that the overlap of child boxes is minimal and the crapty space is maximized if possible.
10
2412, Wefficient Axis-Aligned Bounding Boxes
It should be noted that for some objocts axis-aligned bounding boxes arg inefficient.
Ap example of such a sttuation is a fong cviinder with small radius on the diagonal of an axis-
aligned bounding box,
i5 FIG. 13 1s a flowchart of a method 606 according to this aspect of the nvention. In
step 601, a hounding box of a seene is computed. I step 602, a 3D-free construciion is
exceuted o determing a splitting planc 87, In step 603, parallel L- and R-planes arc used 10
partition the axis-aligned bounding bog into left and right axis-aligned bounding boxes that
minimally overlap the splitiing plane A {n step 604, the left and right bounding boxes are
20 used (o partition the set of virtual objects contained within the original axis-sligned bounding
box into a st of left objects and a set of right objects. In step 603, the left and right objects are
processed recursively uniil a termination eriterion is mel. 1t should be noted that the metbod
600 Hustrated in FIG. 13, as well as the method 200 illastrated in FIG. 3. may be combined

with other technigues described herein, including techniques relating to 3D-iree construction,

fnd
L

real-time processing, bucker sortng, selif-interseetion, and the fike.

In the case of the 3D-tree, the spatial subdivision is conlinued so a3 to cut off the
empty portions of the space around the object. In the case of the described bownding volwne
hicrarchy . partitioning sech objects into smaller ones resulls in & sintlar behavior, In order to
maintain the predictability of the memory reguiremsents, a maximur bounding box size is
30 defined. All objests with an extent that exceeds the maxinum bounding box size are split into
smailer portions to meel the requirement. The maximum allowed size can be found by

scanning the data set for the minimal extent amonyg all objects.

242 Traversal

Lad
L

The data structure desoribed herain allows the transfer of the principles of fast 3D-tree
traversal to bounding volume hierarchics, The cases of waversal are similar: (1) only the left
child: (2} only the right child: (3) the left child and then the right child; () the right child and
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then the lofY child: or (5) the ray is betveen split planes (Le., empty space). Since one node in
the deseribed technigue iz split by two parallel plancs, the order of how to traverse the boxes is
detesmined by the ray direction. FIGS. 148~C set forlh a source code listing 610 incorporating
the techniques described above.

Previous bounding volsne hierarchy technigues could not efficiently determine the
arder of how o traverse the child nodes or required additional effert, such as updating a heap
data structure. T addition a whole bounding volume had (o be loaded and tested against the
rav, while the present approach only requires the two plane distances. Checking the ray agamst
the two planes in software scems (o be more expensive, however. The traversal is the bottle
neck in 3D-trees, and doiny some more compuialion here betier bides the latencies of memory
access. In addition, the bounding volume hierarchy trees tend to be muych smaller than
corresponding 3D-trees of same performance.

Although there is herein deseribed a new bounding volume hierarchy, these is a strong
link to traversing 3D-trecs: Setting £ = A | the classical binary space partition is obtained, and

the traversal algorithm collapses to the traversal algorithm for 3D-trees.

243, On-the-Fly Bounding Volume Construciion

The described bounding volume hierarchy also can be applied to efficienty find ray
[reeform surface indersections by subdividing the freeform swrface. Doing so allows the
intersection of a freeform surface with a convex hull property and a subdivision algorithm
sfficiently 1o be compated up to floating point precision, depeading on the actual floating point
arithmetic. A subdivision step is parformed, for example, for polvnomial surfaces, rational
surfaces, and approsimating subdivision surlaces, For each axis in space the possibly
averlapping boundng boxes are determined as discussed above. o case of a binary
subdivision, the intersection of the L-boxes and the intersection of the R-boxes for new
bounding boxes of the new meshes. Now the above-described traversal can be efficiently
performed, sinee the spatial order of the boxes is known. lustead of pre-computing the
hierarchy of bounding vohsmies, it can be computed on the fiy. This procedure is efficient for
frecionn swrfaces and allows one to save the momory for the acceleration data structure, which
is replaced by a small stack of the bounding volumes that have to be traversed by backtracking.
The subdivision is continued until the rav siwface intersection lies in a bounding vohume that
collapsed to a point in floating point precision or an inferval of a smali size. Section 2.1.1 of

the Appendix sets forth a code listing in accordance with this aspect of the invention.

2.5, Radix Sort Processing
Using regular grids as an acceleration daia struciure in ray fracing is simple, bui
efficiency suffers from a lack of spatial adapuvily and the sabsequent traversal of many erapty

~ 20~
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grid cells. Hicrarchical regular grids can improve on the situation, but stilf are mferior as
compared to bounding vohane hicrarchies and 3D-trees. However. regular grids can be used to
imyprove on the construction speed of acceleration data struchures. The fechnigque for
constructing the asceleration data structares are similar to quick sorting and are expected 1o run
i O Jog ). An improvement can be obtained by applying bucket sorting, which runs i
limear time. Therefore the axis-aligned bounding box of the objects is partitioned mto e » 1, 7
i, axis-aligned boxes. Each objent then is sorted into exactly one of these boxes by one
selected poit, e.g., the center of gravity or the first vertex of cach wiangle could be used. Then
the actual axis-aligned bouading box of the objects in cach grid cell is determined. These axis-
aligned boonding boxes are used instead of the objects they contain as long as the box dogs not
intersect one of the division planes. In that case the box is unpacked and mstead the objects in
the box will be used directly. This procedure saves a lot of comparisons and meniory accesses.
aoticeably improves the constant of the order of the construction techniques, and also can be
applied recursively. The above technigue is cspecially appealing o hardware implementations.

since it can be realized by processing a steeam of objects.

251 Construction on Demand

The aceeleration data structyres can be built on demand, 1.e., at the tme when a ray s
raversing a specific axis-aligned bounding box with #s objects. Then on the ong hand the
acceleration data structure never becomes refined in regions of space, which are mvisible o the
ravs, and caches are nat polluted by daia that s never toached. On the other hand after

refinement the objects possibly intersecied by a ray ave already in the caches,

3. Summary of Real-Time Precision Ray Tracing Techniques

From the above discussion, it will be scen that the present mvention addresses long
known issues in rav fracing and provides technigues for ray tracing having improved precision,
overall speed and memory footprint of the acceleration data swuctures. The improvements in
numerical precision grassler to other umber systems as well as, for example, 1o the
logarithmic pwmber system used in the havdware of the ART ray tracing chips. Tt is noted that
the specilic implementation of the IEEE Hoating point standard on a processor or a dedicated
hardware can severely influence performance. For example, on a Pentiom 4 chip denormalized
numbers can degrade performance by a factor of 100 and more. As discussed above, an
implementation of the invention avoids these exceptions, The view of bounding volume
hieravchies desoribed hereint makes thom seited for read-time vay tracing. I an smortized
analysis, the deseribed techniques outperform the previoas state of the art, thus allowing more
precize techniques o be used. for example, for computing motion blur in fully asimated scene,
as in a prodaction setting or the ke, Tt will be apparent front the above discussion that the
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deseribed bounding volume hicrarchies have significant advantages when compared with 3D-
trecs and other techniques, particularly in hardware implementations and for huge scenes. In
an amortized analvsis, the described bounding volume hierarchies outperform carrent 3-trees

by at least a factor of two. In addition, the memory footprint can be determined beforchand

LAy

and is Hnear in the number of objects.

4. Additional Technigues
In addition to the above-described techmiques, other wechniques aceording to farther
aspects of the invention may be used to improve the performance of a ray tracing system.
10 These aspects of the invention inchude the following:
44, Construciing & Bounding Volume Hierarchy by Cuatting off Half Spaces
4B, Clipping an Axis-Aligned Bounding Box by Fow Axis-Aligned Planes
4C. High Performance Setup of Acceleration Data Stractures

413, Efficient Tree Eniry Node Detenmination

oot
L

1E. Bundie Traversal

Each of the aspects of the invention is described in forther detail below,

4A. Constructing a Bounding Volume Hicrarchy by Cutting off Half Spaces
It is possible to construct a bounding volume hierarchy by cutting ofl balf-spaces.

30 Using a half-space, which interscots an axis-aligned bounding box. a boundisg volume
higrarchy is given by the onginal bounding box and the new boending box, which results from
the buersection with the given halfspace.

FIG. 15 shows a diagram illustrating the described technigue. I FIGL 13, a bounding

box 620 that is intersected by an axis-aligned plane 622, The plane 622 defines a smaller axis-

Bt
R0

aligned box 624, f.e., a half-space, which is a subset of the original box 638, The part of the
original box, which is to be clipped, is determined by the normal of the clipping plase 622,
During ray traversal, three cases have (o be determined: The valid ierval [N, F] on the ray
intersects (1) only the original box 624; (2 first the original box 624, and then the chipped box
H24: or (3) first the clipped box 624, and then the original box 6240,

34 The desoribed technigue can be applicd recursively in order to represent a bounding
vohune hierarchy construcied from the sxis-aligned bounding bax of the scene and half-spaces,
A binary tree is used to seprosent the hievarchy. The inner nodes of the tree represent the hall-
SPACES.

The deseribed technigue provides many of the advantages as the techniques described

Lok
s

above. In addition, the momosy fooiprint of the nodes is smaller. FIG. 16 shows an exemplary

code listing 630 embodying the described technique. it should be noted that leafs can also be
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encoded by vsing the 4th case of the projection axis, e, bits U and 1 are “one.” whick is not
ased in the code example.
Intersecting a ray with the bounding volume hierarchy is done depth first, where 1n

sach node, only three cases have o be distingiashed, as discassed above: The valid interval of

LAy

the ray intersects (1) anly the oviginal bounding box; (2} first the clipped box and then the
ariginal box; ov (3) first the origingl box and then the clipped box.

FIGS, 17A-D show an example of a code listing 640 for implementing the tracing of
one ray through a bounding volume hicrarchy. For the sake of efficiency. the implementation
avoids visiting emply leal nodes, Visiting all erapty leal nodes simphifies the implementation
Y at the cost of efficiency.

The triangle test used is highly optimized. However, any other triangle ray infersestion

tost can be used az well,

4B, Clipping an Axis-Aligned Bounding Box by Four Axis-Aligned Planes

i5 FIG. 18 shows a diagram illustrating a technique according to a further aspect of the
invention. Tn FIG. 18, an axis-aligned bounding bog 650 has been clipped by fouwr axis-aligned
planes LefiBoxl., RightBoxk., LeftBoxR and RightBoxR. resuliing r a left child boxand a
right child box. The left and right boundaries of the feft child box are defined by planes
LefiBoxL and LefiBoxR. The left and right boundaries of the right child box are defined by

20 planes RightBoxL and RightBoxR. During ray traversal, five cases have fo be determined:
The valid interval {N, F] on the ray intersects: (1) ondy the left child box; {2) only the right
child box; {3) first the left child box and the vight child box: (43 first the right child box and
then the left child box; or (5} neither the left child box nor the right child box.

The bicrarchy is represented as a binary free, where cach node specifies two intervals

fnd
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along a selected axis. Opposife Yo a classic bounding volume luerarchy unplomentation, an
ordering of the children nodes is possible, and it is not necessary to store fudl axis-aligned
bounding boxes. Compared with the technique deseribed in the previous section, a single node
requires more memory. However, no special case of empty nodes can occur. Intolal, the
memory then remaing substantially the same.
30 FIG. 19 shows an exemplary code lsting 660 embodying the deseribed technigue. It
should be noted that leafs can also be encoded by using the $th case of the projoction axis, 1.e.,
bits € and } are "one.” which 15 not used in te code example.

FIGS. 206A-C show an exemplary code listing 670 of an implementation of a traversal

using a tree built using the above data structwre. The depicted implementation does not include

Lad
L

certain optimizations. For example, as one of the intervals defined by a node can completely
mciude the other one along the specified sxis, a more officient faversal would consider that
case by not only selecting the first node to be traversed by the ray direction, but also by the

~ 23
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relative position of the intervals fiself. As this optimization is relatively strayghtfornard, 1thas

not been included in the pregent example.

4C. High-Performance Setup of Acceleration Data Stroctures
The setup procedure of the tree acceleration data structures irplicttly invokes soriing

algorithias, which have a time comploxity of O {2 log » in the sumber 7 of wiangles. Only

radix, bucket, and related sorting algorithins can obtain a lower order of time complexity,

T Section 11, below, there is described an instant ray tracing techaigue, i which rapid
free setup procedures are developed. These setup procedures in fact were wsed for seiting up
atl the data structures mengioned above. As deseribed below, a bucket sort preprocessing 15
described that also can be used in a hicrarchical fashion, i.c., using a hierarchy of regular grids.
As further described below, a global subdivision eriterion is used rather than a local one.

This setup routine is rapid for Ad-trees and bounding volume hierarchies. The
described technique is especially efficient for seiting up the hierarchy from. subsection 48,
above. Aot of candidate splitting planes are immediately rejected. since the described
techatque does not only separate right from feft objects. but in fact boonds the intervals
spanned by the right and left objects. Thus, the bierarchy becomes fatier and 15 even more
cfficient to traverse. As these optimizations are relatively straightforward, they have not been
included in the cxample code listings herein.

While the specification of intervals along an axis as in section 4B allows the efficient
rejection of ravs that are outside these intervals, it can, in addition, allow the efficient cutting
ofl of empty volumes on the other axes. This can be done by specifying the clip volume in the
leafl nodes of the herarchies, A shimple houristic tnserts a bounding box test in a leal i the
emply volume of the leaf node is bevond a certain threshold. Alternatively, in the case of the
technicues deseribed in section 48, there may be nserted a test for the maximally missing two
axes.

As further deseribed below, the acoeleration data structures can be built on demand,
meaning that only the parts of the irces are constructed that are fraversed by ravs. The required
data is eassly stored in preliminary leaf nodes. Considering the techmigues described in section

48, it is also possible to maximize empty space instead of minimizing overlap.

40, Elficient Tree Entry Node Deternunation

Far a given set of ravs, the axis-aligoed bownding box can be deternuned in lincar time
in the number of rays or determined in even constant Gme, if more properties are known. For
this bounding box, it is relatively straightforward and numerically robust to determine whether

it fies on one side of a splitting plane or intersects the splitting plane. This technique can be

v 24 .
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used In a recursive procedure to traverse down an acceleration data structure as mentioned
above. If the box les on one side of the splitiing plancs identified by the nner nodes of the
free, this branch is used for further traversal. Upon encountering a leaf node or a plane, which
intersects the ray bounding box, this node is wdentified as the common entry node for the
bundle of ravs. Then. instead of traversing the rays from the root nede of the acceleration data
structure, the traversal can be started from the entry node.

The advantage of this tochaique is that, instcad of intersecting all rays with the splitiing
planes, ondy one bounding box is tested against the sphitting planes. thus saving a lot of
arithmetic computations.

The described technigue relies on ray bundles that take a small fraction of space
mstead of coherent directions, which is much harder to achieve, especially for secondary rays.

it is simpler to implenieat and more general than other techniques.

4E. Bundie Traversal

According to a further aspect of the wvention. ray bundle indersection routines have
been mplemented wherehs SIMD instructions are used o sinltaneously trace a bundle of rays
through the different acccleration structures, The implomentation is derived from traversed my
bundles in 3d trees. Tt is noted that the optimization fntroduced can also be ysed with the

described bounding volume bierarchy represeniations,

1. Instant Ray Tracing

There arc now described rav tracing techiuques and sysiems that allow an acceleration
data structure to be constructed instantly. The described techmgues and svstems are based on a
global heuristic. which significanily improves upon previous techrigues based on focal criteria,
Besides speed, the described techniques and systems have a number of advantages compared (o
previous technigques. The described techniques and sysiems are simpler to implement, exhibit
higher numerical precision, and use only a fraction of the memory used by prior techmayes.
The desoribed technigues and systems have been demonstrated by exiensive measuarements of
thetr application to massive as well as dynamic scengs.

The present description is organized into the following sections:

1. Introduction

As discussed above. ray tracing is a core technigue i photorealistic image synthesis by
global iHumination simodation. It also underbies many other simwlation methods, Recently,
real-time rav tracing has become available, Current ray tracing algorithms owe their efficiency
to additional data struciures that are consiructed beforchand based upon an analysis of the
scene geometry. The construction of additional data structures typically requires considerable
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amounts of processing tme and memory. Consequently. preprocessing has typically amortized
only for environments that are static or that contain moderate dynamics.

Software ray lracing can compete with high-end graphics image svathesis hardware for
massive geometry. Further, the acceleration data structures of ray racing can be used to
enhance the performance of rasterization. Compared to immediate-miode rendering on a
rasterizer, however, the construstion time and memory footprig of the seceleration data
strustures have been prohibitive.

Described herein s a hieravchical acceleration data structure for ray tracing that can be
constructed much more efficientdy than data structuses constructed using prior techniques. The
procedure has proven to be sufliciendly rapid to allow interaciive ray tracing of dyvpamic scenes
to be made avatlable oven on monoprocessor systems,

FIGS. 21A-D shows a serics of images 701-704 from animations and inferactive
applications generated using the ray tracing techmigues deseribed heremn af interactive rales on
a single progessor. FIG. 21D shows a scene from Quake 1 (Id Software,
wwwe idsolftware com). Applying the techuigues described herein, it has been found that
Quake 11 can be played smoothly on a dual-core processor with one shadow, reflections, and

FARSPATCHCY.

2. Principles of Acceleraled Ray Tracing

Generally speaking, a “scene” is an arrangement of objects within a three-dimensional
space. The basic task in ray tracing is to search for the closest point of intersection of cach ray
with objects within a scene. Generally speaking, whea tracing extremely large vumbers of rays
for unage syathesis. it is not efficient to test for intersections of cach ray with all of the objects
in a scene. Therefore, it typieally amortizes 1o construct additional data structures that sphitthe
scene into a number of partitions. Once the scene has been pargtioned, a partition-level search,
often a backtracking search, can be conducted thal excludes most of the obyjects in the scene
frony actual intersechion fesiing,

Two basic approaches are currentdy vsed to partition a scene. A first approach 1s basad
on spatial partitioning, according to which the scene is partitioned into a set of digjoint volume
elemends that may or may not be the same size. A second approach is based on object listing,
accarding lo which the scene is partitioned indo a hicrarchy of lisls of objects contained in the
scene. These bwo approaches are briefly sketched in the following subsections. As further
discussed below, aside from amoriizing the construgtion gost of the acoeleration data structure,
there are siteations in which the additional cost of not only tracing stngle rayvs, but also

cnsembles of tays, can amortize.

PCT/US2007/066972
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2.1, Accelerated Ray Tracing Based on Partitioning of Space

The spane containing the objects is partitioned into digjoint volame cloments,
Efficiency is obtained by enomerating the volume clewends indersected by a ray and then
testing the objects within the enumerated volume elements for intersection. A major
disadvaniage of space partitions is that objecis often have non-emply biersections with e
than one vohume eloment, and we therefore reforenced more than once.  This redundancy
resulis in a huge memory footprint and may require a mailbox mechanism to avoid
performance losses arising from multiple tested ifersections of a single ray with the same
geometric object.

In partitioning the space, the resulting volume clemenis may forne a reguolar grid.
Alternatively, for example, using a binary space partitioning scheme, the space may be split
into a hicrarchical tree of voxels (volme cells). and sub-voxels. Fach approach is discussed in

o,

2.1.1. Space Partiioning Using Regular Grids

In a partition based on a regular grid, the space is partitioned into a raster of identical
rectangular axis-aligned vohuomes. This regular structore allows for simple techniques for
srumerating the volume clements along a given ray. Each volame element contains a list of
the objects that it intersecis, Thus, only (he listed obyjects i the enumerated volume clemenis
are tested for intersection witl the ray.

The memary footprint of the acceleration data structure canmot be determined a priori
{Le., inadvance). Because objecis can indersect multiple volume elements in the grid. the
memory lootprint cannot be determined antil the space has been partitioned and the objects
listed. Thus. dvnamic memory management is roquired. The data structure is constructed by
rasterizing the objects. Rasterization is typically performed using variants of an object-volume
intersection routine. which is mumerically onreliable due io the finste precigion of floating point
arithimetic. Rasterizing the bounding box of an abject is numericslly stable, but inoreases the
memory Tootprind.

The efficiency of the regular grid approach suffers severely when raversing craply
volume clements, especially in massive scencs. Que solution fo this problem is to use
hierarchical grids that allow empty space to be fraversed faster, while st having a moderate
number of objects per volume element. Switching between the levels of the hierarchy,
however, is computationally expensive and can be achieved more efficiently by other spatially

adaptive schemes.

PCT/US2007/066972
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2.1.2. Binary Space Partition

A binary space parlilion is a hicrarchical data strocture. The general idcais to
subdivide a scene space using arbitgeary splitting planes. A [rst arbitrary plane is used (o divide
the seene space into two cells. Additional arbitrary plances are used to adaptively divide cach of
the two cells into sub-cells, The process is repeated recursively, it ovder 1o generate a binary
scarch tree. Fach leaf cell of the gevnerated search tree 13 a volume eloment that contains a list
of objests inlerseoting the leaf cell.

A binary space partitioning scheme helps to overcome the efficiency issues of regular
grids caused by emply volume clements. In poly gonal scenes, an obvious choice for the
location of the sphitting planes i o use the planes determined by the polvgons theawsebves.
However, it is currently not kaown how to do this in an optimal way, and randomized
algorithms are expected to vield trees of quadratic size based on the sumber of objects in the
SCOne.

A type of tres known as a “A~dimensional ree,” or “ld-tree,” restricts binary space
partitions to using only planes that are perpendicular to the canonical axes. Since all normals
of the subdivision planes coincide with a unil vector of one of the canonical axes, scalay
products and object-volume clement intersection (ox(s become more efficient and numerically
robust than those obiainable using & binary space partition scheme that is not axis-aligned.
Along with heuristics for subdivision, &d-trees have been used successfully for accelerating ray
tracing. However, the detenmination of how a volume clement miersects an object remains 8
numerical issue.

As with all spatial partitioning schemes. in a kd-tree-based scheme, objects can reswde
in more than one volume clement. Although the mamber of susltiple references can be
sffectively reduced by allowing only partitioning planes through the vertices of the objecis, ar
through the sides of axis-aligned bounding boxes, the number of references camnot efficiently
be bounded o priori. Consequently, memory mansgentent becomes an issug during the
construction of the hierarchy. Known heuristics used for memory estimation and allocation
can be far loo pessimistic for some scenes of, even worse, can result in various reallocations if
the memory footprint increases during the construction phase. These reallocations cab result in

significant performance losses.

2.2, Accelerated Ray Tracing Based on Partitioning of Object Lists

When partitioning a list of objecis. cach object remains referenced at most once, and it
is therefore possible o predict memory requirements ¢ prior. In addition. each object s
intersecied at most once with a given vay. Conseguently, mailboxes become redundant. As an
unaveidable consequence, however, the volumes enclosing groups of objects often cannot be
digjoing.

Z I8~
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2.2.1. Bounding Volume Hierarchy

A bounding volume hivrarchy I8 a type of partitioning schome 1 which objecis ina
seene are bounded by axis-aligned volume clements. Boanding voleme herarchics are
comroanty used in mdustry since memory requirements can be bounded linearly, o priosi,
based upon the number of objects. Inplementing bounding vohunie hicrarchies does not
reqquire object-plane mersection routines.  As a conseguence, they are simpler to implement
than spatial partitioning schemes. Using axis-aligned rectangular bounding volume clements
avoids anv numerical stability issees during constraction as only mininumymaximum
operations are used.

There exist heuristics for both botton-up and top-down construction of bounding
volume hicrarclues. The usual heuristic is to mininize the overall volume or area of all
bounding volome clements. Exact optimiization procedures along these lines are prolubitively
stow. Currently, it is not clear which constraction technigue is the most efficient.

Severe performance penalties stem frora the fact that, in contrast with space partitions,
the bounding volume elements ase not ordered spatially, Thus, useally all child nodes have to

be intersected with a rav, and an carly proning is impossible.

2.3, Summarizing Current Approaches to Acoceleraied Ray Tracing

The sumplicity. numerical robustness. and predictable memory footprint make
bounding volume hierarchics an atiractive choice for accelorated ray tracing. However, corrent
performance is far from what is obtainable vsing dd-irees. Al the price of generally
anpredictable memory requirements and numerical issues arising during the construction of the
aceeleration data structure, kd-trees can be used to obtain real-time performance for static and
moderately dynanue scenes,

Both principal approaches, i.¢., those based on etther space partiioning or on object
lists, suffer from construction routines that are far from real-dme and use greedy algorithis,
Even the most successiigd implementation, the surface arca houristic, s extremely time-
consuming. As this heuristic requires a significant amount of analysis of scence geomeiry and
rwiddling, the construction of acceleration data structures for a complex mesh can casily range
from minutes to even days.

Using current techivques, it is possible to reduce data structore construction times o
the point where they amortize for static scenes, very moderate dynamics, or deformables,
However, it is far more difficult for construction times 1o amortize m Qully dynamic settings.
Current attenpts 1o deal with fully dynamic scenes use an approach based on regular grids,

with all its disadvaniages, and ave only efficient for scenes of moderaie complexity,

PCT/US2007/066972
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3. The Bounding Interval Hierarchy
An aspect of the present inveniion provides a technigue, based on a “hounding mterval
hierarchy.” that oifers significantly increased speed for both static and dynamic scenes,

features much higher numerical precision, and allows the memory Lootprint to be fixed a priori.

LAy

The described techniques, thus, combine the advantages of spatial partitioning and partiioning
object lists. Comparisons with owo fully optimiized, state~-of-the-art, kid-tree-based ray tracers
show that the described technique can owiperform a £d-trec-based fechnique for most scenes by
a factor of two or greater for both (otal rendenng time and overall mamory conspmption.

Some of the results obtained using the described techniques are set forth in the table shown in

10 FIG. 37, discussed below.

3.1. Data Struciure

For cach node in the data stnzeture, 2 bounding interval huerarchy stores, for one of the
X-, v-, or z-gxes, lwor paraticl planes perpendicudar (o the axis. By contrast, in a classic

15 bounding vohume hierarchy a fil axis-aligned bounding box iz stored for cach child.

According to the presenlly described technigue, gives a bounding box and a selected
axis. a left child £. is gencrated by replacing the maxinwom value along the selecied axis by an
L sphitting plane. The right child R is gencrated by replacing the munimum value along the
selected axis by an R splitiing plane.

20 Thus. the kefl side of e generated L child will be inherited from the Teft side of the
parent bounding box, and the right side of the L child will be the L splitting plase. The left
side of the R child will be the R splitiing plane, and the right side of the R child will be
inherited from the right side of the parent bounding box. As described in greater detail below,

the L child and R child may or may not overlap. 1 the placement of the splitting planes results

fnd
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i a child with zero volume, the zero volume is used to represent an eroply child. As discussed
below, the described technique allows the storage of empiy leaf nodes fo be omitied.

FIGS, 22A-E and 23A~D are a series of diagrams illustrating differences between a
hinary space partitioning technique and a bounding iterval lierarchy. FIG. 224 shows a
bounding boxs 720 containing six geometric primitive objects 721-726, in this case, wangles.
3 Aray 730 waverses the bounding box 720,

FIG. 228 illusirates the use of a binary space partitioning iechnigue. A contral
splitting plane 740 is nsed (o subdivide the bounding box 720 info an L child and an R child.
As shown in FIG. 228, objects 721 and 722 are entirely confained within the L child, and

objects 723 and 726 are entively contained with the R cluld. However, it will be seen that the

Lad
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muaddie two objects 723 and 724 intersect the splitting plane. and are therefore intersect both
the L child and the R child. The middle obiccts 723 and 724 are therefre referenced in both

the L and R child volums elements,
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FIG. 22C shows the bounding box of FIG. 224, which has been subdivided using 8
boundary interval hicrarchy lechnigue according o the present invention. Each of the
prisuitive objects 721-726 in the bounding box 720 is classified as a left object or a right object.

hased upon their position relative to a candidate splitng plane. According to a further aspect

LAy

of the invention, discussed below, the location of the candidate splitting plane may

advantageously determined at a global, scenic level, rather than locally. Where an obyject is

intersected by a sandidate splitting plane, the object is classified as left or right depending upon
which side of the plane the object infersects most.
Once all of the objects have been classified as L objects or right objects. an axis-

10 aligned L splitting plane is placed at the maximusg, i.e.. rightmost, pomnt of the 1. objects,
according to the selected axis, Sinularly, an axis-aligned R splitting plane 1s placed at the
minimum, i.¢., lefimost, point of the R objects, according o the sclecied axis. In FIG, 22D, the
L. splitting plane is represented by bracket 780, and the R sphiting plane is represented by
bracket 752, The L and R spliiting plancs sphit the bounding box 726 into an L child and an R

15 child that, by the preseat example, overlap.

As described above, the lefl side of the L cluld is wnherited from the lefl side of the
parent bounding box 720, and the right side of the L child iz the L. splitiing plane 750.
Similarly, the left side of the R cluld is the R sphitting plane 732, and the right side of the R
child is inherited from the parent bounding box 724, For purposes of clarity. the resulting L

20 child and R child are dravn separately in FIGS. 22D and 22E.

FIGS. 23A-D llusirate a second case tHustrating the difference between a binary space

partitioning scheme and a bounding interval herarchy. FIG. 23A shows a diagram of a

bounding box 760 is shown containing a number of objects 761-766. A ray 770 traverses the

bounding box 300,

23 FIG. 238 shows the applhication of a binary space partitioning scheme, The bounding
box is divided by a central splitting plane 780 into abwdting L and R child voleme clements. In
this example, none of the comained objects 761706 intersect the splitting plane 780, However,
it will be seen that the ray 770 traverses a significast amount of smpty space 1o both the L and
R cells,

30 In FIG. 23C, a bounding interval hierarchy approach is apphied. The objects are
classified as L. or R objects, based upon thetr position relative to a candidate splitiing plane.
Here, assuming a centrally located candidate sphitting plane, the classification process is
siraightforward, since objects 761-763 are clearly (o the left of conter, and objects 764-766 are
clearly o the right of center. An L splitting plane 790 is placed at the maxinwm, 1.¢., rightmost,

33 pointofthe L objects, and an R splitting plane 792 is located at the mmmum, Lo, leltmost,

point of the R objects.
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Once again, the lehl side of the L child is inherited from the left side of the parent
bounding box 760, and the right side of the L child is the L spliiting planse 790, Similarly. the
lefl side of the R child is (he R splitting pianc 792, and the right side of the R child is inberited

from the parent bounding box 760, For purposes of clarity. the resultng L child and R cluld

LAy

are drawn separately in FIG. 23D,

As shown i FIG. 23D, i this oxample, there is an empty space 794 between the two
vells. Returning to FIG. 23B, it will be seen that in a binary space partitioning technigue, only
four traversal cases nead 1o be accounted fory left ondy (L), right only (R}, fefi-then-night (LR)
and right-then-lelt (RL). However, as shown in FIG. 23D, in constructing a bounding volume
10 hierarchy. there is & fifth case that needs to be accounted for, e, the “empty volame™ case.

However, it will be appreciated that the bounding interval hierarchy results in a significant
savings in computational cost. because it reduces the amount of empty space that is processed
within sy individual cell.
Thes., i will be secn from FIGS, 22A-E and 23A-D that the described techimique
15 significanily improves aver corrently used binary space portioning techuiques by, fisst.
climinaling inlersections between objscis and splitting planes and, second. by significantly
reducing the amount of cmply space in child volwne elements,
FIG. 24A shows an exemplary code listing 800 for defining a data structure for ase
with the above-described techniques, and FIG. 24B shows a 12-byie memory lavout 810 of the
20 data structure. The inner nodes of the wee are deseribed by €1) the two splitting planes 812 and
814 delining a bounding wnterval and {2) a poister 810 to a pair of children. As thissems up o
12 bytes in total, all nodes are aligned on four-byvte boundaries. This alignment allows the ose
of the lower two bits 818 and 820 of the children-pointer o indicate the axis (00 x, 0b: ¢, 10 1)

or a feaf (case 11). Leaf nodes comprise a 32-bit pointer to the reforenced objects 822 and their

23 oversll number 824, The overhead 826 of four bytes in the leaf nodes can be resolved by a
carclul implementation, as they use only cight byics out of the node data strachwre. It should be
noted that aspects of the depicted code listing and data stracture, mncluding the use of a 12-byte
memory favout and a 32-bit pointer, are specific to the example implementation, and may be
modificd for differcat compuiing environments kaving different word sizes.

3

3.2, Ray Intersection

Intersecting a ray with a bounding interval hugrarchy binary tree is similar to traversing
a bounding volume hierarchy. (As discussed above, a bounding volume hierarchy 1 a
partitioning technique based on ¢ fist of objects contained within a scene.)  However, unlike

33 the children in a bounding volume luerarchy, the children in a bounding mterval Mecuchy are

spatially ordered. Thus, 8 bounding interval hierarchy can be processed much more efficiently
thant 3 bounding volurae hicrarchy, since it is possible to directly aceess the child that is closer

o
~ 33 .
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to the ray origin by the sign of the ray divection. Thus, as iHustrated in FIGS. 22A-E and 23A-
. discussed above, the traversal becomes almost identical to that of a Ad-ree-based spatial
partitioning.

I anajogy to bounding volume hicrarchies, # is also possible 1o not ntersect any child
at all it the valid ray scgment iz between two non-overlapping children, as shown in FIG, 23D,
Handling flus additional case is beneficial. because it implicitly skips cwapiy space.
Conssquently, eoipty leafs can never be accessed and therefore do not need fo be stored, as
memioned above.

In condrast to spatial partitions, the vohume clements of 3 bounding interval hierarchy
can overlap. Conscquently, the recursive traversal cannot stop as 500D as an intersection is
found. Tt is generally necessary to test all romaining volume elements on the stack for closer
iniersections. However, as soon as an intersection is found, branches of the hicrarchy can be

proned if they represent volume elements farther away than the current intersection.

3.3 Construction of the Hierarchy

The keyv o the performance of the desertbed data structure 1s its efficiont constnsction.
Asswming 3 given candidate splitting plane, the technique used in the presently descnibed
implementation 1§ relatively straightforward: Each object is classified as cither a “left object”
or & “right object” depending on which side of the plane it overlaps most. Other henristios may
be used to classily the objects as left objects or vight objects. The two parttioning plane valnes
of the child nodes are then determined, respectively, by the maximom (i.¢., rightmost)
coordinate of the classified left objects and the minimue (g, leftmost) coordinate the
classified right objects, along a selested axis.

A further aspeet of the invention provides a fechnigue for deternuning the location of

candidate sphitting plancs for use in the construction of bounding wierval bierarchies.

3.3.1 Giobal Heuristic for Determunung Splitting Plaves

There is now described a technigue for using a global heuristic to determine candidate
splitting planes, Unlike previous approaches. the described heuristic is non-greedy and is
cheap to cvaluate, becanse it does not exphicitly analyze the objects 1 be ray traced.

Accarding to the presendy described technique, candidate splitting planes are used

that resuit frony luerarchically subdividing an axis-abigned scene bounding box along the
longest side in the middle. It should be noted that, applying this technique, all of the candidate
phanes form a regular grid.

FIGS, 23A-D show a series of simplified diagrams tlustrating the deternunation of
candidate splitiing planes without object analvsiz. FIG. 254 shows a bounding box 830 that
has been split by o “first generation” candidate splitting plane 831, The splitting plane 831

~33 .
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passes through the center of the bounding box 700 dividing 3t into an L1 region and an R1
region. It is important to note that the L1 and R1 regions are not children, but instead provide
an mdication as to bow objects residing in those regions are 1o be clasvified, In actuality, as

described above, one or both of the children may overlap the splitung plane. Also there may

LAy

be an empty space between the children. Tn addition, one of the children may have a zero
vohume,

FIG, 258 shows the bounding box B30, which is split by the first splitting plane 831,
and by a pair of “second generation” candidate splitting planes 832, The candidate splitting
planes are afl “single™ planes, even if they coincide. They are generated duving recarsion. The
10 second generation planes 832 are used to determine L2 and R2 for a second generation of

children.

FIGS. 23C and 251 show the bounding box 830 split by third and fourth generation
plancs 833 and 834, These planes 833 and 834 determine L and R for the third and fourth
peneration of children (respectively, L3/R3 and L4/R4). The process continues recursively n

13 order to generate as many gencrations of candidate splithing planes as necessary.

Because the candidate splitting planes are detenmined globally without an analves of
the particular objects contained in the bounding box 830, i will be seen that, i coriain
situations, it is possible that the globally determined candidate splitting plane for a particular
gencration may lic outside of the bounding box of a parent volume element of that gencration

20 1o be subdivided. In that case, the process is continued with candidate planes fving within the
half in which the parend volume cloment resides.

The use of the globally determined candidaic splifting planes 18 now discussed with
respect 1o a specilic example. FIG, 26 shows a diagram of a bounding box 840 containing six

abjocts A-F. FIG. 27 shows four generations of candidate sphitting planes superimposed over

23 the bownding box 848, and FIG, 28 shows the splitting planes of interest in building a bounding
inigrval hierarchy based vpon the particular set of objects A-F contained in the bounding box.
FIG. 20 shows a diagram iustrating how cach of objects A-F are contained in child bounding
hoses of various generations, detenuined in accordance with the presently described
fechnigues.

30 FIG. 29 i now explained, gencration by generation,

FIGS, 30A-D iflustrate the first gencration of children gonemied from the FIG. 26

scene 840, In FIG. 304, the globally determined the first generation candidate splitting plane
841 ig used 1o classify objecis A-F as L objects or R objecis. Clearly, A-C are L objects and
abjects D-F are R objects. FIG. 308 shows the {irst generation of L and R children. The right

33 side of the L child is a plane passing thwough the rightmost point of the L objects, and the lelk

side of the R child is a plane passing through the lefunost point of the R objects. FIG. 30C

shows the rosult L and R children.
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FIGS. 31 AL illustrate the second generation of children. In FIG. 31A, the globally
delermined sccond goneration candidate splitting plane 842 is used to classify the objects in the
first generation children into L and R objects, and as shown in FIG. 318, L and R children are

generated according (o the described technigue. The resulting second generation children are

LAy

shown in FIO, 31C. On the right side of the diggram. it will be scen that the position intangles

D and F result in overlapping children, which have been separated for clarity.

FIG. 324-C illustrate the third generation of children. It will be scen that sincs the
candidate planes bave been generated globally, the candidate splitting planes 843 1n the present
example are off-center, and do not subdivide the child boxes into boxes of equal volume.

) FKG. 328 shows the placement of L and R sphitting planes, and FIG. 320 shows the resuiting
cluldren. T should be noted with respest 10 the bounding box containing objects A and B that
the described tochnique results in an R child baving an erapty volwme. The resulting L child
contains objects A and B, but with redoced enypty space.

FIGS. 33A-E show the gencration of children for objegis A and B, As shown in

13 FIG. 33A, the globally determined candidate fourth generation splitting plane 844 do not

divide A and B iddo L and R objects. Rather, both are classified as R objects. Because the left

side of the bounding box is determingd by the lefimost point of the R olyjects, the resuli s an
crpty-volume L child and an R chuld ishentng all of us sides from its parent,

{'\ -y

As shown in FIG. 338, becauss the candidate splitting planes have been generated

20 globally rather than locally, the fifth generation candidate sphiting plane 843 does not bisect
the bounding box, but rather lies outside of the bounding box. It will be seen in FIG. 33B that
the bounding box resides to the left of plane 843, Thus, as described above, the process
continyes with candidate planes lving to the feft of plane 845,

FIG. 33C shows the sixth generation candidate splitting planc 846, This time, the
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candidate sphitting plane 846 divides the bounding box such that A 15 now an L object and B is
an R objesi. FIG 33D shows the placement of L ad R splitting plancs, and FIG. 33E shows
the resuiting L and R children.

Together with the technique described in the previous subsection, the object list is
recursively partiiioned and bounding boxes are always aligned to object bounding boxes. Ha
3y splitting plane candidate separates objects without overlap, the resulting sphiting planes
implicitly become tightly fitled o the objects on the left and right thus maxinuzing empty
space, as shown in FIGE. 23C-D. Although the recursion terminates when only one object is
left, it is efficiont to define the number of objests, for which a recursion still pays off.

1t is bmportant to note that the splitting plane candidates sre not adapted to actual
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bounding boxes of the inner nodes, but are solely detenmined by the global bounding box of the

scene. In other words, afler child cells have been defined afler one iteration, the subsequently
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used candidate plane is not the midpoint of that new cell, but is rather the comvesponding initial
global candidate plane
This aspect of the technigue is differcut from previows approaches, and tends to keep

hounding boxes as cubic as possible throughowt the whole hierarchy.

LAy
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332 Approximate Sorting
The amount of ime required to constract the above-described data structures is

C{n Jog 1), on the average. According to 8 further aspect of the mvention, a bucket sorting

preprocess is used 1o decrease the constant of the order,

i In a bucket sorting preprocess, a high-lovel sort is performed 1o which individual ttems
1o be sorted are first soried into “huckets.” For example, sorting a deck of cards by rank and
suit may be accomplished by first sorting the cards into four piles by suit. and then sorting each
individual suit pile by rank. Each suit pile functions as a bucket. Generally speaking, dividing

the sorting function in this way fends to decrease the overall amount of te required for the

M
th

Process.

Sumilarly, the amount of time required to sort the objects 1 a scene o a
hierarchically ovdered set of bounding boses containing the objects may be significantly
reduced i the objects are [irst preliminarily sorted into meamingfol buckets containing like
numbers of abjects for which bounding boxes are e be constructed.

20 FIG. 34 shows a flowchart of a method 990 according to this aspect of the invention.
in step 901, the size of a scene boonding box and the average size of the objects contained
therein are computed in order fo determing the resobution of a regular, ordered gnid.
Alternatively the resolution can be specified by the user. As showa in step 902, sach grid celt

includes a comer. In step 203, all of the counters are set to zero.

[t
s

In step 904, one point for cach object, such as. for example, one corngr of its bounding
box, is used to increment the counter in the grid cell containing that point. ¥t s worth noting
that the point selected “for” an object does not necessarily need Lo be a point “on” the object.
ft will be scen that the number of points within a particular grid cell may vary widely,
depending upon how the objects are distributed within the scene. It may be possibie Yor some
30 grid cells to contain ondy one point, or gven wero poims. Lo will further be segn that since one
and only one point for cach object is counted, the sum of all counters cquals the sumber of
objects.

It will further be scen that objects may overlap maore than one cell, or even several gud
cells, Also, it may be possible for most of an object to reside outside of the grid cell in which

o

the object’s selected point resides. Tt will be seen that such occusrences may reduce the overall

2
h
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amount of time saved by the bucket sort, but will not alfect the vabdity of the final data
slructures.

In step 903, the counters are then transformed into offsets by replacing cach coounter by
the suny of all previous counters in the voxel order of the celis/voxels in the grid. or in the order
in which they ave laid out in memary.

In step 906, a global object index array is atlocated. In step 907, using the ssane point
of every ohjsct. the objecis now can be sorted into buckets of like size, using the offsets from
slep 903, As discussed above, the sum of the grid counters vields the number of objects in the
scene and deternsines the size of the index array. The bucket size is determined by the number
of counted objects within.

Inn step 908, for cach bucket, there is computed. as described above, the bounding box
of the objects it contains.

Sertinrg the bounding boxes instead of the ohjects they contam speeds wp construetion
by a factor of two (o three. I a volume clement consists of one container only, the container 15
replaced by the objects within. The resulting trees are very simailar in rendering pedformance
and size, as lnstrated in FIG. 42, discussed below.

By using this simple streaming fechnigue, iz possible 10 partifion a scene using a

limited amount of memory and in linear Gme. Even the index array can be processed in chunks.

333, Implementation Details

Because the bounding interval lerarchy is an object partitioning scheme, all object
sorting can be done in place and no temporary memory management i regeired. The reamsive
construction procedure only needs two pointers fo the left and right objects in the index array,
stmilar to a guicksort-based technique.

On the other hand, spatial partitioning schomes need fo handle objects that overlap
volume clements, For example the recursive &d-ires construction neads a vast amount of
temporary data 1o be placed on the stack to be able fo continue with backwacking later on.

A variant of the above schene can alleviale these mefficiencios and makes in-place
sorting available for kd-trees, The procedure reguires a second array of object references that
is used to keep the objects that are classified as “"both left and right” (Le.. as overlapping the
kd-tree splitting plance). Testing with a large number of scenes has indicated that the size of the
second arsay can be chosen by a default value, Generally speaking, a length equal to the
number of objects is far more than what would be required 99 percent of the time. However,
because the real length of the array cannot be predicted, it might be necessary fo reatlocate
WSOy

The procedure is illustrated in FIGS. 33 and 36, FIG. 33 shows a series of pairs of

arrays 920, i which the apper array llustrates in-place sorting of object indices, and in which
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the lower arvay illustrates storing operations onto the global stack during tree construction.
The series of array pairs proseeds frons left fo right and top to botiony.

i the first row, st cohamn, the upper array contains a set of nnordered clements. Ip
the second column, soring the unordered arcay has revealed a left clement, which stays in
place. [ the third cohumn, the second element ig an R cloment, which must go to the right, and
is therefore exchanged with an vnsorted element from the vight end of the upper aray.

In the second row, first column, the second element has been exchanged for an
wnsorted element from the right end of the upper array. In the second column, the element now
in second position is revealed to be a “both” (L.e.. overlapping) element, and is therefore moved
1o the global stack, ie., the lower array. In the third colunw, the rightmost unsorted clement 1§
maved into the vacant position in the array.

In the third row,_ first cohunm, the rghmmost unsorted clement has been moved into the
vacant second position tn the array. This clement is now revealed to be an "R object and &8
maved to the vacant position at the right side of the array. The third column shows the upper
array configurtion that results after this nwove.

The provess continues recursively antil all of the elements in the array have been
ardered. as shown nrow n. As shown in the first colwmn of row n. the soviing operating has
revealed three “both™ objects, which are stored in the first three positions in the lower array. In
the second column, the three “both™ objects are moved into the upper array in the vacant
positions between the L and R objects. The third cohmm shows the completed sort.

FIG. 36 shows a series of three array pairs 930, ilfustrating the sestoring of stacked

object indices after a siack “pop” operation.

34 Construction on Demand

Se far the presented framework glrcady allows for mteractive ray tracing. However,
constroction time and memory footprint of the acceleration data structure can be further
optintized by constructing it only, where rays traverse, i.e., where geometry is intersected. The
implementation with the bounding buterval hierarchy ¢ relatively straightforward and is
especially beneficial for large scenes that feature a high depth complexity. Since all object
sorting is done in place, only 3 flag is required to mark volume clements that have not yet been
subdivided. Upon traversal of a rayv, the subdivision routine is called if the flag ts sed. A
sitple optinmization is 1o subdivide a node completely, if 81l objects contained in 1t it into the
cache (e.g. L1-or L2-cache). The on-demand constroction removes the classic separation of
waversal and construction routines, Using this simple extension it was possible fo render the
Boging 777 mesh shown i FIG. 22 at HDTV resolution in 3-9 minutes (depending on camera
position} from scratch on a single core Opteron 2.2 GHz 32GB RAM machine. Compared to

provious approaches oely a fraction of memory is used.

PCT/US2007/066972
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4. Dizcussion
The bounding interval lderarchy is an object parttioning scheme that benefits from the
officient traversal techniques of spatal partitomng schemes. In this section, there are

discussed some of the advantages of this approach,

4.1. Memory Foolprint

Since the construction algorithm matches splitting planes to object bounding boses, the
number of inner nodes in the hierarchy is bounded by six times the namber of objects. In the
case of poly gons this number is bounded by the minirawm of the previous bound and three
times the number of vertices, The number of object references exactly matches the number of
objects 1 the sceng.

Due to oushiple object references, the latter bownd is not available for spatial
partitioning schemes as for exampie the kd-tree. The problem becomes appargnt, where
objects feature a locally high munber of overlapping bounding boxes or almost randomm
distribution: In the BART museuny the number of replicated triangle indices was about 400
times (peak value) the nunber of irangles. which also resulted in a 40 thimes higher mumber of
nodes than in the bounding interval lerarchy. This problem is intringic to Ad-trees, as the first
top level sphits already duplicate a lot of object references. Thiz daplicative effect is often

continped durng recursion,

4.2, Numerical Precision

The hounding interval lerarchy construction only uses bounding box information and
minimanymaximum oporations in the canonical coordinate svstem. As such the proceduwre is
numerically wnconditionally robust. Spatial partitioning schemes require object plang
inicrsection rogtines that rely on operations that suffer from (loating point imprecisions. In
order to make the schemes stable, tolerances must be added. As a consequence, parformance

sulfers.

4.3, Tracing Ensembles of Rays

If vavs are coherent. if can pay off 1o irace enscrables {or arrays) of vays instead of
single raya. While primary rays casily can be grouped in coberent sets, it becomes alrcady
difficudt to get the same benefits for ensembles of shadow rays from point light sources,
Transparent, reflecied, or ravs from random walk simulations Yack sufficient coherency.
Nevertheless, given an ensemble of coberent ravs, the approaches to trace ensembles of ravs
benefis from the data structure described hersin. This benefit is due to the reduced memory

bandwidth and increased cache coherency resulting from the small memory footprint.
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Forthermore the volume clements appear generally Jarger than the corresponding volumes of a
kd-tres. which refaxcs the conditions on coherency. Experimenis have indicated that the
speedup-ratio from single ray 1o 2x2-ray -bundle-tracing 18 slightly higher for the bounding

interval hicrarchy as compared (0 & kd-tree. Frustun-culling techmiques have been successtully

LAy

transferred to bounding volume hicrarchies. These technicues can be readily transterred (o the
bounding interval bierarchy by tracking the current volume clemsent bounding box on the stack.
Although the hicrarchy also can be apdated in other ways, the described construction rowtine 15
significantly faster than the surface area howristic, and removes the severe restriction to meshes
animated by deformations. For 2«2 ensembles of rays the ray tracing performance obtained by
10 the more general fechaique is at least as fast. Finally, the node data structure is much smaller.
For the sake of completeness, it is noted that ensembles of ravs also can be effiviently traced
using the grid acceleration data structure. However, large objects overlapping muliiple grid
cells, as well as sccondary ravs, canse severe performance losses. In genersl, the shaft-culling

techniques fail over distance for diverging ensembdes of rays.

4.4, Hardware Considerations

Based on the recent findings in real-time rav tracing the RPU (ray processing umit)
chip has been destgned. While the architecture efficiently can ray trace and shade bundies of
rays. it can be easily improved by ow approach: The bounding interval hicrarchy has a nuch

20 smaller memory footprint and as an object partitioning scheme dogs not need a maitbox amit

Only the TPU anit has to be extended by a second plane tutersection. These modifications
castly can be incorporated due to the similarity of the bounding interval huerarchy fraversal loa
Fd-tree traversal. More important the above-deseribed data structure construction technigue

uses only simple operations and therefore is a very gond candidate for hardware
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implementation,

4.5, Massive Data Setg
Current data sets used in industrial applications and production rendering consist of
massive amonnts of geomenry, which usually range from hundreds of megabyvtes 0 several
3 gizabyies of raw data. Although, as discussed above, the small memory footprint of the
boundary mmterval hierarchy allows massive scenes 1o be efficienily ray-traced by simple means,
there still may be situations in which the data dees not fit into the main memory. Accordingly,
a minimal memory footprint renderer has been implemented. which is abk to sender pictares of

the Boeing 777 using only 30 MB of RAM. i more RAM is available (1 GB was assumed for
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measurement pusposes), it is possible fo render a picture from scratch wn less thaw an hour even
on a standard consumer deskiop PC. as iHlostrated in FIG. 38, To achieve the minimal memory
usage, the above-described preprocessing step i used to sort the objects into bugkets, which

~ 4 ~
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are then stored on the computer’s hard drive. For the rendering step. a top-level bounding
inigrval hierarchy is oreated out of the buckets. without the need to touch any abject. Each
bucket that is interscoted by a ray oreates 1ts own free using the an-denand policy. The

hucket’s objeets and the acceleration datas structure are kept in a cache of cither dynamic (Le..

LAy

able to grow until no more RAM is available) or fixed, user-defined size. The bucket with the
largest mumber of objects defines the maximunt memory footprint. 1t should be noted that this
resull is obinined for free from the bucket sorting preprocess. In this scenario, the provessing
speed is determined by the speed of the bard drives. The free construction algorithm is so fast
that, if parts of the acceleration data stracture have to be flushed, they are just thrown avay and

0 rebuillt on demand,

4.6, Large Objecis

1t might be suggested that the bounding interval hierarchy performance suffers when

sneountering a mixture of small and large geomeiric cloments. While this is partially tree, it is
15 also true for spatial partitioning schemes. Iix this stluation a kd-iree subdivides the scene by
inserting more splitting places. This results in deeper trees, # duplication of object references,
and ab overall increased memory footpring. Decper iroes increase the traversal time. The
performance problem of boundary interval hierarchies in such a scenario can be spotted by the
example of the BART robots, shown in FIG. 32, The scene is made up of large triangles for
20 the streets and hovses, but also features a fot of finer geometry, such as the signs and the
walking robots. As the large iriangles cause large overlapping volumes in the hierarchy, an
carly pruning of the iree becomes impossible and more triangles per ray bave to be tested. The
classic workaround in a rendering svstem 18 to subdivide large objects beforehand. T order to

moderately increase memory, the objects should be divided by planes perpendicalar to the
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canonical axis. While the memory consumption now increases similar (o the kd-tree, i is still
possible o determing menrory conswmpiion a pifori. As the described approach is intended for
production systens with displacement mapping and a significant amountt geomeiric detall, the
above discussion does nol impose problems. In fact, the problem only persists for low-

poly gon-count architectural scenarios. Even older games typically use 200,000 to 300,000

M visible triangles per frame.

3. Results
The resuits of comparisons between varrently used techniques and the improved

techmiques described herein are set forth in FIGS. 37-42,
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FIGs, 37 shows a table 940 comparing the presently deseribed technigues and state-of-
the-~art &d-tree implemeniations, using a very simple shader and 2x2 (SSE accelerated) ray
bundles. The performance data were measured on g PAHT 2. 8GHz, with a resolution of

w3}~
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64480, The InView column refers 1o a professional real-time rendering product {inTrace
GmbH, www intrace com). The WHOG colunm refers to data achicved using technigues
deseribed in Wald and Havran, “On Building Fast #D~Trees for Ray Tracing,” Technical

Report, SCT Institute, University of Utal, Mo, UUSCL-2006-009 (submitted for publication)
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(2006). The WHOO performance data were measured on a faster Opteron 2.60H2. The term
“tinie o ivage” relers to a measwrement of the sotal rendering time for one picture, thus
incheding on-demand tree consiruction, ray tracing. and shading. As shown in FIG 37 the
bounding interval luerarchy (BiH) achicved superior results i both memory and total time fo
irage.

10 FI(G. 38 shows a tabie 350 comparing the present described lechnigues and a state~of~
the-art hd-tree implementation, using advanced shades that trace single rays only (640x480,
P4HT 2 8GHz). “Time to image” measwes the tofal rendering time for obe picture, thus
including on~demand tree construction, ray fracing. and shading. FI1G. 38 illustrates a stress
test for on-dentand construction, bocause the global illumination compuiaions reguire &

15 copstroction of admost the entire tree.

FIG. 39 shows a table 960 sotting forth the results of a comparison using dynamic
environments (6405480, PAHT 2. 8GH. The complete data strocture is rebuili per frame.
from soratch, The nwscum is traced using (@) simple shading and (b) full shading, using an
average of 4 rays per pixel. In both cases, only single rays were traced. The remaining BART

20 scenes were rendered using Uwe simple shader, while the Utah Fairy Forest used full shading.

FIG, 40 shows a table 970 setiing forth total rendering times (1280x1024, single-core

Opteron 875 2.2 GHz 32 GB) including on~demand tree construction for the huge Bosing 777

data set {349,369, 436 riangles, which amounts o 12,584,300 416 bytes). Reading the triangle

data from hard disk is omilted, since it depends hoavily on the hard disks used. In the present
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example, with the particular equipment used, the loading time was 40458 seconds,

FIG. 41 ghows a {able 980 sciting forth rendoring times (1280x31024, P4HT 2 8GH=
2GB RAM). including low-fevel, on-demand tree construction and loading all necessary
wriangle groups from disk. The top-level bucket sort preprovess, done onee for all views,
reguired an additional 33 minutes, but only used a peak 737 MB of RAM. The cache sizes for
30 the preprocessing and rendering were chosen o be suitable for any consumer machine offering
at least 1GB of RAM, More RAM allows for even fasler rendering times, as i the previous
figure, whereas the preprocessing step is mamly linuted by the bard disk, which in the present
example was relatively slow and inexpengive.

FIG. 42 shows a table 990 comparing the bounding interval hicrarchy (BIH) with and

Lad
L

without the above-described bucket sort preprocess (G46x486, PAHT 2.8GH2) o numbers

second (FPS} are given relative to the “pure” bounding interval hicrarchy, as FPS for several

.32~



i

3
e

fnd
L

L4l

L

LAy

£

&

WO 2007/124363 PCT/US2007/066972

camera positions was averaged. The boundmg interval hierarchy shows supesior resulis,

particular when combined with a buckel sort preprocess.

6. Conclusion

Aspocts of the present invention provide improved technigoes for accelerating ray
gracing, particelarly when used in fully dyvamic enviromments or for massive data sets. Both
the memory footprinl and constraction time of the described data sirncture are significantly
smaller, compared to previous approaches. The described technigues allow for real-time ray
tracing of dynamic countent withoul restrictions to the geometry. These technigues also enable
the much more officient compuiation of unbiased motion blur. The stmplicity and
predictability of the technigue along with its global heunistic make it a good candidate for a
hardware implementation.  First experimenit using the bounding interval hierarchy with
freeform surfaces have been pronuising. The new global Teuristic was compared to the much
more complicated kd-tree constraction heuristics that were esed for measurement purposes in
the paper: The shapler scheme resalis in almost identical performance.

FIG. 43 shows a flowehart 1000 of an overall tochiique ascording to described aspects
af the invention. As discussed above, the techiique is advantageously implemenied ma
computer graphics system comprising a computer and a display element, the display element
being operable to display a heman-percepiible image in responsg to a display-controlling
glectrical output from the computer, the computer bemg operable fo generate the display-
controlling electrical oniput based on calowlativas of pixel values for pixels in the image,
respoctive pixel values being representative of points in a scene as recorded on an image plane
of a simulated camera, the compater being operable to generate pixel values for an image using
a rav-fracing methodology, the ray-tracing methodology comprising the use of a ray trec and an
associated ray tracing data structure, the ray tree including at least one ray shot from the pixel
inio a seene along a selected dirsction. the rav-tracing methodology further comprising the
caloulating of the intersections of rayvs and surfaces of objects in the scene, and the ray-tracing
heing dotermined i response 1o the results of processing of ebjects in an image.

In step 1001, a hierarchical ray tracing acceleration data strocture is constracied
comprising 3 tree structyre. The nodes of the tree stracture are generated wiilizing a bounding
interval hicrarchy based on defining an axis-aligned scene bounding boy and two paraiied
planes to partition a set of objects 0 a scene nto Teft objects and nghd objects, and matching
split planes 1o object bounding boxes.

T step 1802, the bounding bog is recursively partiioned inio object bounding boxes.

Tn step 1003, i a split plane candidate separates objects without overlap, the resalting

split planes are fitted to the objects on the Ieft and dght. theveby maximizing empty space.

V43~
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I step 1004, recursion is fernunated when no more than a predetermined munber of
objects remains.
FIG. 44 shows a flowchart 1010 setting forth further aspects of consiructing a

hicrarchical ray tracing acoeleration data structure in step 1061 shownin FIG. 43.

LAy

I step 1011, two plancs are sclocied that perpendicular 10 a selected one of x, v, or
£-HNTS,

In stop 1012, given a splitting plane, cach object in an image is classified cither left or
right based on a lefi/right selection criterion, and two splitfing plane values of the child nodes
are determined by the maximuam and mininum coordinate of the left and right objects,

10 respectively.

T step 1013, given a bounding box and the selected axis, a left child L resalis from
replacing a maxinmun value of a lofi objeol’s coordinates along the sclected axis by the first
plane, and a right child R resulis from replacing 8 minimwn valoe of @ sight object’s
poordinates by the second plane. Aoy resuliing vero vohanes are psed o represent emply

13 children

In step 1014, splitting planes are detenmined by selectng candidate splitting planes by
hierarchically subdividing an axis-aligned scene bounding box along the longest side in the
middle, whereby all candidate splitting planes form a regular grid,

In step 1013, if a candidate plans i outside the bounding box of a volume element to

20 subdivide, the process is continued with candidate planes from the half where the volume
cloment resides,

FIG. 43 18 a schematic block diagram of processing modudes 122 within a computer
102 in accordance with one process of the invention. As shown in FIG. 43, the computer 102,

ov other processing device, when operating in conjunciion with the present invention, contains

fnd
L

some or all of the processing moduoles andfor other components shown therein, These modules
corrgspond to and exccute the method aspects shown in FIGS. 43 and 44, Such method
aspects may be implemented by those skitled in the art using knovwn computer operating
system and applications progranuming wchaigues,

FIG. 46 is a schematie block diagram of software product moduies 124 within a disk
30 (removable or non-removable) or other storage cloment 128 in a computer or other processing
device in accordance with the imvention, As shown in FIG 46, disk or other storage device
$20, whether removable or non-ramovable, can contain computer program code excoutable by
a conventional computing device to implement the method aspects of the invention, such as

those shown i FIGS, 43 and 44,

Lad
L

While the foregoing description ncludes details which will enable those skilled in the
art to practice the invention, it should be recognized that the description is illusirative in nature
and that many modifications and variations thereol will be apparent to those skilled n the art

BEE
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baving the benefit of these teachings, 1t is accordingly intended that the imvention herein be
defined solely by the claims appended horeto and that the claims be interpreted as broadly as

permiited by the prior arnt.
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We clainu
1. In a computer graphics system comprising a conputer and a display element. the
display element being operable (o display a homan-perceptible image in response to a display -

controlling clectrical ontput from the computer, the computer being operable 1o generate the

L

display -controlling electrical output based on caleulations of pixel valyes for pisels in the
tmage. regpective pixel values being representative of points in a scene as recorded on an
image plane of a simulated camera, e computer being operable to generale pixel values for
an image using a ray-tracing methodology, the ray-tracing methodology comprising the use of
aray tree and an assoclated ray wacing data strecture, the ray ree including st least one ray
1} shot from the pixel into 3 svene along a selected direction, the ray-tracing methodology
further comprising the calowlating of the mtersections of rays and surlfaces of objects in the
scene, and the ray-tracing being determined in response to the resalts of processing of objects
i an image, the improvement comprising;
constructing a hicvarchical ray racing acceleration data struchure compnising a bree
13 structwre, the nodes of which are generated otifizing a bounding interval hierarchy based on
defining an axis-aligned scone bounding box and two paralle! planes to partition a set of
objects in a scene into left objects and right objects, and matching split planes to object
bounding boxes,
wherein the two planes are perpendicalar 1o a selected one of x. v, or 2-ases,
20 whesein, given a splitting plane, cach object in an image is classified enther et or
right based on a kelUright selection criterion, and two sphitting plane values of the child sodes
are determined by the maxtmum and minimum coordinate of the lelt and nght objects,
respectively,

whersin, given a bounding box and the selected axis, 8 loft child L results from

25 replacing a maximum value of a left object’s coordinates along the selected axis by the first
plane, and a right child R results from replacing a minimum valve of 3 right object's
coordinates by the second plane, and wherein any resulting zero vohunes are used to reprosent
empty children,

wherein splitting plases are determined by:

30 (&) selecting candidate sphitting planes by hierarchically subdividing an axis~aligned
scene boynding box along the longest side in the nuddle, wherein all candidate sphitting
Mancs form a regulfar grid,

{b) if a candidate plane s outside the bounding box of a volume element to subdivide,
continning with candidate planes from the half where the volume elenent resides,

33 and further comprising:

{#) recursively partitioning the bounding box into object bounding boxes,
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{b) if a split plane candidate separates objects without overlap, fitting the resulting
sphit planes 1o the objects on the left and right, thereby maximizing empty space, and
() teninating the recussion when no more than a predetermined number of objects

TEAInS.

2. 1o the system of claim 1 the forther improvement wherein:

A, the kefVright selection criterion comprises, given a splitog plane, classilying cach
objest in an image cither feft or right depending on which side of the plane it extends most;
aud

B. the construction of the kierarchical ray tracing acceleration data structure is based
on bucket sorting, and comprises luerarchical execntion oft

{a) conputing a scene bounding box and average object size to determine resolution
of an ordered, regular grid for partitioning space, or aliernatively, using a user-specified
resohution,

{b) allocating a coanter for each grid cell,

{¢) dadizing alf counters, each corresponding to a respective grid cell, to zero,

(d) selecting a potut for cach object to merement the respective counter for the gnd
cell containing the sclected point,

{¢) transforming coumter values to offset values by replacing cach counger value by
the sum of values of all previpus comters,

{fy allocaung a global object index array,

{2) using the offset vahses (0 sort the objects into buckets, using for cach respective
object the corresponding point selected for crementing the counter for the grid cell
containing that point, and

(b} for each bucket. computing the bounding box of the objects 1t contains.

3. inihe system of claim 2 the farther improvement wherein:
mner nodes of the tree stracture are described by the two clipping planes and a

pomier o g pair of children.

4. In the system of claim 3 the farther tmprovement wherein split plane candidates
are not adapted to bounding boxes of the inner nodes. but ave determined by a global
bounding box of the seene, 50 that bounding boxes are maintained as cubic as possible

throughout the hicrarchy.
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3, In the system of claim 2 the further improvement wherein all nodes are aligned on
sefected byte-based boundaries such that the lower two bits of the children~pomter can be

used (o wdicate the axis or 3 leafl

L

6. In the svstem of claim 3 the further improvement wherein leaf nodes congist of a

muliipie-bit pointer to the referenced objects and their overall number.

7. B the svstem of claim 2 the Nuther improvement wherein it is possible for a ray
ot intersect sny child ¥ the corresponding valid ray segment is between two non-overlapping
10 children, and wherein processing this additional case iaplicitly skips empty leaves. such that

cmpty leaves need not be stoved.

8. In the svstem of claim 7 the forther improvement wherein 38 5008 as 4n
inlersection is determined, branches of the hierarchy tree can be pruped 3f they represent

13 volume cloments forther avway than the current inlersestion,

9. 1n the system of claim 2 the forther improvement comprising constructing the
hicrarcluical acceleration data structure only whore ravs traverse or where geometry is visible

to the ray.

20
10, Inthe system of claim 9 the further fmprovement wherein, since object sorting is
done in place. ondy a flag is reguired to wark volume cloments that have not yet been
subdivided, and wherein, upon traversal of a ray. subdivision is performed i the flag s set.
25 11, Inthe sysiom of claim 19 the further improvement comprising subdividing a

node of the lerarchical aceeleration data structure completely 1f all objects contained wn it fit

inlo 3 dedicated memaory cache.

ot
4]

. In the system of claim 2 the fusther improvement compeising tracing areays of

3G ravs.

13, [nthe systom of claim 12 the further improvement comprising wilizing frustum

ray culling technigues i connection with the bounding interval hierarchy.

i
W

14, Inthe systeny of claim 2, the further taprovement comprising:
configuring & processing and memory strachwre in accordance with the foregoing

method, the processing and memory structore being operable to provide:
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pre-processing by sorting mage trlangles jnto buckets and storing corvesponding
bucket values on a stovage device,
for rendering. creating a top-fevel bounding interval hicrarchy out of the buckets,

without neaeding to construct the tree for the tniangles immediately, and wherein cach bucket

L

that is intersecied by a ray creates its own tree wtilizing on-demand creation of the tree,
whersin the bucket’s triangles and the acecleration data siructure are stored in a cache
of either dynamic or {ixed user-defined size,
wherent the bucket with the largest number of triangles defines the maximum
memory footprint.
14
13, Inthe systeny of claim 2, the further improvement wherein memory required can

be bounded in advance, linearly in the number of objects 1o be ray wased.

16, Inthe system of claim 2, the Torther boprovement comprising nsing ooly one

13 clipping plane.

17, Inthe system of claim 2, the further huprovement comprising wsing four clipping

planes.

20 18, In the system of claim 2, the funther improvemend comprising constructing the

constraction of the hicrarchival rav fracing acoeleration data structurs only on demand.

19, Tn the system of claim 9, the further improvenent comprising:

determining whether the bounding box of a bundle of rayvs fics on one side of &

b
(7

splitting plane or iniersects the splitiing plane; and

if the box lies on one side of the sphitting planes identificd by the ner node of the
tree, using this branch for further fraversal;

upon encountering a leaf node or a plane that ntersects the ray bownding box,
identity ing this node as the comumon eniry node for the buadic of rays, and then, instead of
30 traversing the ravs from the root node of the acceleration data structure, starting traversal

from the entry node.

20. In a computer graphics systom comprising a compater and a display element, the
P gra 3 £ A

display clement being operable 1o display & human-perceptible image in rosponse to a display-

i
W

controtling electrical cutput from the computer, the compuier being operable to generate the
display ~controlling electrical output based on calewlations of pixel values {or pixels in the

tmage. respective pixel vahues being representative of points in a scene as recorded on an
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image plane of a simalated camera. the compusier being operable to generate pixel valaes for
an iviage using g ray-tracing methodology, the rav-fracing methodology comprising the use of
a ray tree and an associated ray tracing data structure, the ray tree including at least one ray

shot front the pixel into a scene along a sclected direction. the ray-tracing wethodology

L

further comprising the calculating of the inersections of rays and surfaces of objects inthe
sceng. and the ray-iracing being determined in rexponse o the results of processing of abjects
in an image, a computer software product comprising:
computer-exenutable code stored i computer-readable form on a computer-readable
meditg, the computer software product further comprising computer-executable code stored
1} on the computer-readable medium and excoutable by the computer to enable the compater to
construct a hierarchical ray fracing acceleration data structure comprising a iree structure, the
nodes of which are gencrated wtilizing a bounding interval lierarchy based on defining an
axis~-aligned scene bounding box and two paraliel planes to partifion a set of objecis in a scene
o left objects and nght objects, and matcling sphit planes o object bounding boxes,
15 wherein the two planes are perpendicolar to a selected one of x, ¥, or z-gxes,
wheretn, given a splitting phwe. cach object v an image is classified either left ov
right based on a lefi/right selection criterion, and two splitfing plane values of the child nodes
are determined by the maximum and minimum coordinaie of the keft and right objects,
respectively,
20 whesein, given a bounding box and the selecled axis, a left child L results from
replacing a maximum value of 8 left object's coordinates along the selected axis by the first
plane. and a night child R resuits from replacing & minimum vabue of a right object's
coordinates by the second plane, and whevein any resulung zevo volumes are used 1o represent

empty children,

b
(7

wherein sphitting planes ave detenmined by:

{a) selecting candidate splitting planes by hicrarchically subdividing an axis-aligned
scens bounding box along the longest side i the middle, wherein all candidale spliiting
planes form a regular grid,

(b} if a candidate plane s outside the bounding box of a volume slement to subdivide,
30 continuing with candidate planes frome the half where the volume element resides,
and further comprising:

(@) recursively partitioning the bounding box into object bounding boxes,
(b) if a split plane candidate separates objects without overlap, fitting the resulting

split planes to the objects on the Ioft and right. thereby maximixing emply space, and

i
W

{¢) termuinating the recursion when no more than a predetermined nwmber of objects

PRIMAIS.
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21, The computer snftware prodoct of ¢laim 20 wherein:
A, the leftfvight selection criterion comprises, given a splitting plane, classifying gach
object in an image cither left or right depending on which side of the plane 1 extends most;

and

L

B. the construction of the hierarchical ray tracing acceleration data structare is based
ont bucket sovting, and conyprises hierarchical exccution of:

(@) computing a scene bounding box and average object size to deternine resolution
of an ordered, rogular grid for pantitioning space, or alternatively, using a user-specified
resohudion,

14} (b allooating a counter for sach grid cell,
{¢) initializing all counders, cach corresponding to a respective grid cell, to 2ero,
{d) selecting a point for each object (o increment the respective counter for the grid
cell containing the selected poind,
{2) transTonming coanter vatues 1o offset values by replacing vach counter value by
13 the sum of values of all previous counters,

(1) altocating 4 global object index arvay,

(2} using the offset values to sort the objects indo buckets, using for each respeciive
object the corresponding point selected fov incrementing the counier for the grid cell
containing that poind, and

20 {10 for cach bucket, computing the bounding box of the objects it contains.

22, Ina computer graphics sy séem comprising a computer and a display element, the
display clement being operable to display & human-perceptible inage in response to a display~

contralling electrical output from the computer, the computer being operable to generate the

b
(7

displav-controlling clectrical owtput based on calculations of pixel values for pixels in the
image, respective pixel vatues being representative of points in a scene as recorded on an
image plane of a simulaled camera, the computer being operable to generate pixel values for
an image wsing a rav~tracing methodology, the rayv-tracing methodology comprising the use of
a ray tree and an assoclated ray tracing data structure, the ray iree inchuding at least one ray
30 shot from the pixel io 4 scene along a selected direction, the ray-tracing methadology
further comprising the caleulating of the intersections of ravs and surfaces of objects in the
scene, and the rav-tracing being determined in response o the resulis of processing of objects
m an image, e method comprising:

ponstructing a hierarchical ray racing acceleration data structure comprising a ree

i
W

structure, the nodes of which are generated vulizing a bounding interval lierarchy based on

defining an axis-aligned scene bounding box and two parallel planes to partiion a set of
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objects in a scene into left objects and right objects, and matching split planes to object
bounding boxes,
wherein the two planes are perpendicular to a selected one of XL ¥, or z-axes,

wherein, given a splitting plane, each object in an image is classified euther feft or

L

right based on a lefi/right selection criterion, and two splitting plane values of the clild nodes
are determined by the maximurm and minimum coordinate of the lefi and right olbyjects,
respectively,
wherein, given a bounding box and the selected axis, & left child L reselis from
replacing a masimum value of g feft object's coordinates along the selected axis by the first
1} plane, and a right child R results from seplacing 2 nunstmum valee of a right object’s
coardinates by the second plane, and wherein auy resulting zero volumes are used to represent
empty children,
wheretn splitting planes are delermined by
{@) sclecting candidate splitting plaes by luerarchically subdividing an axis-aligned
15 scene boonding box along the loagest side in the middle. wherein all candidate splitting
planes form a regudar grid,
(b} if a candidate plane is ontside the bounding box of a volume element to subdivide,
continuing with candidate planes from the half where the volome clement resides,
and forther comprising:
20 {a) recursively partitioning the bounding box into object bounding boxes,
{by if a split plane candidate separates ebjects without overlap, fiting the resulting
splil planes o the objects on the left and right, thereby maxinszing cmpty space, and

(o) terminating the recursion when no more than a predeternunegd nuniber of objects

TEans,
25
23, The method of claim 22 whereine
A, the lefifright selection criterion comprises, given a splitting plane, classifving cach
object i an bmage either left or right depending on which side of the plane 1t extends most;
angl
30 B. the construction of the hierarchical ray tracing acceleration data structwe is based
on bucket sorting, and comprises hierarchical exccution oft
(a) computing a scene bounding box and average object size to determine resohution
of an ordered, regular grid for pantitioning space, or alternatively, using a user-specified
resolution,
33 {b) allocating a counter for cach grid cell,

(o) imitiadizing all countess, sach corresponding to a respective grid cell, o xero,

Y
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{d) selecting a point for each object to increment the respective counter for the grid
cell comtaiming the selected pout,
(&) transforming counter values 1o offset values by replacing vach counter vahse by

the sum of values of all previous counders,

L

(D) allocating a global object index array,

() using the offsct values 1o sort the objects into buckets. using for each respective
object the corresponding poitt selected for incrementing the counter for the grid cell
conlaining that point. and

{19 for each bucket, computing the bouwnding box of the objects it contains.

16

24, ina conmyputer graphics svstem comprising a compuifer aned a display clement, the

display element being operable to display a lwman-perceptible image in response to a display-
controliing electrical outpirl from the compuder. the computer being operable to generate the
display-controlling electrical output based on calcalations of pixel values for pivels inthe

13 image, respective pixel values being representative of points in a scene as recorded on an
tmage plane of a sinulated camera, the computer being operable to generate pixel values for
an image using a rav-lracing methodology, the rav-tracing methodology comprising the use of
a rav tree and an associated ray fracing data structure, the ray tree including at feast one ray
shot from the pixel info a scene along a selected direction, the rav-tracing methodology

200 further comprising the calculating of the intersections of ravs and surfaces of objects inthe

scens, and the ray-tracing being determined in response to the results of processing of objects

i an image, a sab-gystem comprising:

means for constricting a hievarchical ray tracing acceleration data structhwre

comprising a tree stracture, the nodes of which are generated utilizing a bounding interval

b
(7

hivrarchy based on defining an axis~-aligned scene bounding box and two parallel planes
partition a set of objects in a scene into left objects and right objects, and matching split
planes to object bounding boxes,

wherem the two planes are porpendicular to a selected one of x| ¥, oF z-axes,

wherein, given a splitting plane, cach object in an image is classified cither feft or
30 right based on g lefiright selection crilerion, and two splitting plane values of the cluld nodes
are deternuined by the maximum and minimam coordinate of the left and right objects,
respectively,

wherein, given a bounding box and the selected axis, a left child L regults from

replacing a maximum value of a left object's coordinaies along the sclocted axis by the first

i
W

plane, and a right child R resuits from replacing a minimum value of & right object’s
coordinates by the second plang, and whersin any resulting vero volumes are used 1o represent

emply children,

B
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wherein sphitting planes are detornsined by
(&) selecting candidate sphitting planes by hierarchically subdividing an axis~aligned
scene bounding box along the longest side in the middle, wherein all candidate splitting

planes form a regular grid,

L

{b) if a candidate plane is outside the bounding box of a volume clement to subdivide,
contitning with candidate planes from the half where the volume element resides,

angd further comprising:

(@) recursively partitioning the bounding box it object bounding boxes,

(b) if a sphit plane candidate separates objects without overlap, fitting the resulting
13 split planes 1o the objects ou the et and nght, thereby maximizing emply space, and
{¢) terminating the recursion when no more than a predetenmined number of objeets

remaing,

25, The sub-system of claim 24 wherebn

13 A the lefiright selection crilesion comprises, given a sphitting plane, classifving each
object in an image cither left or dgl depending on which side of the plane it extends most;
and

B. the construction of the hicrarchical ray tracing acceleration data structure is based
on bucket sorting, and comprises hierarchisal execation of)

20 {8y computing a scene bounding box and average object size to determme resolation,
of an ordeved, regalar grid for partitioning space, or alternatively, wsing a user-specified
resciution.

by allocating a counter for ecach grid cell,

{©) initializing all counters, each corresponding to a respective grid eell, to zero,

25 () selecting a point for cach object to incremant the regpective counter for the grid
cell containing the selected point,
() transforming counter values to offset values by replacing cach counter vahue by
the sum of values of all previous counters,
¢y allocating a global object index amay,
36 () using the offset values 1o sort the objects into buckets, using for each respective

object the corresponding point selected for incrementing the connter for the grid cell
contzining that point, and

() for each bucket, computing the bounding box of the objects 1t contains,
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13- ;1\0“3{. [‘5’,‘-.
238 (Plunlsefed S laxias il ~ g

efnl. v » aslpedads axia+i}q>*r‘inv;

ofid.u = (pi3d
altl.e » (pidd

RS AR O <

valseodfaxisl]
velnalsd2 faxis+ 11y iy

{w
!

=
'..r vl
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fiaan
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fluat
itiin
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-

c)r?ﬂ 3@ i3 o=

Efuintlanndn)

contingsg;
il o= tera

.~ hZ = teray.d

continge;

painter to face indices;
pl‘aj Qrtion _CaNa;
fi-- ddntd)

omus_tribana; ii:

- “riﬂata-*idy3 v. from{Pluginatlodd{efsl}
~ tribatalvided .. vsray. froa{Pluslnelodiiefa+t ]}
/ (ray.dlofs] + tyiDataix iix_ rn.ovarey.d[Plustnetodd {«

+ triDatai=idel.n. veray.d [Flustnobod3lols

FTE Y

»
ST AN
+1

1

N .
]

N

b

ast far}y /-1 for +G.GF

~1 ikt sult.

{ras *

ray. from{Flusnatods [efsl]
tyilaves Dxidsd . phw;
ray . fron(Plusineieds {o
tr;ﬂa»a;*ide‘yO.;:

oL A PloslnaMods {ofe}]

oo

AP ustineRedd fofs+11] u+ifl

4 4 o+ 4

oy o~ hewvridatalridxd . el0].n
- hixvriBatalsidy] (1] .

108

2 {1
e {1

Niatrdfaca {eidx]. e
hestribats{ridx].
WY
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“

¥
Iy o=
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nintCast{v} | vintCastinv}} > Oxq0UN00G0}
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Padot #g = (Podnt #d&vrilmsairri_ index]:
int boxMinldy, doxMaxlds;
24 poxMinldy and bosNerxTdy index the smallest snd largest vevisy of tha triangle
A7 an the compupent dir{0] of the split plape
iEp ol fdie £ Pigie ol
{
el 03]« plol ldar{olh)
{
TR I Iy
boxMaxldy
¥
ains
{
spMinidy = &
noxdtaxldy = oid {8ix{ol] < pIaiidarindd = 1 @ ¥
1
¥
2158
{
SEipiR} fdie fodt < plad Micialll
boxdinldn = I
Loxagday = &)
£
boxMinddr = 1g
bosMesTdx = p{3] {dir D1} < plol{dariolt Bon 2
>
b
4 TF the trissgle iz tn vhe split plane or completely wu ons sids of the spiir plans
i facided without any nuwmerical evvors, 1.:. at the prasisiecn the trisngle Is
savared to the runderiosg systew. Using psxians here i vroung sad WOt aRoesIary.
)
L0 tpibonitinidn ] {dir {o0] = splat) & (plhoxMaxidel fiviQll == splisdd /7 dn splis plsge 7
i
ar Splivttemsds;
i¥{aplit < middle splivd /7 put to smeller volums
Toft _aum divitemst by
slaw
L
border--;
= ihamR {Luu;tAawrced order:
e ciw“remq} ~ gnepsldot Dottt o divicens
£ r_’
FF triwagls ouapl
. SR
elna 1§ap{ M‘r d i{ i [0}} > oppliv) S8 trisagle comple
¥
d
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SLEH
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&,
int

i

&

g
ine

iy
i

fioat av = dist 7 (plboxMidlaxd {dirfod! 0
fiont an® = dist ¢/ (pletilonel {dir[0l] - pliions] [dir{d]

Tloat ai
float al

floan &
fTloat al

cight_ma_divitsme--;
itenslast [right suom Qivitems] = ivemsList[left mnw sivinews]:
itensliey [iafr nur divlvens] = ¥

Sé and pow deteiled decision, triangle wust intsrsect splitc plane

~ 2

T the sequel we detexmine whether a triangle should go lelt and/or right, where

wa alresdy Ranw that it sust intersect the split plavs in a line ssgment,

411 computavions ars svdersd do that the more precise cowputaticas sxs doge
firsy, Sexlar products and orosy products are evalusted Iast.

Iin s situstions 1t BRyY be n nECERSAry to expand the bouwdiug box by

an epsilon. This, however, w11l blow up the reguired memory by largs anounts,

¥ such w situation is encountered, it may ba bettar vo asalvee iv vumerically

in order mob to Ly any epsilons. ..

srriving hers we koow that piboxaxldnl{dir{ol] < spiiy < pluoxMaxds] {dir {933

and that plboxHidide] {4ir{0]] \ia TplvexMaxldx] Pdarioil, p;LaﬁHaxIdx; Qi {1},

We alse koow, vhat the triangle has a son-eapty intersection with the ourrest

voxel., The triangle also zamnot lie in the =2plit plene, and its varvices camnoet
e

ne side only.

poxMididy = 3 - boxHazIdy - box¥inldx: // sisping index, found by 3= 0 + 1 + 2

We now determine the werbex that is alone on one side of the spliv plane.
Depending on whether the lonely wertex is on the lefv ar right side,

we have to later swap the devigsion, vhether the

priengle ahwnid bs going to the left or right.

flogs = {apliv € plhoxiidids] f8ix{0]1} 7 bexMinldx v bowMaxldy;
b ) v

Hotdlone = & - flone -~ boxd

== {zplit ¢ plboxMidldx] [dir{Dl]} 7 boxMaxlde : beaMisldx)
Ff gince saw of fdy = 3= ¢ 4+ 1+ 2

it ~ plaloned {gix {nd}
yECastidistiyeldl; /S == fiA ned [Air 0] » splis;

How the line segnenty cromsicting the logely vartex with the vemaining tyoe valteses
are intersectsd sith the aplit plans. al and a2 ars the InSarsestisn points.

The specisl vase *1f{pTooxMididx] {dir (01] == epliv)” [yislds a x / i, shich Seanld
be optimized) does nst help at a1l siase 3% only o=e heppen as often 2o the highest
vadence of 8 vertex of ths mash is..

IR
33

x = (plroxdidIdxd = plalonsld [dir il » axg
¥ o= {pfbesiidldx]{ ~ pialoned [dir{2}l » ar;
2z o= {piHotslmed [dir{1]] - plflone] fdir{iil} » andy
3y = {piBovAleone] {8ir{2]] - plAlovel fdiv[2}1} » ard;

FiG. 78
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Change thew weg ware arrors in the BEP.

is the losely point in the soovdinats systar with
rEow . bHiaMae (5]
pHax is the lanely polnt

tBox. bHinMax 1}

pRin

in the coordinate syotex wikk

CopWmzy > ¢.DE}

3
fﬁ‘
£ norpal to the line of inversertion alal of vhe wriangle
i plane
flaat -~ aly;
flast - BIN;
A7 The signs indicare the guadvant of the vector normal to the invsrssction lin
032 nxs = vintlasuinx} DL UL
132 ays = uiptlasvinyirs3 < Q080
Fx Humeries) pracisien: Due to zancsllation, flowts of appraximavely sume exposent
should be subtyactad first, befora adding supeiBiing of » difiersuy ordsr of
magnitude. 811 s in the gequel are ESRENTIAL for pumeriosl precisicn.

the origln at

the srigin at

float pHiax = plilouned [4ir (131 ~ bRox.bMinMex 07 Aiv [133:
Flost pifiny = pldlonal ir{d]l - bBex.bMindex [0} IHixiZil;
Fiload paxy = plaloned (dir{il] - blox. vMimsx [} [Mr(illh:
floas pMery = plAloss] £ rhox. bMimMax {1) i {2t
7/ Datermine coordinates of the bownding box, however. wikh raspect to p + al being the erigin.
boyx 3
Vozsizl;
= {eBink + aix) « ax;
= {gMiuy + aly) * By
= {pMaxx + alx} = ng
= (pMaxy + aly) « vy
#%  Tast, whethar line of insersactisn of the vrissgle sud the aplit plane pessas by the
wounding box. This is dene by indexing the vmordinates of The huunding hox by the
guadrant of the vacter norssl o the 11ve of intersegvion. In this is
vhe nifty inplenentatisn of the 3d ves ¢ introducesd by in the haok with Hainas:
"Real~Tine Rapderiagh
By the iundewing the wartices are solacted, which ars farthest from bhe line.
¥nte tha the vriangle CANNOY completely pass the onrrant vowel, sisce It mesy have
A nOLERPLY intsrsectivr with i,
BF
UIE wasultd;
of (piire + HSX<aly, alxl < 0.00F 4f line zegment of intersecvicn alal left ol boy
resultd = wintCast {(ping i>x31;
alze 1Z0pHiny + MAK{aty,a2y) © ©.00) /7 line segment of interssction s1al helew box
resultd = ulstCast{phingl =234
alse 1*f“Na*x + NIN{aiR 2R v 0.0£) ¢ lime samrent of Intsrsection ala right of bex
{pMary » D.0€F
+ Mi{aly, aﬁv} > .08} /4 line segmeut of intersectics alal above buox

FIG. 7C
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B0

e“}
{

> boxyinysl)
ne paszses beyond bhox ¥ => triangle can only Be on one side
2
£/ sign aof cross product al z a2 is checked o determing side
else if{boxxfnxzsl < boxy{i nysl)

1
Kl
{alysaZx < ailxraldy’r:

/7 Ok, now the trisngle must be both left and righe

stackList lourrStockitens+s+] = itemsliztilaft nus divitemsd;
unsortved, border—-

itemaliot {left_num divitemg] = itvemsbList{unsorsed border];
continue;

if (swaphB i= f47s/ reanitd)

mnsorted _bordsr--,
32 t = ivemsListunsorted borderd;
right_mm_divitens--;
itemalisy [righs nun_diviveus] = itemslist (left_num divitensl;
itemsList [left_nup divitems] = ¥

& et

ige
left_num_divitemsd+;

FIG. 7D
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iCOMPUTE BOUNDING BOX OF SCENE

H

H
H

'

USE PARALLEL L~ AND R-PLANES TOQ
CIVIDE AXIS-ALIGNED BOUNDING
BOX INTO POSSIBLY QVERLAPPING
LEFT AND RIGHT AXIS-ALIGNED
BOLINDING BOXES

;

USE LEFT AND RIGHT AXIS-ALIGNED
BQUNDING BOXES TO PARTITION 8ET
CF IRTUAL DBJIECTS WITHIM
CRIGINAL, AXIS-ALIGNED BOUNDING
BOX INTG SET OF LEFT OBJECTS

AND SET OF RIGHT ORJECTS

!

N
N

¥

FROCESS LEFT AND RIGHT OBJECTS
RECGURSIVELY UNTH TERMINATION

CRITERION IS MET

i
3

END

FIG. 12




WO 2007/124363 PCT/US2007/066972

15/50

600
'L 801

| COMPUTE BOUNDING BOX OF SCENE |

é, 602

EXECUTE 3D-TREE CONSTRUCTION
TO OETERMINE SPLITTING PLANE M

$ 603

USE PARALLEL L~ AN R-FPLANES TG
PARTITION AXIS-ALIGNED BOUNDING
BOX INTQ LEFT ANDG RIGHT AXIS-
ALIGNED BOUNDING BUXES THAT
MINIBALLY OVERLAP SRLITTING
PLANE M

& 604
USE LEFT AND RIGHT AXIS-ALIGNED /
BOUNDING BOXES TO PARTITION SET

d

OF VIRTUAL QBJECTS WITHIN
ORIGINAL, AXIS-ALIGNED BOUNDING
BOX INTQ SET OF LEFT OBJECTS
AND BET OF RIGHT OBJECTS

)

PROCESS LEFT AND RIGHT OBJECTS
SEPARATELY

'

BROCESS LEFT AND RIGHT OBJECTR
REGURSIVELY UNTIL TERMINATION
CRITERION 18 MET
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AL

intersestion Boundary: :Iintersson(Ray ¥rayd /lray. tfar is changed!
i
£ Mptinizsd foverss calovlation fesves 2 of 3 divisious)
flont inv_tmp = {ray.d.dgsray.d.dydervay.d.dn;

LF (it Qast {inv, trp) SOXTFEFEFTRY > aintCast {DIV_EPSILONY
{

imv_tmp o= 100 0 dnv_ taps

fodzd e iny b
TIEIRV_Tmp

4
dhy iy Lmps

ray.oinv_d.dx =
vay.inv_ d.dy =
ray.iav d.dg =

¥
alse
i
vay.iov_dody = FFFEY > vzntL s*\DI EREILGT 7
L0 V. %) v.od.dx} 313
vay.ine d.dy = c{ray . 3. Ay 2 E0XTFFE Y o» ulu‘tuas":;«_,DI‘.-’ EPSLLY ._} T
' R / ray.d.dy} : IRVDIR_LUT [uintCast(ray.d.dy) »» 211
vay.inv d.dz = {Quintlastiray .. de)$0<VFFFEFFF) > hlﬂtbdut{glv“m.slf 33307
£3.0F / vay.d.dz) o INVDIRLUT{nintfast{ray.d.da} »> 31
}.
Intersas it

sl Llar = yray. faxg
result,tri indey » ~1;

Jé

£ /BRax~Chack

firay tfape=l He3%f S/18
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LG

£ ABER~Tra
.
'

canst

3% curreut bspltack = 1 //wsgen empty
32 nods =

i

32 whas

loab digy

floar dissy = ({88 }HﬁﬁhLSﬁFbib spilodes inedel }.splisiy

noge =

fva

stack cags == §

Farsal

odeld] =

{{nintfast (ray. inv d.dui>>27) & size
faintlast {vay. iov d.dyi>=27) &
{uintCast (ray, inv d.d2i»>37) & sizas

BEPNUDELEAT) .
ORELESYY
BSPRODELEAFI Y

A mentninel

\e*zselg mg (typer=(}
pe >= 0}

% sin Leal (bype<d) oder mux
BEPRODELEAFY) beplodes Ineded ) . 13

8

F/8piit-Pimension (niglad
UE2 proj = {({BEFRODELEAFE)bsplodes [nodel)

{nog Lype & 3t
= {{{RY Pﬁ:ﬁ?iﬁﬁr&\bsg odes {nedel ) aplitiy [uha
~ ray. fron{proil brray. fav_ diproil;

tnodalproilsrd]

ot

{{(whatnode {projized)” 11
~ yay.franfpreilsray. sov dlpreil;

({RIPHIBELRAR O baplindes [node] ) . typs ~ proil | vhaimode {pro}

firvpe & UxFYFEFFRG

{tnear <= distl)

X3

if{ray.tfar »>= distyl

{

bepltankiear [onrrent bapWtack] = MiX{tasar,disir)d;
apStackMade lonrrent bapStack] = node sigesl (BEFNOD ;
bapStockPar [euryeny bepitackl = ray.tfarg

purrent bapitacis;

FIG. 148
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ray.ufar = y.oifar.distllg
b
el

if{ray.efay = distye)

{

-

tnear = MAT{thear distr};
aeds T+ sizect (RIFRODELESF )

Lo

Lug

gotn atackPop;

Q’d.

I
FfFarea~Interssa
pew mode npittod
s
/¢

FiRin gefinden?

A
do SV NEEDS bepftackNear 0] = -3.2033%; AR
1

whackPop:

ok
snear = bspShackNBear fenrrent bspStack];
Iwhilairesuls.tfay < Loeeri;

1if {owerent _bspitack == @)

avrdrasuing

noge = bspﬂtaxkﬁedsEcurrént%bsnﬂtaﬁk}:

vay.tlay = bapduackFar {ourrent bhapStackd;
Fowhils {vroeld;

FIG. 14C
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typedef ALIGH(4) struct \\ sxample encoding
{
int type;
/fsign biv=LEA¥,
//lowent 2 bita=PROJECTION_AXLS,
/folpe bits=index of BVH or trianglew
anion
{-' Iy
32 endltems; //NODE: numbeyr of tri’s
fleat splivlridd;
Fi
FRVHNODELEAY

FIG. 16
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Intersection BVE::Intersect{Bay &ray)

;
/f0ptimized inverse caleulation {saves 2 of 3 divisions}
float inv_tmp = {ray.d.dwsray.d.dyitray.d.d2;
if {(uintCast {inv_tmp)0xTFFFFFYF} > uintlast (DIV_EPSILONY)
5 ,
.

inv tmp = 1.0f / inv_ twep:

#

ray.inv_d.dx = {ray.d.dysray.d.deixinv_tmp;
ray.inv_d.dy = {ray.d.dy*ray.d.dzr*iav_tmop;
ray.inv_d.dz {ray.d.dxsray.d.dyisinv_tep;

#

ray.inv d.dz = {((nintCastiray.d.OOR0xTEFFFEFFF} > uintCast(DIV_EPSILOND)
£1.08 f 'ig.d.ﬁﬁ‘ ¢ INVDER_LUThuintCast{ray.d.dx) »> 314

vay.inv_ d.dy = {{uintCast(ray.d.dy)R0xTFFFFFFF) > uintCast(DIV_EPSILOND) ¥
(1.0f / rav,d~3y) s IHVDIR_ LUTIuiptCast{ray.d.dy) »> 311,

ay.inv d.ds = uiQ1nvga%t(r9§ 4. dz\?ﬂy?"?FFF“F‘ > wintlast (DIV_EPSILONGY ¥
{1.0f / ray.d.dz) : IHVDIR_LUTInintCast{ray.d.dz) >» 34];
3

Intersechtion Tesull;
rasnlt. tfary = ray.ifax;
resplt.rri index = -1

/ /RBox~Check
£

Float boesy = 03.0f;
worldBBax . Cliplray, tasars:
if (wintCast (ray.tfarl == MTETE43R0) //ray.tfar==3,3e38f

return{resalhl;

e

FIG. 17A
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22 current bspStack = 1
1332 node = §y

}e".-‘
s
/7BSP-Trav

ff

const U¥2 whatnode{d] = {{uintCastiray.inv_4.dx}»>28) & sizeof{BVHRODELEAFY,
fuinsCast (ray. inv_d.dy)}»>28) & sizeof (BVENODELEAF),

(aintCant (ray. inv_3.d2)»>28) & siz eoi(B%ENDDh@ERF}};

U232 bapStackNode [1281,

float bepSuackFar{il8];

float bepStacklear(128];

bopitacklear{0] = ~3.4238f; //Sentinel
iz
do
{
while{{ (BVENODELEAFE  baplodes{nodel ) . ¢ y= )
{
£ g E \,!?“

ffﬁpiit—ﬁimeﬂ°1én
3% pro '

3z [oN _-

Ui “

ELEAF®) baplodes inedel ) . type & 33

U32 leftside = ({{RVANDDELEAFE)bapNodes [uedel) . type & 432
Jfsizeot (BYHNODELEAF =

fleat dist = (((BVHNODSLEAF&)bsplodes {nodel).split
~ vay.fromiproillsray. tnv_dipreil;

node = {{(RVHNODELEAF&Z)bapNodes{nodel) . type & ("7)) | whatnodelpreil;
if{lafreide 1= wvhatnode{projl)

i

[N

if{digt »= tneay)

i
bepftackiear [current bapftack] = inear:
bgpStackiode [current_bepStach] ﬁode ~ sizeof {BVHNGDELEAFY
bspStackFar fourrent bspStackl = ray.tfar;

f

[feniy "put on stack”{incd if not an ewpty leaf

current _bspStack += { (((BVHNDDELE&FX YbspNodes [node
" gizeof (BVENODELEAFY} ) (hype

& {inn) (((BVENODELEAFS) beplades{nods

FIG. 17B
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W0
il

* aizeof {BVHNODELEAF} 1) . endItens-1)]) »= (3

ray.tfar = MIN(ray.tfar,dist};

node "= sizeof {BVHNDDELEAF):

5
elge
if{dist <= ray.tfar)
{
$f { {{ {BUBNODELEAFS Y bopilodes {nodel) . type
& (1nt) ({ (BVBNODELEAF ) bepNodesinodel ) . endltens-1)) >« §)
bapStackear [current bapStack] = MAX(tpear,dist};
bap3tackliode [current_bspStack]l = node ~ sizeof (BVENIDEL EAFY
bapBtackRar [current_bepftack]l = vay.tfar;
current _bapltackt+;
i3
else //aapty leaf
tneay = MA¥{tnear,dist};
node "= aizeof{BVINDDELEAF)
Y
¥
£
/fFaces-Intarsecy
2
322 widx = bspFaces + {{{BVHBUDELEAF&)bapNodss(nodel) . type & OXTFFFFFFI};

for{U32 ii = {(RVHNODELEAFLYbspNodesinodel) . endItems: ii i= O fi--,idw+)
i
Interasction ri;
Jlndex o= (sidz) & ({14gR8Y-1);
(uespFacesrd. bri indexls>rist & 3

3

1

(rribatalri.tri_indexd.d - ray. i*QmLc*s]

ri.tvfar

-~ tridatalri. tri_index] .n.wrray. Srom[PlualneModd
- tribasalri.tri index] .n. weray, f*nm{PlueQueNad
/ {ray.diofsl + trlb&ta {ri.tri_index} .n.uwray. dfPlusuneV0a3
+ triDatalri.ori_index].n.vrray.d{[FinstneMod3{ofa+ill);

FiG. 17C
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sff{uintast{ri.vfary~1 » wintCast{resuls. wfar)? =1 for +5.68

COREINHS

flout Bt = ri.tfersray.diPlustne¥od3d{ofs}]
4 vay. from{PlustneMod3{ofsl}l  * trilests
float hY = ri.tfsesvay.dPluslneModdlotsel
+ yay. frou{FluadoeModsiofs+11] + vridata{vi tri dudex].pl.v;

1.T? Jindaxd oph.ug

]
»
-
N
L
5

o= histriDatalri.tri_index).el0}.v - h2ssriflasairi. el
w = nestribatefri. tri.index] eitdow ~ hi=sribatalei.ted

SRE
loat uy = nrvg
P Cfuintoaes () | uwinnCastiv) { uintCasu{uyly » OnAOGNQQOG)
continue: ’

(result. tianr < bypStack¥ear [~~curvens hapltackl};

: }\Node { “mrent‘_bppfz’twk} :
vay, sfor = MIN{result,vfar, bapltackiar {corrent bepbuackll;

FiG. 170
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: ; LY
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ot .
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] ¥
* ¥
3 L]
3 :
LefiBoxl LeftBoxR
FiG. 18
R
oy
{

o

ypedef ALIGR{4) struct \\ example encoding

o

int type:

/fsign bit=LEAF,

f/lovest 2 bits=PROJECTION_AXIE,
flelse bita=index of BVH or vriangles

union

{
U32 endltens; //RODE: nuwber of tri’s
float splitir{dl;

¥

IBVHNODELEAF;

FIG. 19
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Intersect

i

Fftptin

f

1fful
e
7

i
F/BsP~Travaraal
£

float tnear = O
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o
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inv_tmp o= {ray.d.dye

jon {(aaves 2 of 3 divisions)

logt vay.d.
if {fuintCast (inv_tup) ROXTFFEFFFR) > uxx*ﬁaﬂttbi? EPSTLONS
{
inv tap = 1,08 / dnv_tmp;
ray.inv_d.dy = {ray.d. dy+ray.d.dzdrinv_tmpg
ruy.dnv_dody = {ray.d.dusray . dodediny tep:
ray.inv d.dz = {vay.d.dwrray.d.dyiviny tap;
h
{ {ray.d. SOTFFFFERRY > uinklas
{i.ﬁf K ray.d.dx} l\”“l& LUTHuinsCast {ray. 4. dx) >» 31}
ray.inv d.dy = [ {eintfagtiray. 3. dy)ROCTIEPEFFF) » uintlas
{1.0f § ray.d.dy) iﬁf?lﬁ“{HT{ﬁiﬁ*aa*t(r&§.Q-dY) > 311
ray.iny_d.dz = ({uinsCant{ray.d.de}R0x?TEIFFRR) > uintfas
3.0 7 way.d.dmd o INVDIR. LUI{“lA*(%Et(I& gy > 31l

x o
X 1
result, tfay = vay.tfar;
regult.tri_index = -i;

£
f fBHox~Chenk
£

oy

plray,tnear
1Cant (ray . ¥

eturn{rssult);

7 FTHAZEE]

it

nfaxrd =

s Jfusgen empty stack case == 0

const B3% whatnndelr (3] = {{uinpCast (ray. inv d.dx)>»310,
{nintCapt {Tay. inv_d. dyie>>81),
{uintCast {ray. inv_d.dz)>>310

shatnode (3] = {whatnodelr i) » sizent (BVHNCDELEAF),
vhatnodelrit] « sizacf (BYHVODELEAF),
whatnodelri2] * sizeof (EVHNUD

U32 bepStackNede{1387;
float bapStackFar{izal;
float bapStackisar{iss;

7
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while{{ {BWINODELEAV ) besplindeslnede] ) cbype >= O
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Dpred = ({BVBNDDELEARR) bopliodes tnodul Y vupe & 55

= £ { {SVHUOBELEAFL)
ray. frowiproil yex

THREAT

gots shackPop;

apNodes fnoded ) splisie {3~vhatnodeldr fproild
yoine_dlpreil:

$lost dlstn = (((EVRNODELEAFE bapledesinode}). splitis {vhatnodelx [prejll

ay . fran{prafl Iaray . inv dipreid :

float distf = (({RVHNODALEAFE) beoNcdez{nodnl . splitiyr Mvhatnodalrfprajl ]
- pay. fromipred} Yrray. avodipeoid;

4

H32 sldnoge = node;

node = {(EVHNODELEARE) bsplodesnode] ) . type - proj;

if {tnear <= diatn}
{
float distan = ¢ ({IVESODRLZAFEYbsp¥odes {oldnodel)  splitly [3-(ubatyodelr {projl i}
- vay. from{proiduay. inv_ diprojl;
ifidistnn » vay. tisy)
goto stackPop
snpear = MaK{tnear,distonl;
if{pay. iar > diauf}
.
{
bapltackisar {eurrent vegStack] - MY {tnear,dissf);
pr x4 rrenvkhapﬁtaak] = pods + {ehatnode{preil sizeot (BVHHODELEAFY)
b:p“*a\ kFsr{carrent bopStack] « KiN{ray.sfar,distlifl;
curpent, bepduscked
¥
node 4= whatneds [projl;
ray . tfar o KI¥(ray.tfar,distn);
\
¥
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1&6&*} d& ~ ray.fromlofsl - vrilevafri.tri_index).n. »

[P nalinadis
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P fuiutlase{xd, vfard~1 > uintCast{raruly. wfar))
s inue;
flear i = r*.*f;rvra« diPivelnedoddfofall <+ ray.frow{Fiunstua¥odd {ofs]]
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VARIANT RECORD DEFINITION e
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COMPUTE SCENE BOUNDING BOX ANE AVERAGE
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1000

1001, CONSTRUCTING A HIERARCHICAL RAY
TRACIMG ACCELERATION DATA STRUCTURE
COMPRISING A TREE STRUCTURE, THE NODES OF
WHICH ARE GENERATED UTILIZING A BOUNDING
INTERVAL HIERARCHY BASED ON DEFINING AN AXIS-
ALIGNED SCENE BOUNDING BOX AND TWO PARALLEL
FLANES TO PARTITION A SET OF OBJECTS N A
SCENE INTO LEFT OBJECTS AND RIGHT OBJECTS,
AND MATCHING SPLIT PLANES TO GBJECT BOUNDING

BOXES

1002, RECURSIVELY PARTITIONING THE BOUNDING
BOX INTO OBJECT BOUNDING BOXES

'

1043, IF A SPUT PLANE CANDIDATE SEPARATES
OBJECTES WITHOUT OVERLAP, FITTING THE
RESULTING SPLIT PLANES TO THE OBJECTS ON THE
LEFT AND RIGHT, THEREBY MAXKIMIZING EMPTY
SPACE

1004, TERMINATING THE RECURSION WHEN NG
MORE THAN A PREDETERMINED NUMBER OF
OBJECTS REMAINS
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1011, SELECTING TWO PLANES PERPENDICULAR TQ
ASELECTED ONE OF X, ¥, OR Z-AXES

'

1012, GIVEN A SPLITTING PLANE, CLASSIFYING EAGH
OBRJECT IN AN IMAGE AS EITHER LEFT OR RIGHT
BASED ON A LEFT/RIGHT SELECTION CRITERION, AND
DETERMUNING TWO SPLITTING PLANE VALUES OF
THE CHILD NODES BY THE MAXIMURM AND MINIMUM
COORDINATE OF THE LEFT AND RIGHT QBJECTS,

RESPECTIVELY

1013, GIVEN A BOUNDING BOX AND THE SELECTED
AXIS, PRODUCING A LEFT CHILD L BY REPLACING A
MAXIMUM VALUE OF A LEFT OBJECT'S COORDINATES
ALONG THE SELECTED AXIS BY THE FIRST PLANE,
AND PRODUCING A RIGHT CHILD R BY REPLACING A
MHINIMUM YALUE OF A RIGHT OBJECT'S
COORDINATES BY THE SECOND PLANE, AND USING
ANY RESULTING ZERO VOLUMES TO REPRESENT

EMPTY CHILDREN

1014, SELECTING CANDIDATE SPLITTING PLANES BY
HIERARCHICALLY SUBDIMIDING AN AXIS-ALIGNED
SCENE BOUNDING BOX ALONG THE LONGEST SIDE IN
THE MIDDLE, WHEREBY ALL CANDIDATE SPLITTING
PLANES FORM A REGULAR GRID

:

1018, IF A CANDIDATE PLANE 15 QUTSIDE THE
BOUNDING BOX OF AVOLUME ELEMENT TO
SUBDRIDE, CONTINUING WITH CANDIDATE PLANES
FROM THE HALF WHERE THE wOLUME ELEMENT
RESIDES

FIG. 44
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Processor 102

maodule for generating tree structure nades utilizing bounding interval hierarchy
based on defining axis-aligned scene bounding hox and parallel planes to partition
set of objacts in a scene into left ohjects and right objects; match spiit planes to
object bounding boxes; the planes are perpendicular to a selected one of x, v, or z-
axes; each object in an image is dlassified either left or right based on a left/right
selection criterion, e.g., either left or right depending on which side of the plane it
extends most; two splitting plane values of the child nodes are determined by the
maximum and niininmum coordinate of the left and right objects, respectively):

{given bounding box and the selected axis, left child L results from replacing a
maximum value of left object’s coordinates along selected axis by first plane, and
right child R results from replacing minimum value of right object’s coordinates by
the second plane, wherein any resulfing zero volumes are used to represent empty
children)

{splitting planes determined by: selecting candidate splitting planes by
hierarchically subdividing an axis-aligned scene bounding box along the longest side
in the middle, wherein all candidate splitting planes form a regular grid; if candidate
plane is outside the bounding box of a volume element to subdivide, continuing with
candidate planes from the half where the volume element resides)

{recursively partitions bounding box into object bounding boxes; if split plane
candidate separates objects without overlap, fits resulting split planes to objects on
left and right, thereby maximizing emptly space; terminates recursion whean no more
than a predetermined number of abjects remains)

{computes scene bounding box and average object size to determine
resolution of grid for partitioning space, or use user-specified resolution, atlocate
caunter for each grid cell, initializing all counters, each corresponding to a respective
grid cell, to zero; select point for each abject to increment respective counter for grid
call containing selected point, transform counter values to offset values by replacing
each counter value by the sum of values of all previous counters; allocate global
object index array, use offset values to sort objects into buckets, using for each
respective object the corresponding point selected for incrementing counter for grid
cell containing that point, and for each bucket, computing the bounding hox of
abjects it contains.}

FIG. 45
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Disk or other storage, 120

maodule for generating tree structure nades utilizing bounding interval hierarchy
based on defining axis-aligned scene bounding hox and parallel planes to partition
set of objacts in a scene into left objects and right objects; match spiit planes to
object bounding boxes; the planes are perpendicular to a selected one of x, v, or z-
axes; each object in an image is dlassified either left or right based on a left/right
selection criterion, e.g., either left or right depending on which side of the plane it
extends most; two splitting plane values of the child nodes are determined by the
maximum and niininmum coordinate of the left and right objects, respectively):

{given bounding box and the selected axis, left child L results from replacing
a maximum value of left object’s coordinates along selected axis by first plane, and
right child R results from replacing minimum value of right object’s coordinates by
the second plane, wherein any resulfing zero volumes are used to represent empty
children)

{splitting planes determined by: selecting candidate splitting planes by
hierarchically subdividing an axis-aligned scene bounding box along the longest
side in the middle, wherein all candidate splitting planes form a regular grid; if
candidate plane is outside the bounding box of a volume element to subdivide,
continuing with candidate planes from the half where the volume element resides)

{recursively partitions bounding box into object bounding boxes; if split
plane candidate separates objects without overlap, fits resulting split planes to
abjects on {eft and vight, thereby maximizing empty space; terminates recursion
when no more than a predetermined number of objects rentains)

{computes scene bounding box and average object size to determine
resolution of grid for partitioning space, or use user-specified resolution, atlocate
caunter for each grid cell, initializing all counters, each corresponding to a
raspective grid cell, 1o zero; select point for each ohject to increment respective
caunter for grid celi containing selected point, transform counter values o offset
values by replacing each counter value by the sum of values of all previous
counters; allocate globat object index array, use offset values to sort objects into
buckets, using for each respective object the corresponding point selected for
incrementing counter for grid cell containing that point, and for each bucket,
computing the bounding box of objects it contains.)

FIG. 46
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