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(57) ABSTRACT 

Embodiments of the invention provide methods and appa 
ratus for recording the traversal history of a ray through a 
spatial index structure and utilizing the recorded traversal 
history. An image processing system may initially determine 
Which nodes a ray intersects as it traverses through a spatial 
index. Results of the node intersection determinations may 
be recorded as the ray traverses the spatial index, and the 
recorded determinations may be associated With the ray. 
Furthermore, the image processing system may decide upon 
a traversal path based upon some probability of striking 
primitives corresponding to the nodes Which make up the 
spatial index. This traversal path may also be recorded and 
associated With the ray. If the image processing system 
needs to re-traverse the spatial index at a later time, the 
recorded traversal history may be used to eliminate the need 

(51) Int. Cl. to recalculate ray-node intersections, and eliminate incorrect 
G06T 15/40 (200601) traversal path determinations. 
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CACHE UTILIZATION OPTIMIZED RAY 
TRAVERSAL ALGORITHM WITH 

MINIMIZED MEMORY BANDWIDTH 
REQUIREMENTS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 
[0002] Embodiments of the invention generally relate to 
the ?eld of image processing. 
[0003] 2. Description of the Related Art 
[0004] The process of rendering tWo-dimensional images 
from three-dimensional scenes is commonly referred to as 
image processing. As the modern computer industry evolves 
image processing evolves as Well. One particular goal in the 
evolution of image processing is to make tWo-dimensional 
simulations or renditions of three-dimensional scenes as 
realistic as possible. One limitation of rendering realistic 
images is that modern monitors display images through the 
use of pixels. 
[0005] A pixel is the smallest area of space Which can be 
illuminated on a monitor. Most modern computer monitors 
Will use a combination of hundreds of thousands or millions 
of pixels to compose the entire display or rendered scene. 
The individual pixels are arranged in a grid pattern and 
collectively cover the entire vieWing area of the monitor. 
Each individual pixel may be illuminated to render a ?nal 
picture for vieWing. 
[0006] One technique for rendering a real World three 
dimensional scene onto a two-dimensional monitor using 
pixels is called rasteriZation. RasteriZation is the process of 
taking a tWo-dimensional image represented in vector for 
mat (mathematical representations of geometric objects 
Within a scene) and converting the image into individual 
pixels for display on the monitor. RasteriZation is effective 
at rendering graphics quickly and using relatively loW 
amounts of computational poWer; hoWever, rasteriZation 
suffers from some drawbacks. For example, rasteriZation 
often suffers from a lack of realism because it is not based 
on the physical properties of light, rather rasteriZation is 
based on the shape of three-dimensional geometric objects 
in a scene projected onto a tWo dimensional plane. Further 
more, the computational poWer required to render a scene 
With rasteriZation scales directly With an increase in the 
complexity of the scene to be rendered. As image processing 
becomes more realistic, rendered scenes also become more 
complex. Therefore, rasteriZation suffers as image process 
ing evolves, because rasteriZation scales directly With com 
plexity. 
[0007] Another technique for rendering a real World three 
dimensional scene onto a tWo-dimensional monitor using 
pixels is called ray tracing. The ray tracing technique traces 
the propagation of imaginary rays, rays Which behave simi 
lar to rays of light, into a three-dimensional scene Which is 
to be rendered onto a computer screen. The rays originate 
from the eye(s) of a vieWer sitting behind the computer 
screen and traverse through pixels, Which make up the 
computer screen, toWards the three-dimensional scene. Each 
traced ray proceeds into the scene and may intersect With 
objects Within the scene. If a ray intersects an object Within 
the scene, properties of the object and several other contrib 
uting factors are used to calculate the amount of color and 
light, or lack thereof, the ray is exposed to. These calcula 
tions are then used to determine the ?nal color of the pixel 
through Which the traced ray passed. 
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[0008] The process of tracing rays is carried out many 
times for a single scene. For example, a single ray may be 
traced for each pixel in the display. Once a suf?cient number 
of rays have been traced to determine the color of all of the 
pixels Which make up the tWo-dimensional display of the 
computer screen, the tWo dimensional synthesis of the 
three-dimensional scene can be displayed on the computer 
screen to the vieWer. 
[0009] Ray tracing typically renders real World three 
dimensional scenes With more realism than rasteriZation. 
This is partially due to the fact that ray tracing simulates hoW 
light travels and behaves in a real World environment, rather 
than simply projecting a three dimensional shape onto a tWo 
dimensional plane as is done With rasteriZation. Therefore, 
graphics rendered using ray tracing more accurately depict 
on a monitor What our eyes are accustomed to seeing in the 
real World. 
[0010] Furthermore, ray tracing also handles increases in 
scene complexity better than rasteriZation as scenes become 
more complex. Ray tracing scales logarithmically With 
scene complexity. This is due to the fact that the same 
number of rays may be cast into a scene, even if the scene 
becomes more complex. Therefore, ray tracing does not 
suffer in terms of computational poWer requirements as 
scenes become more complex as rasteriZation does. 
[0011] One major draWback of ray tracing is the large 
number of calculations, and thus processing poWer, required 
to render scenes. This leads to problems When fast rendering 
is needed. For example, When an image processing system 
is to render graphics for animation purposes such as in a 
game console. Due to the increased computational require 
ments for ray tracing it is dif?cult to render animation 
quickly enough to seem realistic (realistic animation is 
approximately tWenty to tWenty-four frames per second). 
[0012] Therefore, there exists a need for more ef?cient 
techniques and devices to perform ray tracing. 

SUMMARY OF THE INVENTION 

[0013] Embodiments of the present invention generally 
provide methods and apparatus for performing ray tracing. 
[0014] According to one embodiment of the invention a 
method of ray tracing utiliZing a spatial index having nodes 
de?ning bounded volumes of a three dimensional scene is 
provided. The method generally comprising: generating a 
ray into the scene; traversing the spatial index by taking 
branches from internal nodes until a leaf node is reached, 
Wherein branches are taken based on Whether the ray inter 
sects bounding volumes de?ned by the nodes; recording a 
traversal history indicating one or more nodes de?ning 
bounding volumes the ray intersects and branches taken 
When traversing the spatial index; determining if the ray hits 
a primitive contained in the bounding volume de?ned by the 
leaf node; and if the ray does not hit a primitive contained 
in the bounding volume de?ned by the leaf node, re 
traversing the spatial index using the recorded traversal 
history. 
[0015] According to another embodiment of the invention 
a computer readable medium containing a program Which, 
When executed, performs an operation for ray tracing uti 
liZing a spatial index having nodes de?ning bounded vol 
umes of a three dimensional scene is provided. The opera 
tion generally comprising: generating a ray into the scene; 
traversing the spatial index by taking branches from internal 
nodes until a leaf node is reached, Wherein branches are 
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taken based on Whether the ray intersects bounding volumes 
de?ned by the nodes; recording a traversal history indicating 
one or more nodes de?ning bounding volumes the ray 
intersects and branches taken When traversing the spatial 
index; determining if the ray hits a primitive contained in the 
bounding volume de?ned by the leaf node; and if the ray 
does not hit a primitive contained in the bounding volume 
de?ned by the leaf node, re-traversing the spatial index using 
the recorded traversal history. 
[0016] According to another embodiment of the invention 
a system, is provided. The system generally comprising a 
spatial index having nodes de?ning bounded volumes of a 
three dimensional scene; and a ?rst processing element, 
Wherein the ?rst processing element is generally con?gured 
to: generate a ray into the scene; traverse the spatial index by 
taking branches from internal nodes until a leaf node is 
reached, Wherein branches are taken based on Whether the 
ray intersects bounding volumes de?ned by the nodes; 
record a traversal history indicating one or more nodes 
de?ning bounding volumes the ray intersects and branches 
taken When traversing the spatial index; determine if the ray 
hits a primitive contained in the bounding volume de?ned by 
the leaf node; and if the ray does not hit a primitive 
contained in the bounding volume de?ned by the leaf node, 
re-traverse the spatial index using the recorded traversal 
history. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 illustrates a multiple core processing ele 
ment, according to one embodiment of the invention. 
[0018] FIG. 2 illustrates multiple core processing element 
network, according to one embodiment of the invention. 
[0019] FIG. 3 is an exemplary three dimensional scene to 
be rendered by an image processing system, according to 
one embodiment of the invention. 
[0020] FIGS. 4A-4C illustrate a tWo dimensional space to 
be rendered by an image processing system and a corre 
sponding spatial index created by an image processing 
system, according to one embodiment of the invention. 
[0021] FIG. 5 illustrates a spatial index and a correspond 
ing data structure for storing traversal history of a ray 
through the spatial index, according to one embodiment of 
the invention. 
[0022] FIGS. 6 and 7 are ?oWcharts illustrating methods 
for traversing a spatial index, according to one embodiment 
of the invention. 
[0023] FIG. 8 is an exemplary tWo dimensional space to be 
rendered by an image processing system, according to one 
embodiment of the invention. 
[0024] FIGS. 9A-9G illustrate the traversal of a ray 
through a spatial index, according to one embodiment of the 
invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0025] Embodiments of the invention provide techniques 
and systems for recording the traversal history of a ray 
through a spatial index structure and utiliZing the recorded 
traversal history of a ray through the spatial index. An image 
processing system may initially determine Which nodes a ray 
intersects as it traverses through a spatial index. Results of 
the node intersection determinations may be recorded as the 
ray traverses the spatial index, and the recorded determina 
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tions may be associated With the ray. Furthermore, the image 
processing system may decide upon a traversal path based 
upon some probability of striking primitives corresponding 
to the nodes Which make up the spatial index. This traversal 
path may also be recorded and associated With the ray. If the 
image processing system needs to re-traverse the spatial 
index at a later time, the recorded traversal history may be 
used to eliminate the need to recalculate ray-node intersec 
tions, and eliminate incorrect traversal path determinations. 
[0026] In the folloWing, reference is made to embodiments 
of the invention. HoWever, it should be understood that the 
invention is not limited to speci?c described embodiments. 
Instead, any combination of the folloWing features and 
elements, Whether related to different embodiments or not, is 
contemplated to implement and practice the invention. Fur 
thermore, in various embodiments the invention provides 
numerous advantages over the prior art. HoWever, although 
embodiments of the invention may achieve advantages over 
other possible solutions and/ or over the prior art, Whether or 
not a particular advantage is achieved by a given embodi 
ment is not limiting of the invention. Thus, the folloWing 
aspects, features, embodiments and advantages are merely 
illustrative and are not considered elements or limitations of 
the appended claims except Where explicitly recited in a 
claim(s). LikeWise, reference to “the invention” shall not be 
construed as a generaliZation of any inventive subject matter 
disclosed herein and shall not be considered to be an element 
or limitation of the appended claims except Where explicitly 
recited in a claim(s). 

An Exemplary Processor Layout and 
Communications NetWork 

[0027] FIG. 1 illustrates a multiple core processing ele 
ment 100, according to one embodiment of the invention. 
The multiple core processing element 100 includes a plu 
rality of basic throughput engines 105 (BTEs). A BTE 105 
may contain a plurality of processing threads and a core 
cache (e.g., an L1 cache). The processing threads located 
Within each BTE may have access to a shared multiple core 
processing element cache 110 (e.g., an L2 cache). 
[0028] The BTEs 105 may also have access to a plurality 
of inboxes 115. The inboxes 115 may be memory mapped 
address space. The inboxes 115 may be mapped to the 
processing threads located Within each of the BTEs 105. 
Each thread located Within the BTEs may have a memory 
mapped inbox and access to all of the other memory mapped 
inboxes 115. The inboxes 115 make up a loW latency and 
high bandWidth communications netWork used by the BTEs 
105. 
[0029] The BTEs may use the inboxes 115 as a netWork to 
communicate With each other and redistribute data process 
ing Work amongst the BTEs. For some embodiments, sepa 
rate outboxes may be used in the communications netWork, 
for example, to receive the results of processing by BTEs 
105. For other embodiments, inboxes 115 may also serve as 
outboxes, for example, With one BTE 105 Writing the results 
of a processing function directly to the inbox of another BTE 
105 that Will use the results. 
[0030] The aggregate performance of an image processing 
system may be tied to hoW Well the BTEs can partition and 
redistribute Work. The netWork of inboxes 115 may be used 
to collect and distribute Work to other BTEs Without cor 
rupting the shared multiple core processing element cache 
110 With BTE communication data packets that have no 
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frame to frame coherency. An image processing system 
Which can render many millions of triangles per frame may 
include many BTEs 105 connected in this manner. 
[0031] In one embodiment of the invention, the threads of 
one BTE 105 may be assigned to a Workload manager. An 
image processing system may use various softWare and 
hardWare components to render a tWo dimensional image 
from a three dimensional scene. According to one embodi 
ment of the invention, an image processing system may use 
a Workload manager to traverse a spatial index With a ray 
issued by the image processing system. A spatial index, as 
described further beloW With regards to FIG. 4, may be 
implemented as a tree type data structure used to partition a 
relatively large three dimensional scene into smaller bound 
ing volumes. An image processing system using a ray 
tracing methodology for image processing may use a spatial 
index to quickly determine ray-bounding volume intersec 
tions. In one embodiment of the invention, the Workload 
manager may perform ray-bounding volume intersection 
tests by using the spatial index. 
[0032] In one embodiment of the invention, other threads 
of the multiple core processing element BTEs 105 on the 
multiple core processing element 100 may be vector 
throughput engines. After a Workload manager determines a 
ray-bounding volume intersection, the Workload manager 
may issue (send), via the inboxes 115, the ray to one of a 
plurality of vector throughput engines. The vector through 
put engines may then determine if the ray intersects a 
primitive contained Within the bounding volume. The vector 
throughput engines may also perform operations relating to 
determining the color of the pixel through Which the ray 
passed. 
[0033] FIG. 2 illustrates a netWork of multiple core pro 
cessing elements 200, according to one embodiment of the 
invention. FIG. 2 also illustrates one embodiment of the 
invention Where the threads of one of the BTEs of the 
multiple core processing element 100 is a Workload manager 
205. Each multiple core processing element 220l_N in the 
netWork of multiple core processing elements 200 may 
contain one Workload manager 2051_N, according to one 
embodiment of the invention. Each processor 220 in the 
netWork of multiple core processing elements 200 may also 
contain a plurality of vector throughput engines 210, accord 
ing to one embodiment of the invention. 
[0034] The Workload managers 220l_N may use a high 
speed bus 225 to communicate With other Workload man 
agers 220l_N and/or vector throughput engines 210 of other 
multiple core processing elements 220, according to one 
embodiment of the invention. Each of the vector throughput 
engines 210 may use the high speed bus 225 to communicate 
With other vector throughput engines 210 or the Workload 
managers 205. The Workload manager processors 205 may 
use the high speed bus 225 to collect and distribute image 
processing related tasks to other Workload manager proces 
sors 205, and/or distribute tasks to other vector throughput 
engines 210. The use of a high speed bus 225 may alloW the 
Workload managers 2051_N to communicate Without affect 
ing the caches 230 With data packets related to Workload 
manager 205 communications. 

An Exemplary Three Dimensional Scene 

[0035] FIG. 3 is an exemplary three dimensional scene 
305 to be rendered by an image processing system. Within 
the three dimensional scene 305 may be objects 320. The 
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objects 320 in FIG. 3 are of different geometric shapes. 
Although only four objects 320 are illustrated in FIG. 3, the 
number of objects in a typical three dimensional scene may 
be more or less. Commonly, three dimensional scenes Will 
have many more objects than illustrated in FIG. 3. 

[0036] As can be seen in FIG. 3 the objects are of varying 
geometric shape and siZe. For example, one object in FIG. 
3 is a pyramid 320A. Other objects in FIG. 3 are boxes 
320B_D. In many modern image processing systems objects 
are often broken up into smaller geometric shapes (e.g., 
squares, circles, triangles, etc.). The larger objects are then 
represented by a number of the smaller simple geometric 
shapes. These smaller geometric shapes are often referred to 
as primitives. 

[0037] Also illustrated in the scene 305 are light sources 
325A_B. The light sources may illuminate the objects 320 
located Within the scene 305. Furthermore, depending on the 
location of the light sources 325 and the objects 320 Within 
the scene 305, the light sources may cause shadoWs to be 
cast onto objects Within the scene 305. 

[0038] The three dimensional scene 305 may be rendered 
into a tWo-dimensional picture by an image processing 
system. The image processing system may also cause the 
tWo-dimensional picture to be displayed on a monitor 310. 
The monitor 310 may use many pixels 330 of different 
colors to render the ?nal tWo-dimensional picture. 

[0039] One method used by image processing systems to 
rendering a three-dimensional scene 320 into a tWo dimen 
sional picture is called ray tracing. Ray tracing is accom 
plished by the image processing system “issuing” or “shoot 
ing” rays from the perspective of a vieWer 315 into the 
three-dimensional scene 320. The rays have properties and 
behavior similar to light rays. 

[0040] One ray 340, that originates at the position of the 
vieWer 315 and traverses through the three-dimensional 
scene 305, can be seen in FIG. 3. As the ray 340 traverses 
from the vieWer 315 to the three-dimensional scene 305, the 
ray 340 passes through a plane Where the ?nal tWo-dimen 
sional picture Will be rendered by the image processing 
system. In FIG. 3 this plane is represented by the monitor 
310. The point the ray 340 passes through the plane, or 
monitor 310, is represented by a pixel 335. 
[0041] As brie?y discussed earlier, most image processing 
systems use a grid 330 of thousands (if not millions) of 
pixels to render the ?nal scene on the monitor 310. Each 
individual pixel may display a different color to render the 
?nal composite tWo-dimensional picture on the monitor 310. 
An image processing system using a ray tracing image 
processing methodology to render a tWo dimensional picture 
from a three-dimensional scene Will calculate the colors that 
the issued ray or rays encounters in the three dimensional 
scene. The image processing scene Will then assign the 
colors encountered by the ray to the pixel through Which the 
ray passed on its Way from the vieWer to the three-dimen 
sional scene. 

[0042] The number of rays issued per pixel may vary. 
Some pixels may have many rays issued for a particular 
scene to be rendered. In Which case the ?nal color of the 
pixel is determined by the each color contribution from all 
of the rays that Were issued for the pixel. Other pixels may 
only have a single ray issued to determine the resulting color 
of the pixel in the tWo-dimensional picture. Some pixels may 
not have any rays issued by the image processing system, in 
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Which case their color may be determined, approximated or 
assigned by algorithms Within the image processing system. 
[0043] To determine the ?nal color of the pixel 335 in the 
tWo dimensional picture, the image processing system must 
determine if the ray 340 intersects an object Within the 
scene. If the ray does not intersect an object Within the scene 
it may be assigned a default background color (e.g., blue or 
black, representing the day or night sky). Conversely, as the 
ray 340 traverses through the three dimensional scene the 
ray 340 may strike objects. As the rays strike objects Within 
the scene the color of the object may be assigned the pixel 
through Which the ray passes. HoWever, the color of the 
object must be determined before it is assigned to the pixel. 
[0044] Many factors may contribute to the color of the 
object struck by the original ray 340. For example, light 
sources Within the three dimensional scene may illuminate 
the object. Furthermore, physical properties of the object 
may contribute to the color of the object. For example, if the 
object is re?ective or transparent, other non-light source 
objects may then contribute to the color of the object. 
[0045] In order to determine the effects from other objects 
Within the three dimensional scene, secondary rays may be 
issued from the point Where the original ray 340 intersected 
the object. For example, one type of secondary ray may be 
a shadoW ray. A shadoW ray may be used to determine the 
contribution of light to the point Where the original ray 340 
intersected the object. Another type of secondary ray may be 
a transmitted ray. A transmitted ray may be used to deter 
mine What color or light may be transmitted through the 
body of the object. Furthermore, a third type of secondary 
ray may be a re?ected ray. A re?ected ray may be used to 
determine What color or light is re?ected onto the object. 
[0046] As noted above, one type of secondary ray may be 
a shadoW ray. Each shadoW ray may be traced from the point 
of intersection of the original ray and the object, to a light 
source Within the three-dimensional scene 305. If the ray 
reaches the light source Without encountering another object 
before the ray reaches the light source, then the light source 
Will illuminate the object struck by the original ray at the 
point Where the original ray struck the object. 
[0047] For example, shadoW ray 341 A may be issued from 
the point Where original ray 340 intersected the object 320 A, 
and may traverse in a direction toWards the light source 
325 A. The shadoW ray 341 A reaches the light source 325 A 
Without encountering any other objects 320 Within the scene 
305. Therefore, the light source 325 A Will illuminate the 
object 320 A at the point Where the original ray 340 inter 
sected the object 320A. 
[0048] Other shadoW rays may have their path betWeen the 
point Where the original ray struck the object and the light 
source blocked by another object Within the three-dimen 
sional scene. If the object obstructing the path betWeen the 
point on the object the original ray struck and the light 
source is opaque, then the light source Will not illuminate the 
object at the point Where the original ray struck the object. 
Thus, the light source may not contribute to the color of the 
original ray and consequently neither to the color of the pixel 
to be rendered in the tWo-dimensional picture. HoWever, if 
the object is translucent or transparent, then the light source 
may illuminate the object at the point Where the original ray 
struck the object. 
[0049] For example, shadoW ray 341 B may be issued from 
the point Where the original ray 340 intersected With the 
object 320 A, and may traverse in a direction toWards the light 
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source 3255. In this example, the path of the shadoW ray 
3418 is blocked by an object 320D. If the object 320D is 
opaque, then the light source 3255 Will not illuminate the 
object 320 A at the point Where the original ray 340 inter 
sected the object 320 A. HoWever, if the object 320D Which 
the shadoW ray is translucent or transparent the light source 
325 B may illuminate the object 320 A at the point Where the 
original ray 340 intersected the object 320 A. 
[0050] Another type of secondary ray is a transmitted ray. 
A transmitted ray may be issued by the image processing 
system if the object With Which the original ray intersected 
has transparent or translucent properties (e.g., glass). A 
transmitted ray traverses through the object at an angle 
relative to the angle at Which the original ray struck the 
object. For example, transmitted ray 344 is seen traversing 
through the object 320 A Which the original ray 340 inter 
sected. 
[0051] Another type of secondary ray is a re?ected ray. If 
the object With Which the original ray intersected has re?ec 
tive properties (eg a metal ?nish), then a re?ected ray Will 
be issued by the image processing system to determine What 
color or light may be re?ected by the object. Re?ected rays 
traverse aWay from the object at an angle relative to the 
angle at Which the original ray intersected the object. For 
example, re?ected ray 343 may be issued by the image 
processing system to determine What color or light may be 
re?ected by the object 320 A Which the original ray 340 
intersected. 
[0052] The total contribution of color and light of all 
secondary rays (e. g., shadoW rays, transmitted rays, re?ected 
rays, etc.) Will result in the ?nal color of the pixel through 
Which the original ray passed. 

An Exemplary kd-Tree 

[0053] One problem encountered When performing ray 
tracing is determining quickly and efficiently if an issued ray 
intersects any objects Within the scene to be rendered. One 
methodology knoWn by those of ordinary skill in the art to 
make the ray intersection determination more e?icient is to 
use a spatial index. A spatial index divides a three-dimen 
sional scene or World into smaller volumes (smaller relative 
to the entire three-dimensional scene) Which may or may not 
contain primitives. An image processing system can then use 
the knoWn boundaries of these smaller volumes to determine 
if a ray may intersect primitives contained Within the smaller 
volumes. If a ray does intersect a volume containing primi 
tives, then a ray intersection test can be run using the 
trajectory of the ray against the knoWn location and dimen 
sions of the primitives contained Within that volume. If a ray 
does not intersect a particular volume then there is no need 
to run ray-primitive intersection tests against the primitives 
contained Within that volume. Furthermore, if a ray inter 
sects a bounding volume Which does not contain primitives 
then there is no need to run ray-primitive intersections tests 
against that bounding volume. Thus, by reducing the number 
of ray-primitive intersection tests Which may be necessary, 
the use of a spatial index greatly increases the performance 
of a ray tracing image processing system. Some examples of 
different spatial index acceleration data structures are 
octrees, k dimensional Trees (kd-Trees), and binary space 
partitioning trees (BSP trees). While several different spatial 
index structures exist, for ease of describing embodiments of 
the present invention, a kd-Tree Will be used in the examples 
to folloW. HoWever, those skilled in the art Will readily 
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recognize that embodiments of the invention may be applied 
to any of the different types of spatial indexes. 
[0054] A kd-Tree uses axis aligned bounding volumes to 
partition the entire scene or space into smaller volumes. That 
is, the kd-Tree may divide a three dimensional space encom 
passed by a scene through the use of splitting planes Which 
are parallel to knoWn axes. The splitting planes partition a 
larger space into smaller bounding volumes. Together the 
smaller bounding volumes make up the entire space in the 
scene. The determination to partition (divide) a larger 
bounding volume into tWo smaller bounding volumes may 
be made by the image processing system through the use of 
a kd-tree construction algorithm. 
[0055] One criterion for determining When to partition a 
bounding volume into smaller volumes may be the number 
of primitives contained Within the bounding volume. That is, 
as long as a bounding volume contains more primitives than 
a predetermined threshold, the tree construction algorithm 
may continue to divide volumes by draWing more splitting 
planes. Another criterion for determining When to partition 
a bounding volume into smaller volumes may be the amount 
of space contained Within the bounding volume. Further 
more, a decision to continue partitioning the bounding 
volume may also be based on hoW many primitives may be 
intersected by the plane Which creates the bounding volume. 
[0056] The partitioning of the scene may be represented 
by a binary tree structure made up of nodes, branches and 
leaves. Each internal node Within the tree may represent a 
relatively large bounding volume, While the node may 
contain branches to sub-nodes Which may represent tWo 
relatively smaller partitioned volumes resulting after a par 
titioning of the relatively large bounding volume by a 
splitting plane. In an axis-aligned kd-Tree, each internal 
node may contain only tWo branches to other nodes. The 
internal node may contain branches (i.e., pointers) to one or 
tWo leaf nodes. A leaf node is a node Which is not further 
sub-divided into smaller volumes and contains pointers to 
primitives. An internal node may also contain branches to 
other internal nodes Which are further sub-divided. An 
internal node may also contain the information needed to 
determine along What axis the splitting plane Was draWn and 
Where along the axis the splitting plane Was draWn. 

Exemplary Bounding Volumes 

[0057] FIGS. 4A-4C illustrate a tWo dimensional space to 
be rendered by an image processing system and a corre 
sponding kd-tree. For simplicity, a tWo dimensional scene is 
used to illustrate the building of a kd-Tree, hoWever kd 
Trees may also be used to represent three dimensional 
scenes. In the tWo dimensional illustration of FIGS. 4A-4C 
splitting lines are illustrated instead of splitting planes, and 
bounding areas are illustrated instead of bounding volumes 
as Would be used in a three dimensional structure. HoWever, 
one skilled in the art Will quickly recogniZe that the concepts 
may easily be applied to a three dimensional scene contain 
ing objects. 
[0058] FIG. 4A illustrates a tWo dimensional scene 405 
containing primitives 410 to be rendered in the ?nal picture 
to be displayed on a monitor 310. The largest volume Which 
represents the entire volume of the scene is encompassed by 
bounding volume 1 (BVl). In the corresponding kd-Tree this 
may be represented by the top level node 450, also knoWn 
as the root or World node. In one embodiment of an image 
processing system, an image processing system may con 
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tinue to partition bounding volumes into smaller bounding 
volumes When the bounding volume contains, for example, 
more than tWo primitives. As noted earlier the decision to 
continue partitioning a bounding volume into smaller 
bounding volumes may be based on many factors, hoWever 
for ease of explanation in this example the decision to 
continue partitioning a bounding volume is based only on 
the number of primitives. As can be seen in FIG. 4A, BVl 
contains six primitives, therefore kd-Tree construction algo 
rithm may partition BVl into smaller bounding volumes. 
[0059] FIG. 4B illustrates the same tWo dimensional scene 
405 as illustrated in FIG. 4A. HoWever, in FIG. 4B the tree 
construction algorithm has partitioned BVl into tWo smaller 
bounding volumes BV2 and BV3. The partitioning of BVl, 
Was accomplished, by draWing a splitting plane SPl 415 
along the x-axis at point x1. This partitioning of BVl is also 
re?ected in the kd-Tree as the tWo nodes 455 and 460, 
corresponding to BV2 and BV3 respectively, under the inter 
nal or parent node BVl 450. The internal node representing 
BVl may noW store information such as, but not limited to, 
pointers to the tWo nodes beneath BVl (e.g., BV2 and BV3), 
along Which axis the splitting plane Was draWn (e.g., x-axis), 
and Where along the axis the splitting plane Was draWn (e. g., 
at point x1). 
[0060] The kd-Tree construction algorithm may continue 
to partition bounding volume BV3 because it contains more 
than the predetermined threshold of primitives (e.g., more 
than tWo primitives). HoWever, the kd-Tree construction 
algorithm may not continue to partition bounding volume 
BV2, because bounding volume BV2 contains less than or 
equal to the number of primitives (e.g., only tWo primitives 
410A). Nodes Which are not partitioned or sub-divided any 
further, such as BV2, are referred to as leaf nodes. 

[0061] FIG. 4C illustrates the same tWo dimensional scene 
405 as illustrated in FIG. 4B. HoWever, in FIG. 4C the 
kd-Tree construction algorithm has partitioned BV3 into tWo 
smaller bounding volumes BV4 and BV5. The kd-construc 
tion algorithm has partitioned BV3 using a partitioning plane 
along the y-axis at point yl. Since BV3 has been partitioned 
into tWo sub-nodes it may noW be referred to as an internal 
node. The partitioning of BV3 is also re?ected in the kd-Tree 
as the tWo leaf nodes 465 and 470, corresponding to BV4 and 
BV5 respectively. BV4 and BV5 are leaf nodes because the 
volumes they represent are not further divided into smaller 
bounding volumes. The tWo leaf nodes, BV4 and BV5, are 
located under the internal node BV3 Which represents the 
bounding volume Which Was partitioned in the kd-Tree. 

[0062] The internal node representing BV3 may store 
information such as, but not limited to, pointers to the tWo 
leaf nodes (i.e., BV4 and BVS), along Which axis the splitting 
plane Was draWn (i.e., y-axis), and Where along the axis the 
splitting plane Was draWn (i.e., at point yl). 
[0063] The kd-Tree construction algorithm may noW stop 
partitioning the bounding volumes because all bounding 
volumes located Within the scene contain less than or equal 
to the maximum predetermined number of primitives Which 
may be enclosed Within a bounding volume. The leaf nodes 
may contain pointers to the primitives Which are enclosed 
Within the bounding volumes each leaf represents. For 
example, leaf node BV2 may contain pointers to primitives 
410A, leaf node BV4 may contain pointers to primitives 
410B, and leaf node BV5 may contain pointers to primitives 
410C. 
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[0064] A ray tracing image processing system may use the 
Workload manager 205 to traverse the spatial index (kd 
Tree). Traversing the kd-Tree may include selecting a branch 
to a node on a loWer level (sub-node) of the kd-Tree to take 
or proceed to in order to determine if the ray intersects any 
primitives contained Within the sub-node. A Workload man 
ager 205 may use the coordinates and trajectory of an issued 
ray to traverse or navigate through the kd-Tree. By executing 
ray-bounding volume intersection tests, the Workload man 
ager 205 may determine if the ray intersects a plane of the 
bounding volumes represented by nodes Within the kd-Tree 
structure. If the ray intersects a bounding volume Which 
contains only primitives (i.e., a leaf node), then the Workload 
manager 205 may send the ray and associated information to 
a vector throughput engine 210 for ray-primitive intersection 
tests. A ray-primitive intersection test may be executed to 
determine if the ray intersects the primitives Within the 
bounding volume. This methodology results in feWer ray 
primitive intersection tests needed to determine if a ray 
intersects an object Within the scene, in comparison to 
running ray-primitive intersection tests for a ray against each 
primitive contained Within the scene. 

[0065] The resulting kd-Tree structure, or other spatial 
index structure, may be stored in a processor cache 230. The 
kd-Tree and the siZe of corresponding data Which comprises 
the kd-Tree may be optimiZed for storage in a processor 
cache 230. The storage of the kd-Tree in a processor cache 
230 may alloW a Workload manager 205 to traverse the 
kd-Tree With a ray that has been issued by the image 
processing system Without having to retrieve the kd-Tree 
from memory every time a ray is issued by the image 
processing system. 

An Exemplary kd-Tree and Corresponding Node 
History Data Structure 

[0066] A node history may be stored for each level of 
internal node depth Within the spatial index (e.g., kd-Tree). 
The node level history may be used to store information 
relating to bounding volume-ray intersection tests and kd 
Tree traversal. By saving the results of previous tests and 
kd-Tree traversal the image processing system may take 
advantage of prior test results to reduce the amount process 
ing necessary to determine a ray-primitive intersection. 
According to one embodiment of the invention, node history 
bits for each level may be stored in a nibble of a node history 
data structure sent along With (e.g., appended to) the infor 
mation Which describes the ray. 

[0067] FIG. 5 illustrates an exemplary kd-Tree 550 and a 
corresponding exemplary node history data structure 545, 
according to one embodiment of the invention. The exem 
plary kd-Tree 550 is illustrated as containing eight levels of 
internal node depth (Ll-L8). According to one embodiment 
of the invention, the corresponding node history 545 may 
contain the same number of nibbles as the kd-Tree 550 
contains internal node levels (Ll-L8). Therefore, according 
to one embodiment of the invention, the node history 545 
may contain eight nibbles (i.e., 32 bits) Which may record 
the history of ray-intersection tests and kd-Tree traversal. 
According to one embodiment of the invention, the most 
signi?cant nibble Ll may correspond to the ?rst level Ll 
(i.e., the root or World node) Within the kd-Tree 550 and the 
least signi?cant nibble L8 may correspond to the loWest level 
L8 Within the kd-tree 550. 
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[0068] Each nibble Within the node history data structure 
545 may contain four bits. The tWo most signi?cant bits 525 
of each nibble may correspond to a node located to the left 
and beloW an internal node. The tWo least signi?cant bits 
530 of each nibble may relate to a node located to the right 
and beloW an internal node. The most signi?cant bit 505 of 
each nibble may be set (e.g., to a high state, or a “l”) if the 
ray-bounding volume intersection test Was executed and the 
ray intersected the bounding volume represented by the node 
to the left and beloW an internal node. The second most 
signi?cant bit 505 may be set if the Workload manager 205 
“took” the branch or traversed to the node, located to the left 
and beloW the internal node, While traversing the kd-tree. As 
used herein, a path is considered “taken” if the kd-tree Was 
traversed to reach an internal or leaf node along the path. 
[0069] The third most signi?cant bit 515 may be set if the 
ray-bounding volume intersection test Was executed and the 
ray intersected the bounding volume represented by the node 
located to the right and beloW the internal node. The least 
signi?cant bit 520 may be set if the Workload manager 205 
“took” the branch or traversed to the node, located to the 
right and beloW the internal node, While traversing the 
kd-tree 550. 
[0070] Thus, one nibble of history bits per level is all that 
is needed to record the results of ray-bounding volume 
intersection tests and Whether a path has been taken or not. 
Of course, to determine Which node has been reached at any 
particular level, the history bits at the preceding level(s) 
need to be examined. Thus, once all paths at a particular 
level have been taken When searching for a leaf node With 
primitives that a given ray intersects, node history bits at that 
level and beloW should be cleared and a different path from 
a higher level should be taken. 

An Exemplary kd-Tree Traversal Algorithm 
UtiliZing Node History 

[0071] FIG. 6 is a ?owchart illustrating a method 600 for 
traversing a kd-Tree. The method 600 beings at step 605 
When an image processing system issues a ray to be traced 
into a three dimensional scene. The image processing system 
may use the Workload manager 205 to execute tasks related 
to traversing the kd-Tree With an issued ray. Next, at step 
610, the image processing system starts at the root or World 
node. From the root node, the image processing system may 
proceed to step 615 Where the image processing system may 
select a branch to take. 

[0072] Step 615 may initiate Within the image processing 
system a sub-routine Which traverses the kd-Tree according 
to node history bits as described in greater detail beloW With 
reference to FIG. 7. 
[0073] FIG. 7 is a ?owchart Which illustrates the method 
of traversing the kd-Tree according to node history bits 500. 
The method 700 begins at, step 705, When the image 
processing system reaches an internal node (i.e., a node 
containing branches to sub-nodes). Next, at step 710, the 
image processing system may determine if there is node 
level history information corresponding to the issued ray. If 
not, the image processing system proceeds to step 715 Where 
the Workload manager 205 may perform ray-bounding vol 
ume intersection tests for each of the bounding volumes 
represented by the nodes branched to from the internal node 
currently being traversed. Next, at step 720, the image 
processing system may update the node level history bits 
corresponding to the node level. Speci?cally, the image 
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processing system may update the “hit node” bits 505 and 
515 Which represent Whether or not the ray intersected the 
bounding volume corresponding to each of the nodes 
branched to from the internal node. Next, the image pro 
cessing system may proceed to step 725. 
[0074] At step 725 the image processing system may 
determine if both bounding volumes represented by the 
nodes Which are branched to by the internal node Were 
intersected by the ray. If both bounding volumes Were 
intersected the image processing system may proceed to step 
727 Where the image processing system may select the path 
to the node nearest to the origin of the ray. However, if only 
one node Was intersected, at step 729 the image processing 
system may select the path to the node Which Was inter 
sected. After steps 727 and 729, the image processing 
system may proceed to step 730. At step 730 the image 
processing system updates the taken bit in the node level 
history to re?ect the path/branch selected by the image 
processing system. After step 730, the image processing 
system takes the selected path/branch at step 735. 
[0075] If, at step 710, the image processing system deter 
mined that the ray did have node level history information, 
the image processing system may proceed to step 740. At 
step 740, the image processing system may determine the 
loWest node depth that the image processing system has 
previously determined that a bounding volume Was inter 
sected by the ray, but the image processing system did not 
take the path/branch to that bounding volume. 
[0076] A ray Which has stored node level history infor 
mation is a ray that the image processing system has 
traversed the spatial index (e.g., the kd-Tree) With, hoWever 
the ray did not intersect a primitive Within the bounding 
volume against Which ray-primitive intersection tests Were 
run (i.e., a miss occurred). After a miss, in order to determine 
the loWest internal node depth at Which a bounding volume 
Was intersected but not taken, the image processing system 
may speci?cally look for the occurrence of a ‘ 10’ in a node 
level history. The image processing system may look for a 
‘ 10’ in either the pair Which makes up the most signi?cant 
tWo bits of the node level history, or the pair of bits Which 
makes up the least signi?cant tWo bits of the node level 
history. A ‘10’ in either of those tWo pairs represents that the 
bounding volume represented by that node Was intersected 
by the ray, but a ray primitive intersection test has yet to be 
run for one of the bounding volumes beneath that node level 
(i.e., that corresponding path Was not taken). 
[0077] For example, at a certain level of the kd-Tree a ray 
may intersect both bounding volumes represented by the 
sub-nodes beneath an internal node. The image processing 
system may have determined during a previous traversal of 
the kd-Tree that the bounding volume represented by the 
sub-node to the left and beloW the internal node of the 
kd-Tree Was intersected by the ray before the bounding 
volume represented by the sub-node to the right and beloW 
the internal node. The image processing system may have 
taken the sub-node on the left and a history bit may have 
been updated to shoW such traversal. 
[0078] As an example, according to one embodiment of 
the invention, if each node level is represented by a nibble, 
the node history bits corresponding to this internal node 
level Would be ‘1110’ Which can be read as: hit left node, 
took branch to left node, hit right node, branch to right node 
not yet taken. The sub-node to the right and beloW the 
internal node Was intersected by the ray but has not been 
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tested for a ray-primitive intersection, as is represented by 
the ‘10’ in the internal node level history. 

[0079] After determining the loWest node level history 
Where a bounding volume Was intersected but not taken the 
image processing system may proceed to step 745. At step 
745 the image processing system may clear all of the node 
level history bits for internal node levels beloW the loWest 
node level Where a bounding volume Was intersected but not 
taken level. This step ensures that as the image processing 
system traverses the kd-Tree, any history previously 
recorded for branches, nodes, or leaf nodes beloW the point 
at Which an incorrect traversal path decision Was made does 
not affect the future traversal of the kd-Tree. 

[0080] Next, at step 750, the image processing system may 
traverse the kd-Tree based on the node level history from the 
root node to the loWest node depth at Which a bounding 
volume Was intersected but not taken. Step 750 may ensure 
that the proper pointers to internal nodes on loWer levels or 
to leaf nodes are retrieved by the image processing system 
from the cache 230. Next, at step 755, the image processing 
system selects the path/branch to the node that has not been 
taken by the image processing system (i.e., the path repre 
sented by the ‘10’ in the node history for the loWest node 
level Where a bounding volume Was intersected but not 
taken). After step 755, the image processing system pro 
ceeds to step 730. At step 730 the image processing system 
updates the taken bit in the node level history to re?ect the 
path selected by the image processing system. After step 
730, the image processing system takes the selected path at 
step 735. 
[0081] After the path has been taken the image processing 
system returns to method 600. The image processing system 
resumes the method 600 at step 620. At step 620, the image 
processing system determines Whether the path taken has 
resulted in the image processing system reaching a leaf 
node. If not, the image processing system returns to step 615 
to select a branch to take. 

[0082] HoWever, if the Workload manager 205 determined 
at step 620 that the path taken resulted in the Workload 
manager 205 reaching a leaf node, the Workload manager 
205 may send, via the inboxes 115 or via the netWork 225, 
the ray, the ray history data structure, and the leaf node 
information (e.g., pointers to the primitives bound by the 
leaf node) to a vector throughput engine 210 for ray 
primitive intersection tests. 
[0083] The vector throughput engine 210 may execute the 
ray-primitive tests to determine Whether or not the ray Which 
hit the bounding volume represented by the leaf node 
actually hit any of the primitives contained Within the 
bounding volume. If the ray did hit any of the primitives 
Within the bounding volume, the vector throughput engine 
210 may assign a color (e.g., the color of the primitive) to 
the ray. HoWever, the vector throughput engine 210 may also 
determine that the ray did not hit any of the primitives Within 
the bounding volume. 
[0084] Some time later, the vector throughput engine 210 
returns the ray and an indication of Whether or not the ray hit 
or missed the primitives contained Within the bounding 
volume. The image processing system, at step 630, may then 
determine if the information returned by the vector through 
put engine 210 indicates that the ray hit a primitive, or if the 
information indicates that the ray missed all of the primitives 
contained Within the bounding volume. 
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[0085] If the ray hit a primitive, the image processing 
system may then assign the color returned from the vector 
throughput engine 210 to the pixel 335 on the monitor 310 
through Which the ray passed. The image processing system 
may then proceed to issue another ray to traverse the kd-Tree 
or perform other operations related to rendering the tWo 
dimensional picture from the three dimensional scene. 
[0086] If the vector throughput engine 210 determined that 
the ray missed the primitives contained Within the bounding 
volume, the Workload manager 205 may return to step 610. 
At step 610, the Workload manager 205 may begin travers 
ing the kd-Tree again starting at the root node, With the ray 
history helping to avoid unnecessarily re-running ray 
bounding volume intersection tests, as Well as avoiding 
traversing the tree to paths that lead to leaf nodes having 
primitives a given ray did not inersect. 

kd-Tree Traversal Example 

[0087] FIG. 8 illustrates an exemplary scene 800 Which 
has been partitioned into bounding volumes (BVI-BVS). 
FIG. 8 is similar to the scene used in FIG. 4 to illustrate the 
building of a kd-Tree. Also illustrated in FIG. 8 is a ray 805 
issued by the image processing system. The ray 805 may be 
used to traverse the kd-Tree. The ray intersects BV2 at a ?rst 
point 805 and exits BV2 at a second point 815. The ray 
intersects BV3 and BV4 at the second point 815 and exits 
BV3 and BV4 at a third point 820. 
[0088] FIG. 9A is an exemplary kd-Tree 900 correspond 
ing to the partitioned scene 800 in FIG. 8. FIG. 9A also 
illustrates a ?rst nibble 905 of an exemplary internal node 
history data structure associated With the ray 805 and the 
?rst level of the kd-Tree 900 (i.e., the root node BVl). 
Furthermore, also illustrated is a second nibble 910 of the 
exemplary internal node history data structure associated 
With the ray 805 and the second level of the kd-Tree. FIG. 
9A illustrates the initial state (all bits unasserted) of the node 
history data structure before the Workload manager 205 has 
begun traversing the kd-Tree With the ray 805. 
[0089] As described With respect to method 500 in FIG. 5, 
the Workload manager 205 may perform operations related 
to traversing the kd-Tree 900 after a ray 805 has been issued 
by the image processing system. For example, as Was 
described in step 615 of method 600, the Workload manager 
205 may execute ray-bounding volume intersection tests to 
determine if the ray 805 intersects the bounding volumes 
corresponding to the child nodes, BV2 and BV3, of the root 
node BVl. As can be seen in FIG. 8, the ray 805 intersects 
both of the bounding volumes corresponding to the child 
nodes, BV2 and BV3. The ray 805 intersects BV2 at a ?rst 
point 810, and exits BV2 at a second point 815. The ray 
intersects BV3 at the second point 815 and exits BV3 at a 
third point 820. 
[0090] After the Workload manager 205 has executed the 
ray-bounding volume intersection tests, the Workload man 
ager 205 may update the node history nibble 905 corre 
sponding to the root node BVl level to re?ect the results of 
the ray-bounding volume intersection test. The updating of 
the root node level history nibble 905 is illustrated in FIG. 
9B. Due to the fact that the ray 805 intersects both of the 
child nodes, BV2 and BV3, the Workload manager 205 may 
assert the “hit node” bits in the node level history Which 
correspond to each of the child nodes, BV2 and BV3. 
Therefore, the Workload manager 205 may assert the most 
signi?cant bit of the root node level history 905, Which 
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represents that the ray 805 hit the bounding volume corre 
sponding to the left child node (BVZ). Furthermore, the 
Workload manager 205 may assert the third most signi?cant 
bit of the root node level history 905, Which represents that 
the ray 805 hit the bounding volume corresponding to the 
right child node (BV3). 
[0091] Next, the Workload manager 205 may determine a 
path to be taken doWn the kd-Tree 900 based on the 
bounding volume intersection tests. As illustrated in FIG. 
9C, in one embodiment of the invention, if both child nodes, 
BV2 and BV3, of the parent node BVl, in this case the root 
node, the Workload manager 205 may proceed to the ?rst 
(e.g., nearest) bounding volume Which Was intersected by 
the ray. In the immediate example, the ray 805 ?rst intersects 
BV2. Therefore, the Workload manager 205 may traverse to 
BV2 and update the root node level history 905 to shoW the 
Workload manager 205 “took” the branch to BV2 (i.e., took 
left node). The updating of the node level history for the root 
node is illustrated in FIG. 9C. 
[0092] The Workload manager 205 may noW determine 
Whether or not the BV2 is a leaf node (i.e., a node that does 
not branch to other nodes). Since the node BV2 is a leaf 
node, the Workload manager 205 may noW send the ray 805, 
the node history 905 and 910 for the ray, and pointers to the 
primitives contained Within the leaf node BV2 to the vector 
throughput engine 210 as illustrated in FIG. 9D. The vector 
throughput engine 210 may then execute ray-primitive inter 
section tests to determine if the ray 805 intersects (hits) any 
primitives contained Within BVZ. 
[0093] As illustrated in FIG. 8, the ray 805 does not 
intersect any primitives located Within BV2. Therefore, the 
vector throughput engine 210 may return the ray and the 
corresponding history to the Workload manager 205 indi 
cating that the ray 805 did not intersect any primitives Within 
BV2 (i.e., a miss). 
[0094] After the ray is returned from the vector throughput 
engine 210, the Workload manager 205 may determine that 
the ray node level history contains information. The Work 
load manager 205 may utiliZe the history to facilitate tra 
versal of the kd-Tree. The Workload manager 205 may 
utiliZe the ray history to determine the loWest level node 
history indicating Where a bounding volume Was intersected 
but a corresponding branch Was not taken. This may be 
accomplished by determining the loWest node history Which 
contains a ‘10’ in the node history. Thus, as illustrated in 
FIG. 9E, the Workload manager 205 may determine that the 
root node level of the kd-Tree is the loWest level on the 
kd-Tree Where a bounding volume Was intersected but not 
taken. This may be determined by examining the root node 
level history 905 Which contains a ‘10’ indicating a hit in a 
bounding volume corresponding to the right branch, but that 
the right branch Was not taken. After determining that the 
root node level Was the loWest level, the Workload manager 
205 may clear the node level history for all node levels 
beloW the root node. 

[0095] Next, the Workload manager 205 may begin tra 
versing the kd-Tree 900 at the root node BVl. The Workload 
manager 205 may then use the node level history 905 to aid 
in traversal of the kd-tree 900. Based on the node level 
history 905 for the root node, the Workload manager may 
determine to take the branch that has yet to be taken. By 
examining the node level history 905, the Workload manager 
may determine that both the left and the right node Were 
intersected by the ray 805. This may be determined by 








