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1
INTERSECTION TESTING IN A RAY
TRACING SYSTEM USING RAY BUNDLE
VECTORS

FIELD

The present disclosure is directed to techniques of per-
forming intersection testing in a ray tracing system.

BACKGROUND

Ray tracing is a computational rendering technique for
generating an image of a scene (e.g. a 3D scene) by tracing
paths of light (‘rays’) from the viewpoint of a camera
through the scene. Each ray is modelled as originating from
the camera and passing through a pixel into the scene. As a
ray traverses the scene it may intersect objects within the
scene. The interaction between a ray and an object it
intersects can be modelled to create realistic visual effects.
For example, in response to determining an intersection of
a ray with an object, a shader program (i.e. a portion of
computer code) may be executed in respect of the intersec-
tion. A programmer can write the shader program to define
how the system reacts to the intersection which may, for
example cause one or more secondary rays to be emitted into
the scene, e.g. to represent a reflection of the ray off the
intersected object or a refraction of the ray through the
object (e.g. if the object is transparent or translucent). As
another example, the shader program could cause one or
more rays to be emitted into the scene for the purposes of
determining whether the object is in shadow at the intersec-
tion point. The result of executing the shader program (and
processing the relevant secondary rays) can be the calcula-
tion of a colour value for the pixel the ray passed through.

In order to reduce the number of intersection tests that
need to be performed, ray tracing systems can generate
acceleration structures, wherein each node of an acceleration
structure represents a region within the scene. Acceleration
structures are often hierarchical (e.g. having a tree structure)
such that they include multiple levels of nodes, wherein
nodes near the top of the acceleration structure represent
relatively large regions in the scene (e.g. the root node may
represent the whole scene), and nodes near the bottom of the
acceleration structure represent relatively small regions in
the scene. A “tree node” refers to a node which has pointers
to other nodes in the hierarchical acceleration structure (i.e.
a tree node has child nodes in the hierarchical acceleration
structure). A “leaf node” refers to a node which has one or
more pointers to one or more primitives (i.e. a leaf node does
not have child nodes in the hierarchical acceleration struc-
ture). In other words, leaf nodes of the acceleration structure
represent regions bounding one or more objects in the scene.
The acceleration structure can have different structures in
different examples, e.g. a grid structure, an octree structure,
a space partitioning structure (e.g. a k-d tree) or a bounding
volume hierarchy. The nodes can represent suitable shapes
or regions in the scene (which may be referred to herein as
“boxes”). In some examples the nodes represent axis-
aligned bounding boxes (AABBs) in the scene.

Intersection testing can be performed for a ray (e.g. in a
recursive manner) using the acceleration structure by first
testing the ray for intersection with the root node of the
acceleration structure. If the ray is found to intersect a parent
node (e.g. the root node), testing can then proceed to the
child nodes of that parent. In contrast, if the ray is found not
to intersect a parent node, intersection testing of the child
nodes of that parent node can be avoided, saving computa-
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tional effort. If a ray is found to intersect with a leaf node
then it can be tested against the objects within the region
represented by the leaf node to thereby determine which
object(s) the ray intersects with. If more than one intersec-
tion is found for a ray then the closest of the intersection
points to the ray’s origin (i.e. the first intersection that the
ray encounters in the scene) can be identified and the ray is
determined to intersect at this identified closest intersection.
The use of an acceleration structure (rather than testing rays
directly with objects in the scene) reduces the number of
intersection tests that need to be performed, and simplifies
the intersection tests. The intersection tests are simpler
because the nodes of the acceleration structure represent
basic shapes (e.g. axis-aligned bounding boxes or spheres)
for which intersection tests are simpler than for more
complex object shapes, e.g. defined in terms of triangular
primitives for which the orientation is not predetermined.

SUMMARY

This summary is provided to introduce a selection of
concepts that are further described below in the detailed
description. This summary is not intended to identify key
features or essential features of the claimed subject matter,
nor is it intended to be used to limit the scope of the claimed
subject matter.

There is provided a computer-implemented method of
performing intersection testing in a ray tracing system, the
method comprising:

receiving a bundle of rays to be tested for intersection

with a box;

identifying silhouette edges of the box from the perspec-

tive of the bundle of rays;

for each of the identified silhouette edges:

obtaining components of a vector providing a bound to
the bundle of rays; and

determining whether the vector passes inside or outside
of the silhouette edge; and

using results of determining, for each of the identified

silhouette edges, whether the vector passes inside or
outside of the silhouette edge, to determine an inter-
section testing result for the bundle of rays with respect
to the box.

For each of the identified silhouette edges, said obtaining
components of a vector may comprise obtaining components
of a single vector providing a single bound to the bundle of
rays.

For each of the identified silhouette edges, the vector for
which it is determined whether the vector passes inside or
outside of the silhouette edge may be the only vector for
which a determination is made for the bundle of rays as to
whether the vector passes inside or outside of the silhouette
edge.

The intersection testing result for the bundle of rays with
respect to the box may be determined using said results of
determining, for each of the identified silhouette edges,
whether the vector passes inside or outside of the silhouette
edge, and without using any other results of determining
whether any other vectors pass inside or outside of the
silhouette edges.

For each of the identified silhouette edges, said vector
may provide an external bound to the bundle of rays with
respect to said identified silhouette edge, such that if it does
not pass outside the identified silhouette edge then it is
known that none of the rays of the bundle pass outside said
identified silhouette edge. If it is determined that, for each of
the identified silhouette edges, the vector passes inside the
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respective identified silhouette edge, then the intersection
testing result for the bundle of rays with respect to the box
may be that all of the rays in the bundle of rays intersect the
box. If it is determined that, for one or more of the identified
silhouette edges, the vector passes outside the respective
identified silhouette edge, then the intersection testing result
for the bundle of rays with respect to the box may not be that
all of the rays in the bundle of rays intersect the box. If the
intersection testing result for the bundle of rays with respect
to the box is not that all of the rays in the bundle of rays
intersect the box, then the method further may comprise
determining whether any of the rays in the bundle of rays
intersect the box.

For each of the identified silhouette edges, said vector
may provide an internal bound to the bundle of rays with
respect to said identified silhouette edge, such that if it does
not pass inside the identified silhouette edge then it is known
that none of the rays of the bundle pass inside said identified
silhouette edge. If it is determined that, for each of the
identified silhouette edges, the vector passes inside the
respective identified silhouette edge, then the intersection
testing result for the bundle of rays with respect to the box
may not be that all of the rays in the bundle of rays miss the
box. If it is determined that, for one or more of the identified
silhouette edges, the vector passes outside the respective
identified silhouette edge, then the intersection testing result
for the bundle of rays with respect to the box may be that all
of the rays in the bundle of rays miss the box. If the
intersection testing result for the bundle of rays with respect
to the box is not that all of the rays in the bundle of rays miss
the box, then the method may further comprise determining
which of the rays in the bundle of rays intersect the box.

The box may be an axis-aligned bounding box.

The method may further comprise:

performing a direction check to determine whether the

box is behind an origin of the bundle of rays, wherein
if the direction check determines that the box is behind
the origin of the bundle of rays then the intersection
testing result is that the bundle of rays misses the box;
and/or

performing a distance check to determine whether the

bundle of rays terminates at a point in front of the box,
wherein if the distance check determines that the
bundle of rays terminates at a point in front of the box
then the intersection testing result is that the bundle of
rays misses the box.

The obtained components of the vector providing a bound
to the bundle of rays may be the same as components of a
direction vector of one of the rays of the bundle.

Said obtained components of the vector providing a
bound to the bundle of rays may be chosen from a set of
component values comprising a minimum component value
and a maximum component value in each dimension of
direction vectors of the rays in the bundle of rays.

All of the rays of the bundle of rays may have the same
origin. For each of the identified silhouette edges, said
determining whether the vector passes inside or outside of
the silhouette edge may comprise performing a comparison
in accordance with (p,, ,~0,)d,<(p, ;—0,)d;, wherein p,, is the
i component of a point on a first plane representing a first
of the sides of the box which forms the silhouette edge, p,
is the j** component of a point on a second plane represent-
ing a second of the sides of the box which forms the
silhouette edge, o, and o, are the i and j* components of the
origin of the rays of the bundle of rays, and d, and d, are the
obtained i’ and j* components of the vector providing a
bound to the bundle of rays. Performing a comparison “in
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4
accordance with” (p,, ,—0,)d<(p, ;—0,)d; includes performing
comparisons using mathematically equivalent equations, for
example

d;
(Poi = 0i) <(Po,j —Oj)z-
't

It might not be the case that all of the rays of the bundle
of rays have the same origin. For each of the identified
silhouette edges, said determining whether the vector passes
inside or outside of the silhouette edge may comprise
performing a comparison in accordance  with
O o,i=Oitminmax) <o~ minmax)di» Wherein p,,, is the i
component of a point on a first plane representing a first of
the sides of the box which forms the silhouette edge, p,, ; is
the i component of a point on a second plane representing
a second of the sides of the box which forms the silhouette
€dge, 0, max is €ither the minimum or the maximum of
the i” components of the origins of the rays of the bundle of
TaYS, O)1in max) 15 €ither the minimum or the maximum of
the j** components of the origins of the rays of the bundle of
rays, and d, and d, are the obtained i and j* components of
the vector providing a bound to the bundle of rays. As above,
performing a comparison “in  accordance with”
(P o=, pmire max )P0 =0, pin,max))d; includes performing
comparisons using mathematically equivalent equations, for
example

d;
(Po,i = Oipminmax)) < (Po,j — oj[min,max])z-
J

The method may further comprise: receiving rays; and
constructing bundles of rays from the received rays to be
tested for intersection with the box. Said constructing
bundles of rays may comprise grouping together received
rays based on their similarity.

Said constructing bundles of rays may comprise:

maintaining a set of open bundles to which new rays can

be added; and

for each of the received rays:

determining a level of similarity of the received ray
with each of the open bundles;

identifying a best match open bundle of said set of open
bundles for the received ray based on the determined
levels of similarity; and

if the determined level of similarity of the received ray
with the best match open bundle is above a threshold,
adding the received ray to the best match open
bundle.

The method may further comprise, for each of the
received rays:

if the determined level of similarity for the best match

open bundle is below the threshold, creating a new
bundle and adding the received ray to the new bundle.

Said received rays from which the bundles are constructed
may: (i) include new rays which have not previously been
included in a bundle of rays, but (ii) not include rays which
have previously been included in a bundle of rays.

Said received rays from which the bundles are constructed
may include:

new rays which have not previously been included in a

bundle of rays, and

rays which have previously been included in a bundle of

rays which has been deconstructed.
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Data for a bundle of rays may be stored in a data structure
and may comprise:

origin data for the bundle of rays;

vector data describing the components of the vectors
providing the bounds to the bundle of rays; and

one or more pointers to ray data for the rays of the bundle
of rays.

The method may further comprise:

forming packets comprising one or both of indications of
rays and indications of bundles of rays which will
require access to the same block of memory for per-
forming intersection testing; and

fetching data from the block of memory for performing
intersection testing on the one or both of rays and
bundles of rays indicated by the indications in the
packet.

The method may further comprise splitting up a bundle of
rays into individual rays if a splitting metric is satisfied,
wherein the splitting metric may be based on one or more of:

a number of rays in the bundle of rays;

a spread of the rays in the bundle of rays;

a size of an area defined by the silhouette edges of the box;

whether the source of the rays in the bundle of rays is a
frame shader or a ray shader; and

data provided by the shader which created the rays in the
bundle of rays.

There is provided a ray tracing system comprising:

a tester module configured to receive a bundle of rays to
be tested for intersection with a box, wherein the tester
module comprises:

a set of one or more testing blocks configured to
perform intersection testing on the received bundle
of rays with respect to the box by:
identifying silhouette edges of the box from the

perspective of the bundle of rays;
for each of the identified silhouette edges:
obtaining components of a vector providing a
bound to the bundle of rays; and
determining whether the vector passes inside or
outside of the silhouette edge; and
using results of determining, for each of the identi-
fied silhouette edges, whether the vector passes
inside or outside of the silhouette edge, to deter-
mine an intersection testing result for the bundle
of rays with respect to the box.

A testing block of said set of one or more testing blocks
may be configured to perform intersection testing for a
bundle of rays and to perform intersection testing for a single
ray.

The tester module may further comprise a results proces-
sor configured to process the intersection testing result for
the bundle of rays with respect to the box.

The tester module may further comprise a memory con-
figured to store data describing the box which has been
fetched from a memory for performing said intersection
testing with respect to the box.

The ray tracing system may further comprise a bundle
builder configured to:

receive rays; and

group received rays together based on their similarity to
thereby construct bundles of rays to be tested for
intersection with the box.

There is provided a ray tracing system configured to

perform any of the methods described herein.
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There is described herein a ray tracing system comprising:

a tester module configured to receive a bundle of rays to
be tested for intersection with a box, wherein the tester
module comprises:

a first testing block configured to perform a first bundle
intersection test to determine whether or not all of
the rays of the bundle intersect the box, wherein if
the first bundle intersection test determines that all of
the rays of the bundle intersect the box, an intersec-
tion testing result for the bundle with respect to the
box is that all of the rays of the bundle intersect the
box; and

a second testing block configured to perform a second
bundle intersection test to determine whether or not
all of the rays of the bundle miss the box, wherein if
the second bundle intersection test determines that
all of the rays of the bundle miss the box, the
intersection testing result for the bundle with respect
to the box is that all of the rays of the bundle miss the
box, and

wherein the tester module is configured to, if the first
bundle intersection test does not determine that all of
the rays of the bundle intersect the box and if the
second bundle intersection test does not determine
that all of the rays of the bundle miss the box:
split the bundle of rays up into individual rays; and
perform intersection tests for the individual rays with

respect to the box to determine which of the
individual rays intersect the box.

There is described herein a computer-implemented
method of performing intersection testing in a ray tracing
system, the method comprising:

receiving a bundle of rays to be tested for intersection

with a box;

performing a first bundle intersection test to determine

whether or not all of the rays of the bundle intersect the
box, wherein if the first bundle intersection test deter-
mines that all of the rays of the bundle intersect the box,
an intersection testing result for the bundle with respect
to the box is that all of the rays of the bundle intersect
the box; and

if the first bundle intersection test does not determine that

all of the rays of the bundle intersect the box, using a

result of performing a second bundle intersection test,

which determines whether or not all of the rays of the
bundle miss the box, to determine the intersection
testing result for the bundle with respect to the box,

wherein if the result of performing the second bundle
intersection test indicates that all of the rays of the
bundle miss the box, the intersection testing result for
the bundle with respect to the box is that all of the rays
of the bundle miss the box, and

wherein if the first bundle intersection test does not

determine that all of the rays of the bundle intersect the
box and if the result of performing the second bundle
intersection test does not indicate that all of the rays of
the bundle miss the box, then the method further
comprises:

splitting the bundle of rays up into individual rays; and

performing intersection tests for the individual rays
with respect to the box to determine which of the
individual rays intersect the box.

The ray tracing systems described herein may be embod-
ied in hardware on an integrated circuit. There may be
provided a method of manufacturing, at an integrated circuit
manufacturing system, a ray tracing system. There may be
provided an integrated circuit definition dataset that, when
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processed in an integrated circuit manufacturing system,
configures the system to manufacture a ray tracing system.
There may be provided a non-transitory computer readable
storage medium having stored thereon a computer readable
description of a ray tracing system that, when processed in
an integrated circuit manufacturing system, causes the inte-
grated circuit manufacturing system to manufacture an inte-
grated circuit embodying a ray tracing system.

There may be provided an integrated circuit manufactur-
ing system comprising: a non-transitory computer readable
storage medium having stored thereon a computer readable
description of the ray tracing system; a layout processing
system configured to process the computer readable descrip-
tion so as to generate a circuit layout description of an
integrated circuit embodying the ray tracing system; and an
integrated circuit generation system configured to manufac-
ture the ray tracing system according to the circuit layout
description.

There may be provided computer program code for per-
forming any of the methods described herein. There may be
provided non-transitory computer readable storage medium
having stored thereon computer readable instructions that,
when executed at a computer system, cause the computer
system to perform any of the methods described herein.

The above features may be combined as appropriate, as
would be apparent to a skilled person, and may be combined
with any of the aspects of the examples described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is described by way of example
with reference to the accompanying drawings. In the draw-
ings:

FIG. 1 shows a schematic illustration of an edge test to
determine whether a ray intersects a 2D box;

FIG. 2 shows a schematic illustration of a three-dimen-
sional box against which rays are to be intersection tested;

FIG. 3 shows a first example ray tracing system;

FIG. 4 is a flow chart for a first method of performing
intersection testing in a ray tracing system;

FIG. 5 shows three example bundles of rays to be tested
for intersection with respect to a two dimensional box;

FIG. 6 shows three example bundles of rays to be tested
for intersection with respect to a three dimensional box;

FIG. 7 illustrates another example of a bundle of rays to
be tested for intersection with respect to a two dimensional
box;

FIGS. 8a and 85 show two more examples of a three
dimensional box as viewed from different perspectives;

FIG. 9 shows a second example ray tracing system;

FIG. 10 is a flow chart for a method of processing rays to
be tested for intersection in a ray tracing system;

FIG. 11 is a flow chart for a method of performing
intersection testing on a bundle of rays with respect to a box
in a ray tracing system;

FIG. 12 is a flow chart for another method of performing
intersection testing on a bundle of rays with respect to a box
in a ray tracing system;

FIG. 13a shows an example data structure for storing data
of a ray;

FIG. 136 shows an example data structure for storing data
of a bundle of rays;

FIG. 14 shows a computer system in which a ray tracing
system is implemented;

FIG. 15 shows an integrated circuit manufacturing system
for generating an integrated circuit embodying a ray tracing
system as described herein FIG. 16aq illustrates a bundle of
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rays with differing origins to be tested for intersection with
respect to a box in a 2D example;

FIG. 165 illustrates the bundle of rays shown in FIG. 16a
being tested in an AnyHit test for intersection with respect
to the box by increasing the effective size of the box;

FIG. 16c¢ illustrates the bundle of rays shown in FIG. 16a
being tested in an AllHit test for intersection with respect to
the box by decreasing the effective size of the box; and

FIG. 17 shows three example bundles of rays to be tested
for intersection with respect to two 2D boxes.

The accompanying drawings illustrate various examples.
The skilled person will appreciate that the illustrated ele-
ment boundaries (e.g., boxes, groups of boxes, or other
shapes) in the drawings represent one example of the
boundaries. It may be that in some examples, one element
may be designed as multiple elements or that multiple
elements may be designed as one element. Common refer-
ence numerals are used throughout the figures, where appro-
priate, to indicate similar features.

DETAILED DESCRIPTION

The following description is presented by way of example
to enable a person skilled in the art to make and use the
invention. The present invention is not limited to the
embodiments described herein and various modifications to
the disclosed embodiments will be apparent to those skilled
in the art. Embodiments are described by way of example
only.

Even when an acceleration structure is used, the amount
of work involved in performing intersection testing in a ray
tracing system is still very large. For example, ray tracing
may be used for rendering an image of a 3D scene, where the
image may have of the order of a million pixels. A primary
ray may be traced for each sample position. In some
examples, there may be one sample position for each pixel
position, whilst in some other examples there may be
multiple sample positions for each pixel position (e.g. to
allow for processes such as multi-sample anti-aliasing
(MSAA) to be performed when rendering the final pixel
values). When a ray intersects with an object in the scene, a
shader can be executed which may result in the emission of
another ray (i.e. a “secondary ray”) into the scene. Each
primary ray may result in the emission of many secondary
rays, which are all traced through the scene to determine
their intersections. Therefore, it would not be unusual for
there to be tens or hundreds of millions of rays traced
through a scene for rendering an image. The complexity of
scenes to be rendered tends to increase as graphics rendering
technology develops, so it would not be unusual for there to
be thousands of objects in a scene, each of which may be
represented by many primitives. Furthermore, the images
being rendered may represent frames of a sequence of
frames which are to be rendered in real-time, e.g. for a
display to a user in real-time. For example, the user may be
playing a game wherein the rendered images represent a
user’s view of the 3D scene as the user plays the game. In
order for the sequence of frames to appear like a continuous
stream of video data, many frames may be rendered per
second, e.g. 24, 30 or 60 frames per second to give some
examples. It can therefore be appreciated that the work
involved in performing intersection testing in a ray tracing
system to render scenes to be output in real-time is vast.

One way to overcome this problem, and to perform ray
tracing to render scenes to be output in real-time would be
to have one or more supercomputers to perform all of the
processing. This could be considered to be a ‘brute force’
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approach. However, as well as an aim to have high perfor-
mance (to perform ray tracing to render scenes to be output
in real-time), there are also competing aims of reducing the
size (e.g. silicon area) and power consumption of the ray
tracing system. For example, there may be an aim to
implement the ray tracing system on a mobile device, such
as a tablet or smartphone, for which the acceptable size and
power consumption may be much lower than for a super-
computer. As such, when designing a ray tracing system,
there may be a trade-off between performance, power con-
sumption and area. Depending on how this trade-off is
implemented, examples described herein may allow the
performance to be increased without a significant increase to
the power consumption and area (compared to the prior art
described above in the background section). Alternatively, in
a different implementation of the trade-off, examples
described herein may allow the power consumption and/or
size of the ray tracing system to be decreased without
significantly decreasing the performance of the ray tracing
system (compared to the prior art described above in the
background section). Different implementations can be
designed to target different points in the trade-off between
performance, power consumption and silicon area.

Often, when performing intersection testing for rays
within a scene, many rays will be tested for intersection with
respect to the same box (e.g. where the box represents a node
in a hierarchical acceleration structure). In some situations,
rays can be grouped together into a bundle of rays, and an
intersection test can be performed for the bundle of rays. In
a situation where the intersection testing results would be the
same for all of the rays within a bundle then, rather than
performing all of the intersection tests for each of the
individual rays within the bundle, it may be possible to
perform fewer intersection tests (e.g. one or two intersection
tests) for the bundle of rays as a whole, and to use the
result(s) of the test(s) to infer the intersection testing results
for all of the rays in the bundle. In this situation, the test(s)
used to infer intersection testing results for all of the rays in
a bundle are referred to as bundle intersection test(s). It will
be understood that the term ‘bundle intersection test’ does
not refer to simply performing a separate test for each
individual ray in the bundle. Instead, a bundle intersection
test, which is performed on a bundle of rays, provides a
bundle intersection testing result for the bundle as a whole,
which may be used to infer intersection testing results that
apply to all of the rays in the bundle. For example, if we can
guarantee that all of the rays in a ray bundle have the same
intersection testing result (e.g. hit or miss) with respect to a
box then the result can be determined for the bundle as a
whole, and used as the intersection testing results for all of
the rays of the bundle. In this way, separate intersection tests
for individual rays within at least some of the bundles may
be avoided. Therefore, performing intersection testing on
bundles of rays can reduce the overall number of intersec-
tion tests that are performed and can result in fewer accesses
to memory for fetching ray data. As described in more detail
below, the bundle intersection tests in examples described
herein allow a single vector to be tested with respect to each
silhouette edge of the box, to thereby provide an intersection
testing result for the bundle. For example, for each silhouette
edge of the box, a vector is obtained which provides a bound
to the bundle of rays, and it can be determined whether that
vector passes inside or outside of the silhouette edge. The
results of determining, for each silhouette edge, whether the
respective vector passes inside or outside of the silhouette
edge can be used to determine an intersection testing result
for the bundle of rays with respect to the box. By reducing
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(compared to the prior art) the number of calculations that
need to be performed to determine whether the rays of a
bundle intersect with a box, the intersection testing results
can be determined faster, i.e. the latency of the ray tracing
system can be reduced (or in other words, the performance
of the ray tracing system can be increased), and the power
consumption of the ray tracing system can be reduced.

As described in more detail below, two types of bundle
intersection tests are described herein:

(1) A first bundle intersection test (which may be referred
to herein as an “AllHit” intersection test) determines
whether or not all of the rays of a bundle intersect a box. The
first bundle intersection test may provide a binary outcome,
such that there are only two possible results from the first
bundle intersection test: either (i) the first bundle intersec-
tion test determines that all of the rays of the bundle intersect
the box, or (ii) the first bundle intersection test does not
determine that all of the rays of the bundle intersect the box.

(i) A second bundle intersection test (which may be
referred to herein as an “AnyHit” test) determines whether
or not all of the rays of the bundle miss the box. In other
words, the second bundle intersection test determines
whether or not any of the rays of the bundle hit the box. The
second bundle intersection test may provide a binary out-
come, such that there are only two possible results from the
second bundle intersection test: either (i) the second bundle
intersection test determines that all of the rays of the bundle
miss the box, or (ii) the second bundle intersection test does
not determine that all of the rays of the bundle miss the box.

Very similar logic can be used to implement these two
different types of bundle intersection tests, but with different
bounding vectors being tested in respect of the respective
silhouette edges of the box. Furthermore, in examples
described below, the logic configured to perform these two
types of bundle intersection tests can also correctly perform
intersection tests on individual rays (each of which may be
considered to be a bundle comprising only one ray). In this
way, the ray tracing system does not need different dedicated
testing blocks for performing intersection testing on indi-
vidual rays and for performing intersection testing on
bundles of rays, i.e. the same testing blocks can be used for
testing individual rays and bundles of rays. This is particu-
larly useful when the testing blocks are implemented in
hardware (e.g. fixed-function circuitry) because it reduces
the possibility of bottlenecking in the system due to one type
of testing block being saturated whilst another type of
testing block is idle.

These first and second bundle intersection tests may be
implemented separately, and they can each provide a benefit
in terms of reducing the number of intersection tests that
need to be performed (where the same result (either hit or
miss) would be found for all of the rays within a bundle).
However, in some examples, both of these two types of
bundle intersection tests may be implemented in the same
ray tracing system. This can be particularly beneficial as it
can avoid performing separate intersection tests for indi-
vidual rays both if all of the rays of the bundle hit a box and
if all of the rays of the bundle miss the box. In some
examples, an AllHit test could be performed on a bundle of
rays with respect to a box, and if the AllHit test determines
that all of the rays of the bundle hit the box then the
intersection testing result is that all of the rays of the bundle
hit the box. If the AllHit test does not determine that all of
the rays of the bundle hit the box then the AnyHit test can
be performed on the bundle with respect to the box. If the
AnyHit test determines that all of the rays of the bundle miss
the box then the intersection testing result is that all of the
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rays of the bundle miss the box. If the intersection testing
result has not yet been found then individual intersection
tests may be performed for each of the rays to the bundle
with respect to the box. In this example, the AnyHit test is
performed conditionally, based on the result of the AllHit
test. This is an example of how the method may be imple-
mented in software. In different examples (e.g. when the
method is implemented in hardware, e.g. fixed function
circuitry), the AllHit test and the AnyHit test could be
performed in parallel. In these examples, the AnyHit test
would be performed irrespective of the result of the AllHit
test. Performing the AllHit and AnyHit tests in parallel can
reduce the latency of the method.

There will now be described a general example approach
to performing intersection testing where a single ray is tested
against a box. This is useful for going on to explain how a
bundle of rays can be tested against a box. In a three
dimensional (3D) example, the box is a 3D volume. In 3D
examples, the box could be any suitable shape such as a
cuboid (e.g. a cube), a sphere, a cylinder, a cone, a pyramid,
a prism, etc. In a two dimensional (2D) example, the box is
a 2D area. In these 2D examples, the box could be any
suitable shape, such as a rectangle (e.g. a square), a circle,
a triangle, a hexagon, etc. In examples described in detail
herein, the edges of the box are aligned with the axes of the
space in which ray tracing is performed. For example, the
box may be an axis-aligned bounding box (AABB) and may
correspond with a node of a hierarchical acceleration struc-
ture.

A ray can be expressed mathematically in vector form as:

r=o0+Td (€8]

where r is the ray, o is the ray’s origin with respect to the
coordinate system being used and d is the direction vector
for the ray, and T is a scalar.

A plane can be expressed vectorially as a set of points p
such that:

(p-poyn=0 @

where p,, is a known point on the plane and n is the normal

vector to the plane. In other words, the set of points p
satisfying equation (2) lie on the plane.

At an intersection between the ray and the plane r=p. The
intersection distance between a ray origin and a plane (i.e.
the distance between the ray origin and the intersection of
the ray and the plane) can be found by combining equation
(1) and equation (2) with r=p, and rearranging for T. In the
example explained below, it is assumed that the plane is
axis-aligned, i.e. aligned with the coordinate system, and
thus the normal vector n contains only one non-zero com-
ponent, which for a normalised vector is equal to 1 (although
it is noted that in other examples, the planes defining the
edges of the box might not be axis-aligned). For generality,
denoting the non-zero component of the normal vector as the
i component (so for a three-dimensional example, i €
X,y,Z), the combination of equations (1) and (2) can be
rewritten as:

07+1d—p ;=0 3

And hence:

T= Poi — 0i 4
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FIG. 1 shows an example of two rays 101 and 103 and a
box 105. In this example, the box is two-dimensional (2D)
for ease of illustration, and is defined by the space enclosed
by four bounding edges. As shown, ray 101 intersects the
box 105 and ray 103 does not intersect box 105.

To determine whether a ray intersects the 2D box 105, a
side test on points A and B is performed, where A and B are
at diametrically opposed corners of the box 105. Each side
test is performed to determine what side of the point under
test the ray passes on. In different examples, when the box
is a 3D box, the side tests determine which side of an edge
the ray passes on.

For performing intersection testing against point A, two
intersection distances for each ray are determined. These
intersection distances are denoted T, and T, in FIG. 1. T, is
the distance between the origin of the ray and the point
where the ray has the same x component as the point A; and
T, is the distance between the origin of the ray and the point
where the ray has the same y component as the point A.

For intersecting rays, e.g. for the intersecting ray 101,
being tested with respect to point A:

T,sT, ®

For the non-intersecting ray 103 being tested with respect
to point A:

I.<T, (6)

Using the equation for T given by (4), it can be seen that
the generalised inequality to be evaluated to determine what
side of an edge (in a 3D example) or point (in a 2D example)
a ray passes on is given by:

M

(=0 Poj—0;
Poi =0i _ Poj=9j

4 - 4

To avoid the cost of performing a division operation,
inequality (7) can be rewritten as:

(Po0)di=(po~0,)d; (8)

In the example shown in FIG. 1, point A is the bottom
right corner of the box, i=y and j=x, and if the inequality (8)
(or inequality (7)) is true then the ray passes on the inside of
point A, whereas if the inequality (8) (or inequality (7)) is
false then the ray passes on the outside of point A. A similar
test is performed in respect of corner point B which is the top
left corner of the box 105 (i.e. diametrically opposed to point
A). For point B the values can be set as i=x and j=y (which
is the opposite as for the test for point A), and if the
inequality (8) (or inequality (7)) is true then the ray passes
on the inside of point B, whereas if the inequality (8) (or
inequality (7)) is false then the ray passes on the outside of
point B. To determine that the ray intersects the box 105, the
inequalities for both point A and B must be true, whereas if
either inequality is false then it is determined that the ray
does not intersect the box 105.

FIG. 2 shows an example of a 3D box 201 as viewed from
the origin of a ray to be tested for intersection with respect
to the box 201. In this example, the box 201 is an axis-
aligned bounding box (AABB). Since the box 201 is axis-
aligned, each of the edges of the box 201 is parallel to one
of the x, y or z axes. The box is shown comprising a set of
silhouette edges, labelled 1 to 6. A silhouette edge is an edge
defining part of the silhouette of the box. The silhouette
edges are determined from a line of sight along the direction
of the ray vector, i.e. the box is depicted as viewed from a
viewpoint, e.g. positioned at the ray’s origin and directed
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along the direction of the ray. In other words, the silhouette
edges, labelled 1 to 6 in FIG. 2, are the edges of a 2D
projection of the box 201 as viewed from the perspective of
a ray travelling from its origin. The box 201 is a cuboid in
the example shown in FIG. 2, such that the box 201 has
either four or six silhouette edges depending upon the
perspective from which the box is viewed. The box 201
shown in FIG. 2 is merely for illustration and could, for
example, represent the volume corresponding to a root note,
a parent node, a child node and/or a leaf node in an
acceleration structure.

In this 3D example, the intersection of two planes forms
a line rather than a point as in the 2D case. Thus, the side
test, performed on a 3D box, is used to determine what side
of a silhouette edge (which takes the form of a line) the ray
passes on, wherein the side test performed on a 3D box may
be referred to herein as an “edge test”. To determine whether
a ray intersects the box 201, an intersection test is performed
for each of the silhouette edges 1 to 6. Each intersection test
comprises performing the comparison of values specified in
inequality (8).

The box 201 is formed from six planes, wherein for each
axis (X, y, z) two of the planes have a normal parallel to that
axis, such that the component value of those planes for that
axis are constant across each of the planes. Of the two
parallel planes, one will have a higher component value
along the relevant axis. Therefore, for each axis there is a
maximum and a minimum component value defined by the
planes defining the box 201. The minimum values along
each axis (X,,,,, Ymu, and z,,,) can define a ‘minimum’
position as a vector p,,,;,,, Where ..., =X, Yonins Zomire) @04
the maximum values along each axis (X,,,.s Ymar 04 Z,,..)
can define a ‘maximum’ position as a vector p,,,., Where
Prnar—Komars Ymars Zmax)- Lherefore, p,.,, and p,,,,. are dia-
metrically opposed corner positions of the box 201 and can
be used in inequality (8) for the edge comparison tests.

To simplify the edge comparison tests, the vectors p',,;,
and p',,,. can be defined (and e.g. pre-computed) as:

©

D 'min=Prmin=0
Pmax™Pmar=0 10)

The vectors p',,;, and p',... represent the displacement
between the ray origin (o) and p,,,;,, and p,,,,... respectively. As
described above, because the box 201 is axis-aligned, it
follows that there are two planes of the bounding box lying
on each axis, i.e. two ‘X’ planes (planes having constant x
components), two ‘y’ planes (planes having constant y
components) and two ‘z’ planes (planes having constant z
components). The components of the vector p',,,,, represent
the displacements in x, y and z components from the ray
origin to the minimum X, y and z planes. The components of
the vector p',,,,. represent the displacements in x, y and z
components from the ray origin to the maximum x, y and z
planes.

Which of the minimum or maximum planes are chosen to
evaluate inequality (8) will depend on which two planes
intersect at the silhouette edge being tested.

Equations (9) and (10) can be used to re-write inequality
(8) as:

p’idj:p}di an

where p'i:pmin,i_oi or p'i:pmax,i_ois and p'j:pminJ_Oj or
p']':pmaxJ_Oj'

For example, silhouette edge 6 shown in FIG. 2 is along
the intersection between the minimum X plane (i.e. of the
two planes which have constant x values, the plane having
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the smaller x value) and the maximum z plane (i.e. of the two
planes which have constant z values, the plane having the
larger z value). The ray will pass the intersection test based
on edge 6 if the ray intersects with the maximum z plane
before it intersects with the minimum x plane, ie. if
d.=p',n s where p',,.. P S and p',,, -~
Poinx—Ox-

As another example, silhouette edge 2 shown in FIG. 2 is
along the intersection between the maximum x plane (i.e. of
the two planes which have constant x values, the plane
having the larger x value) and the maximum y plane (i.e. of
the two planes which have constant y values, the plane
having the larger y value). The ray will pass the intersection
test based on edge 2 if the ray intersects with the maximum
X plane before it intersects with the maximum y plane, i.e.
if Pl ,xdysp'max,ydx, where p',.. PO and
p'max,y:pma_x,y_oy'

It will be apparent how to perform the tests for each of the
six silhouette edges labelled 1 to 6 in FIG. 2. If all six tests
are passed then it is determined that the ray intersects the
box 201. However, if any one or more of the six tests fails
then it is determined that the ray does not intersect with the
box 201, i.e. the ray passes outside one or more of the six
silhouette edges.

Thus, to perform a ray intersection test for box 201, an
edge test is performed for each silhouette edge 1 to 6 to
determine what side of each of those edges the ray passes on,
where each edge test involves performing an evaluation to
determine whether the condition specified in equation (11) is
true for the two planes forming the edge under test.

As described in more detail below, distance and direction
checks may also be performed to check whether the ray’s
origin and direction are such that the ray is travelling away
from the box, or whether the ray endpoint falls short of the
box. If either the ray is travelling away from the box, or the
ray endpoint falls short of the box then the ray does not
intersect with the box, and there is no need to perform the
edge tests on the silhouette edges of the box.

FIG. 3 shows an example of a ray tracing system for
performing intersection testing. Ray tracing system 300 is
configured to implement intersection testing of rays with
boxes, e.g. axis-aligned boxes.

The ray tracing system 300 comprises a scheduler 301,
request queue 303, memory 305 and a tester module 307.
The tester module 307 comprises a test queue 309, a set of
one or more testing blocks (denoted generally at 311) and a
results processor 313. The request queue 303 and the test
queue 309 may take the form of buffers, e.g. stacks (i.e.
first-in-last-out (FILO) buffers) or first-in-first-out (FIFO)
buffers. The testing blocks may be implemented as hardware
units (e.g. using fixed-function circuitry) or in software, for
example as shader code executed by a processing unit.

The scheduler 301 receives instructions to trace (i.e. to
perform intersection testing for) a set of one or more rays.
The scheduler can collect rays before the rays are issued to
the request queue 303. The scheduler 301 may do this to
group rays which require access to the same block or portion
of the memory 305. The block or portion of the memory 305
may be a contiguous block of memory at a set of memory
addresses which can be fetched from the memory 305
together. A group of rays that reference the same block of the
memory 305 may be referred to as a packet. For example,
rays which are to be tested with respect to the same box or
object may be grouped into a packet, such that the data for
the box or object can be fetched once from the memory 305
for use in the intersection testing of all of the rays in the
packet. As an example, for the initial stage of the intersection
testing, it may be the case that all rays will intersect the root

1
p max,z
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node and thus require access to the same block of memory
305 and so fall within one packet. Once the scheduler has
assembled one or more rays into a packet, the scheduler will
issue the packet and cause the packet to join the request
queue 303 to request the node data for the packet (i.e. data
describing a box corresponding to the appropriate node of
the acceleration structure against which the rays of the
packet are to be tested for intersection) from memory 305.
The node data for the packet is then retrieved from memory
305 and passed to the tester module 307.

At the tester module 307, the node data for a packet is
received at the test queue 309. The ray data for the packet is
also received at the tester module. The ray data for the
packet may be received from a memory (e.g. memory 305),
or in other examples it may be received from request queue
303 (via a link, not shown in FIG. 3), to be associated with
the corresponding node data at test queue 309. The tester
module 307 allocates rays from the packet to the testing
blocks 311. The tester module 307 might allocate the rays
sequentially. When a ray of the packet has been allocated to
a testing block, that testing block performs intersection
testing to determine whether that ray intersects the box
corresponding to the node that ray is being tested against,
e.g. by performing edge tests for the appropriate edges of the
box, e.g. for the six silhouette edges of the box 201 labelled
in FIG. 2, as described above.

The testing blocks each output the result of the intersec-
tion tests they have performed to the results processor 313.
The results processor 313 processes the results of the
intersection tests. Specifically, if a ray has been found to not
intersect the node it was being tested against, the processor
313 does not schedule intersection tests for that ray in
respect of the child nodes of the node which was not
intersected. If the results processor 313 determines that a ray
has intersected a node it was being tested against, that ray is
output from the tester module 307 back to the scheduler 301,
where it will be grouped into a packet and scheduled for
intersection testing in respect of a child node of the inter-
sected node.

The above-described process is repeated iteratively until
the rays have no more hits. In response to an intersection of
a ray with a leaf node, objects within that leaf node (e.g.
triangles) are each scheduled for intersection testing with the
ray. The tester module 307 may comprise object testing
blocks (not shown in FIG. 3) configured to perform inter-
section tests for the rays that intersect a leaf node in respect
of the object(s) within that leaf node. The objects may be
described with triangular primitives, such that the object
testing blocks are configured to test rays for intersection
with respect to triangles in the scene. A person skilled in the
art would know how to test a ray for intersection with a
triangular primitive, and the details of this process are not
described in detail herein. If the result of all the intersection
testing for a ray is that the ray does not intersect with any
objects in the scene then a ‘miss’ result is returned and can
be processed accordingly. If the result of all the intersection
testing for a ray is that the ray intersects with a single object
then data for this intersection can be returned with a ‘hit’
result and processed accordingly. If the result of all the
intersection testing for a ray is that the ray intersects with
more than one object then the intersection distances for the
intersections (i.e. the distances from the ray origin to the
intersection points) are compared to find the ‘closest hit’, i.e.
the intersection point closest to the ray origin (i.e. the
intersection point with the smallest value of T). Data for this
closest hit intersection can be returned with a ‘hit result” and
processed accordingly.
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As described above, in examples described herein, rays
can be grouped together into bundles, and then bundle
intersection tests can be performed on the bundles of rays.
This can reduce the number of intersection tests that need to
be performed. The number of rays in a bundle can vary.
There may be a maximum number of rays that can be
included in a bundle, and this maximum number of rays may
be different in different examples. For example, the maxi-
mum number of rays in a bundle could be 4, 16 or 32 just
to give three examples.

The method described above for performing intersection
testing for an individual ray with respect to a box can be
extended to perform intersection testing for a bundle of rays
with respect to a box. For example, FIG. 4 is a flow chart for
a method of performing intersection testing for a bundle of
rays, which may be performed by the tester module 307.

In step S402, a bundle of rays is received at the tester
module 307. The bundle of rays is to be tested for intersec-
tion with a box. An example process for grouping rays
together to form bundles is described below with reference
to the flow chart shown in FIG. 10. In a first example, all of
the rays within a bundle have the same origin (although in
other examples the rays within a bundle may have different
ray origins). The rays within a bundle can have different ray
direction vectors. Vectors can be defined for a bundle to
provide bounds to the bundle of rays, i.e. to define edges of
the bundle. The bounding vectors for a bundle may tightly
bound the rays within the bundle. For example, FIG. 5§
shows a 2D example in which three bundles of rays (gen-
erally denoted 504, 506 and 508 in FIG. 5) are to be tested
for intersection with a 2D box 502. The first bundle of rays
504 has two vectors 504, and 504, which provide the bounds
to the first bundle of rays; the second bundle of rays 506 has
two vectors 506, and 506, which provide the bounds to the
second bundle of rays; and the third bundle of rays 508 has
two vectors 508, and 508, which provide the bounds to the
third bundle of rays. A bundle of rays and an indication of
the box are provided to a testing block 311. Steps S404 to
S416 may be performed by one of the testing blocks 311.

In step S404 a distance check and a direction check are
performed for a bundle of rays with respect to a box. In step
S406 it is determined whether the bundle of rays pass the
distance and direction checks. The direction check deter-
mines whether the box is behind an origin of the bundle of
rays. In other words, when looking from an origin of the
bundle of rays, along a direction within the range of direc-
tions bounded by the bounding vectors for the bundle of
rays, the direction check determines whether the box is
behind the origin. For example, the direction check may
involve, for each component (i.e. each of the x, y and z
components, denoted generally as the i component), if the
component of a particular one of the bounding vectors of the
bundle (d,) is positive, then checking whether the bundle
origin has a greater component value (o,) than the maximum
component value of the box (p,,,,); and if the component
of a particular one of the bounding vectors of the bundle (d,)
is negative, then checking whether the bundle origin has a
smaller component value (o,) than the minimum component
value of the box (p,,,, ). If, for one or more of the compo-
nents, either of these two conditions is satisfied then it can
be determined that the ray will not intersect the box without
needing to perform edge tests on the silhouette edges of the
box. The particular one of the bounding vectors of the
bundle to choose in the direction check may depend upon
whether the bundle intersection test is a first bundle inter-
section test (i.e. an ‘AllHit” test) which aims to determine
whether all of the rays of the bundle hit the box, or a second
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bundle intersection test (i.e. an ‘AnyHit’ test) which aims to
determine whether all of the rays of the bundle miss the box.

FIG. 17 shows a 2D example of two axis-aligned boxes:
box 1702 (which has minimum and maximum components
Prina a0d D, ) and box 1704 which has minimum and
maximum components p,,, and p,... ). FIG. 17 also
shows three bundles of rays: bundle 1706 which has bound-
ing vectors 1706, and 1706, (both of which have negative x
components), bundle 1708 which has bounding vectors
1708, (which has a negative x component) and 1708, (which
has a positive x component), and bundle 1710 which has
bounding vectors 1710, and 1710, (both of which have
positive x components). All of the bundles 1706, 1708 and
1710 have their origin at a position o. For example, for an
AnyHit test, the direction test is useful when the i com-
ponent of all (e.g. both) of the bounding vectors of the
bundle have the same sign (e.g. when the i component is
the x component, that is true for bundles 1706 and 1710, but
not for bundle 1708). For example, if the bounding vector
with the smallest i” component has a positive i component,
implying that all of the bounding vectors have positive
values for their i” components (e.g. the bounding vectors of
bundle 1710 all have positive x components), then that
bounding vector with the smallest i” component (e.g.
bounding vector 1710, ) is the “particular one” of the bound-
ing vectors mentioned above. Because the i’ component of
the “particular one” of the bounding vectors is positive, the
direction check involves checking whether the bundle origin
has a greater component value (o,) than the maximum
component value of the box (p,,,.,). For example, the x
component value of bounding vector 1710, is positive, so
the direction check involves checking whether the x com-
ponent of the bundle origin (o,) is greater than the x
components of p,,. . (for box 1702) and p,,, , (for box
1704). In the example shown in FIG. 17 the bundle 1710 will
pass the direction check for an AnyHit test in respect of box
1704, but it will fail the direction check for an AnyHit test
in respect of box 1702. If the bounding vector with the
largest i component has a negative i component, implying
that all of the bounding vectors have negative values for
their i” components (e.g. the bounding vectors of bundle
1706 all have negative x components), then that bounding
vector with the largest i” component (e.g. bounding vector
1706,) is the “particular one” of the bounding vectors
mentioned above. Because the i”” component of the “par-
ticular one” of the bounding vectors is negative, the direc-
tion check involves checking whether the bundle origin has
a smaller component value (o,) than the minimum compo-
nent value of the box (p,,,,,, ;). For example, the x component
value of bounding vector 1706, is negative, so the direction
check involves checking whether the x component of the
bundle origin (0,) is smaller than the x components of p,,,,,, ,
(for box 1702) and p,,,,, ({for box 1704). In the example
shown in FIG. 17 the bundle 1706 will pass the direction
check for an AnyHit test in respect of box 1702, but it will
fail the direction check for an AnyHit test in respect of box
1704. For the AnyHit test, if the i” components of the
bounding vectors do not all have the same sign (e.g. for
bundle 1708, the bounding vector with the smallest x
component does not have a positive x component and the
bounding vector with the largest x component does not have
a negative x component) then the direction check does not
provide a determination of whether there may be an inter-
section with the box. In contrast, for the AllHit test, the
direction test may be useful even if the signs of the i”
components of the bounding vectors are not all the same. For
example, for an AllHit test, if the bounding vector with the
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largest i component has an i” component which is positive
(e.g. when the i” component is the x component, that is true
for bundles 1708 and 1710), then that bounding vector with
the largest i”* component (e.g. bounding vector 1708, for
bundle 1708 and bounding vector 1710, for bundle 1710) is
a “particular one” of the bounding vectors mentioned above.
Because the i component of the “particular one” of the
bounding vectors is positive, the direction check involves
checking whether the bundle origin has a greater component
value (0,) than the maximum component value of the box
(Pnax,)- Tor example, the x component values of bounding
vectors 1708, and 1710, are positive, so the direction checks
for bundles 1708 and 1710 involve checking whether the x
component of the bundle origin (o,) is greater than the x
components of p,,. . (for box 1702) and p,,. , (for box
1704). In the example shown in FIG. 17 the bundles 1708
and 1710 will pass the first direction check for an AllHit test
in respect of box 1704, but they will fail the first direction
check for an AllHit test in respect of box 1702. Similarly, for
an AllHit test, if the bounding vector with the smallest i”*
component has an i” component which is negative (e.g.
when the i component is the x component, that is true for
bundles 1706 and 1708), then that bounding vector with the
smallest i* component (e.g. bounding vector 1706, for
bundle 1706 and bounding vector 1708, for bundle 1708) is
a “particular one” of the bounding vectors mentioned above.
Because the i component of the “particular one” of the
bounding vectors is negative, the direction check involves
checking whether the bundle origin has a smaller component
value (o,) than the minimum component value of the box
(Pnin,;)- For example, the x component values of bounding
vectors 1706, and 1708, are negative, so the direction
checks for bundles 1706 and 1708 involve checking whether
the x component of the bundle origin (0,.) is smaller than the
x components of p,,, , (for box 1702) and p,,,, , (for box
1704). In the example shown in FIG. 17 the bundles 1706
and 1708 will pass the second direction check for an AllHit
test in respect of box 1702, but they will fail the second
direction check for an AllHit test in respect of box 1704. If
a bundle fails either of the direction checks for an AllHit test
then it is determined to fail the direction test, so in the
example shown in FIG. 17 bundle 1708 will fail the direc-
tion check for an AllHit test in respect of both boxes 1702
and 1704.
To summarise the direction checks:
for an All hit test, for each of the i” components:
if the i” component of either of the bounding vectors of
a bundle is negative then a miss is found if' p,,,,,, ~>0,;
and
if the i” component of either of the bounding vectors of
a bundle is positive then a miss is found if p,,,,,, /<0,;
and
for an AnyHit test, for each of the i components:
if the i component of both of the bounding vectors of
a bundle are negative then a miss is found if
Prin,i 055 and
if the i component of both of the bounding vectors of
a bundle are positive then a miss is found if p,,, .. <0,
The distance check determines whether the bundle of rays
terminates at a point in front of the box. A maximum
distance that the rays of the bundle can travel in the scene
before they are terminated (or “clipped”) may be provided in
the data for a bundle of rays. If the distance check deter-
mines that the bundle of rays terminates at a point in front
of the box (i.e. before it reaches the box) then it can be
determined that the intersection testing result is that the
bundle of rays misses the box, without needing to perform
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edge tests on the silhouette edges of the box. For example,
the distance check may involve, performing a check for each
component (i.e. each of the x, y and z components, denoted
generally as the i” component). The distance check may be
determined to fail if an inequality is satisfied for any of the
components. For example, for an AnyHit test, if p,,,,, l>0
then the distance check can determine, for each of the i”
components, which of the bounding vectors has the largest
value for its i”” component and then it can be determined
whether p,,, ~0,+T,,,.d; . Where T, is the maximum
value of T (i.e. the value of T at which the ray is clipped if
it has not yet intersected with anything in the scene), where
d; max—max(d; ;, d; ), and where d, ; is the i’ component of
the first boundlng vector of the bundle and d,, is the i
component of the second bounding vector of the bundle. In
this example, the bundle has just two bounding vectors. In
this example, if p,,;,, ~0,471,,,.d; ... then the distance check
fails. For an AnyHit test, if p,m,C l<0 then the distance check
can determine, for each of the i”” components, Wthh of the
bounding vectors has the smallest value for its i component
and then it can be determined whether Priacs <0 +Tmaxdl in
where d, ,,,=min(d, ;, d, ,), and where d, , is the i” i compo-
nent of the first boundlng vector of the bundle and d,, is the
i component of the second bounding vector of the bundle.
In this example, the bundle has just two bounding vectors.
In this example, if p,,,,,<0+T,,..d; ., then the distance
check fails.

As another example, for an AllHit test, if p,,,,,, l>0 then the
distance check can determine, for each of the i” compo-
nents, which of the bounding vectors has the smallest value
for its i” component (to thereby identify d; ) and then it
can be determined whether p,,, >0, +Tmaxdl e 10 this
example, if p,,, >o+T, d, .. then the distance check
fails. For an AllHit test, if D, l<0 then the distance check
can determine, for each of the i”” components, which of the
bounding vectors has the largest value for its i component
(to thereby identify d, ) and then it can be determined
whether p,,,,. ,<0; +T,mxdl nax 10 this example, if p,,,,. <o+
T s max then the distance check fails. In the examples of
the distance checks described above, if the distance check
fails then it is determined that the intersection testing result
is that the bundle of rays misses the box, without needing to
perform edge tests on the silhouette edges of the box.

If either the distance check or the direction check is failed
then the method passes from step S406 to step S408. In step
S408 the intersection testing result is determined to be that
the bundle of rays misses the box. This intersection testing
result can be outputted from the testing block 311 to the
results processor 313, without steps S410 to S416 being
performed.

If the distance check and the direction check are passed
then the method passes from step S406 to step S410.

The distance and direction checks are optional, i.e. in
some examples steps S404 to S408 might not be performed.
Performing the distance and direction checks (in steps S404
to S408) can provide a reduction in the number of edge tests
that need to be performed on the silhouette edges, because
some intersection testing results (i.e. misses) can be deter-
mined by the distance and direction checks without needing
to perform the edge tests for the silhouette edges.

In step S410 the testing block 311 identifies the silhouette
edges of the box from the perspective of the bundle of rays.

Steps S412 and S414 are performed for each of the
silhouette edges identified in step S410.

In step S412 components of a vector are obtained pro-
viding a bound to the bundle of rays. The vector, of which
components are obtained, is dependent upon a particular
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silhouette edge being tested, and components of different
vectors may be obtained for different silhouette edges. The
components of the vector may be “obtained” by determining
(e.g. calculating) the components of the vector or by receiv-
ing (e.g. reading) the components of the vector. The vector
may, or may not, be the same as a direction vector for one
of the rays of the bundle. For example, the components of
the vector may be obtained by identifying, from the direction
vectors of the rays in the bundle of rays, a minimum
component value and a maximum component value in each
dimension, wherein said obtained components of the vector
providing a bound to the bundle of rays are chosen from a
set of component values comprising the identified minimum
component value and the identified maximum component
value in each dimension.

A vector may provide an external bound to a bundle of
rays with respect to a silhouette edge in the sense that if it
does not pass outside the identified silhouette edge then it is
known that none of the rays of the bundle pass outside the
silhouette edge. Furthermore, a vector may provide an
internal bound to a bundle of rays with respect to a silhouette
edge in the sense that if it does not pass inside the identified
silhouette edge then it is known that none of the rays of the
bundle pass inside the silhouette edge.

In step S414 the testing block 311 determines whether the
vector obtained in step S412 passes inside or outside of the
silhouette edge in question. This may be done as described
above in relation to the testing of a single ray with respect
to a box, e.g. in accordance with the inequality (11) given
above. In examples described herein, for each of the silhou-
ette edges, a single vector is obtained in step S412 and tested
in step S414. The choice of which bounding vector to test
with respect to each silhouette edge depends upon whether
an AllHit test or an AnyHit test is being performed, as
explained in more detail below.

In step S416, the results of determining, for each of the
identified silhouette edges, whether the vector passes inside
or outside of the silhouette edge, are used to determine an
intersection testing result for the bundle of rays with respect
to the box. For example, if the tests for all of the silhouette
edges indicate that the respective vectors pass inside the
respective silhouette edges then in step S416 the result of the
bundle intersection test with respect to the box is determined
to be a “hit” or a “pass”; whereas if the tests for one or more
of the silhouette edges indicate that the respective vector
passes outside the respective silhouette edge then in step
S416 the result of the bundle intersection test with respect to
the box is determined to be a “miss” or a “fail”. For an
AnyHit test, a “pass” or a “hit” result means that the test has
not determined that all of the rays of the bundle miss the box,
and a “fail” or “miss” results means that the test has
determined that all of the rays of the bundle miss the box.
For an AllHit test, a “pass™ or a “hit” result means the test
has determined that all of the rays of the bundle hit the box,
and a “fail” or “miss” results means that the test has not
determined that all of the rays of the bundle hit the box.

For example, the bundle intersection test may be an AllHit
test (which may be referred to as an “AnyMiss test”, e.g. if
the outputs of the test were inversed). As described above,
there are only two possible results from an AllHit test: either
(1) the AllHit test determines that all of the rays of the bundle
intersect the box, or (ii) the AllHit test does not determine
that all of the rays of the bundle intersect the box. In this
example, for each of the identified silhouette edges, the
vector that is obtained in step S412 provides an external
bound to the bundle of rays with respect to the identified
silhouette edge. The vector provides an external bound to the
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bundle of rays with respect to the identified silhouette edge
in the sense that if it does not pass outside the identified
silhouette edge then it is known that none of the rays of the
bundle pass outside the identified silhouette edge. As men-
tioned above, the vector may have either the maximum or
the minimum component values of the ray direction vectors
of the rays in the bundle in each dimension. Whether the
maximum or minimum component value is chosen in each
dimension depends upon the silhouette edge being tested
and whether an internal bound or an external bound is being
provided by the vector. The resulting vector may or may not
be the same as the direction vector of one of the rays of the
bundle.

If it is determined that, for each of the identified silhouette
edges, the respective vector passes inside the identified
silhouette edge, then the intersection testing result for the
bundle of rays with respect to the box is that all of the rays
in the bundle of rays intersect the box. If it is determined
that, for one or more of the identified silhouette edges, the
vector passes outside the respective identified silhouette
edge, then the intersection testing result for the bundle of
rays with respect to the box is not that all of the rays in the
bundle of rays intersect the box, e.g. one or more of the rays
of the bundle may miss the box.

For example, in the 2D example shown in FIG. 5, an
AllHit test may be performed for the first bundle of rays 504
with respect to the 2D box 502. In a 2D example, the
silhouette edges reduce down to just two silhouette points,
denoted 510, and 510, in FIG. 5. With respect to silhouette
point 510,, the vector 504, is obtained (in step S412) for the
bundle 504 because this vector 504, provides an external
bound to the bundle 504 with respect to the silhouette point
510,, i.e. if it does not pass outside the identified silhouette
point 510, then it is known that none of the rays of the
bundle 504 pass outside the identified silhouette point 510, .
It is determined in step S414 that the vector 504, passes
inside the silhouette point 510,. In particular, with respect to
silhouette point 510, it is determined in accordance with
inequality (11) that (p,,;, .04, 1=(P,0x,—0,)d, 1, Where
Prninx @0d D, are the x and y component values at point
510,, o, and o,, are the x and y component values of the
origin of the bundle of rays 504, and d_, and d,, are the x
and y component values of the direction of vector 504, This
single test determines that all of the rays of the ray bundle
504 pass inside the silhouette point 510, of the box 502.
With respect to silhouette point 510,, the vector 504, is
obtained (in step S412) for the bundle 504 because this
vector 504, provides an external bound to the bundle 504
with respect to the silhouette point 510,. It is determined in
step S414 that the vector 504, passes inside the silhouette
point 510,. In particular, with respect to silhouette point
510, it is determined in accordance with inequality (11) that
(Prniny=0,)dx 2=(Prax x—0x)d,, 5, Where p,,,,. . and p,,,, , are
the x and y component values at point 510,, o, and o, are the
x and y component values of the origin of the bundle of rays
504, and d_, and d, , are the x and y component values of
the direction of vector 504,. This single test determines that
all of the rays of the ray bundle 504 pass inside the silhouette
point 510, of the box 502. These two tests are sufficient to
determine that all of the rays of the bundle 504 hit the box
502. Therefore, in step S416, it is determined that the result
of the AllHit test for the bundle of rays 504 with respect to
the box 502 is that all of the rays of the bundle 504 hit the
box 502.

As another example, in the 2D example shown in FIG. 5,
an AllHit test may be performed for the second bundle of
rays 506 with respect to the 2D box 502. With respect to
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silhouette point 510,, the vector 506, is obtained (in step
S412) for the bundle 506 because this vector 506, provides
an external bound to the bundle 506 with respect to the
silhouette point 510,. It is determined in step S414 that the
vector 506, passes inside the silhouette point 510,. In
particular, with respect to silhouette point 510, it is deter-
mined in accordance with inequality (11) that (p,,,,, .~0,)
4, 1=(Pax—0,)d, 1, Where p,,;,  and p,,,, , are the x and y
component values at point 510,, o, and o, are the x and y
component values of the origin of the bundle of rays 506,
and d,, and d,,, are the x and y component values of the
direction of vector 506,. This single test determines that all
of the rays of the ray bundle 506 pass inside the silhouette
point 510, of the box 502. With respect to silhouette point
510,, the vector 506, is obtained (in step S412) for the
bundle 506 because this vector 506, provides an external
bound to the bundle 506 with respect to the silhouette point
510,. It is determined in step S414 that the vector 506,
passes outside the silhouette point 510,. In particular, with
respect to silhouette point 510, it is determined that the
bundle of rays 506 does not satisfy inequality (11). In other
words, for the bundle of rays 506, it is not true that
@ uiny=0,)d1 25 i x—0,)d,, 5, Where p,,.. - and p,,,, . are
the x and y component values at point 510,, o, and o,, are the
x and y component values of the origin of the bundle of rays
506, and d, , and d,,, are the x and y component values of
the direction of vector 506,. This test does not determine that
all of the rays of the ray bundle 506 pass inside the silhouette
point 510, of the box 502. Therefore, in step S416, the result
of the AllHit test for the bundle of rays 506 with respect to
the box 502 is not that all of the rays of the bundle 506 hit
the box 502. In other words, the AllHit test does not
guarantee that all of the rays of the bundle 506 hit the box
502.

As another example, in the 2D example shown in FIG. 5,
an AllHit test may be performed for the third bundle of rays
508 with respect to the 2D box 502. With respect to
silhouette point 510,, the vector 508, is obtained (in step
S412) for the bundle 508 because this vector 508, provides
an external bound to the bundle 508 with respect to the
silhouette point 510,. It is determined in step S414 that the
vector 508, passes inside the silhouette point 510,. In
particular, with respect to silhouette point 510, it is deter-
mined in accordance with inequality (11) that (p,,;, .—0,)
4, 1=(Paxy—0,)d, 1, Where p,,;,, . and p,,,, , are the x and y
component values at point 510, o, and o, are the x and y
component values of the origin of the bundle of rays 508,
and d,, and d,,, are the x and y component values of the
direction of vector 508,. This single test determines that all
of the rays of the ray bundle 508 pass inside the silhouette
point 510, of the box 502. With respect to silhouette point
510,, the vector 508, is obtained (in step S412) for the
bundle 508 because this vector 508, provides an external
bound to the bundle 508 with respect to the silhouette point
510,. It is determined in step S414 that the vector 508,
passes outside the silhouette point 510,. In particular, with
respect to silhouette point 510, it is determined that the
bundle of rays 508 does not satisfy inequality (11). In other
words, for the bundle of rays 508, it is not true that
Prrin =005 2=(P v x—0:)d, o, Where p,,,,. . and p,,;, , are
the x and 'y component values at point 510,, o, and o,, are the
x and y component values of the origin of the bundle of rays
508, and d_, and d, , are the x and y component values of
the direction of vector 508,. This test does not determine that
all of the rays of the ray bundle 508 pass inside the silhouette
point 510, of the box 502. Therefore, in step S416, the result
of the AllHit test for the bundle of rays 508 with respect to
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the box 502 is not that all of the rays of the bundle 508 hit
the box 502. In other words, the AllHit test does not
guarantee that all of the rays of the bundle 508 hit the box
502.

It can be seen that the result of the AllHit test is the same
for bundles 506 and 508, i.e. it is not confirmed that all of
the rays in either bundle 506 or 508 hits the box 502. This
is the case even though some of the rays of bundle 508 do
hit the box 502.

FIG. 6 shows a 3D example in which three bundles of rays
(generally denoted 604, 606 and 608 in FIG. 6) are to be
tested for intersection with a 3D box 602. FIG. 6 is drawn
from the perspective of the origin of the rays. The first
bundle of rays 604 comprises four rays (shown with the
black circles in FIG. 6), and the dashed box represents an
axis-aligned box bounding the bundle of rays 604, i.e. an
axis-aligned box having minimum and maximum compo-
nent values in each of the X, y and z dimensions equal to the
minimum and maximum component values of the direction
vectors of the rays in the bundle. The second bundle of rays
606 comprises four rays (shown with the black circles in
FIG. 6), and the dashed box represents an axis-aligned box
bounding the bundle of rays 606. The third bundle of rays
608 comprises four rays (shown with the black circles in
FIG. 6), and the dashed box represents an axis-aligned box
bounding the bundle of rays 608.

An AllHit test may be performed for the first bundle of
rays 604 with respect to the 3D box 602. The box 602 has
six silhouette edges, denoted 1 to 6 in FIG. 6. With respect
to silhouette edge 1, components of a vector will be obtained
which have the maximum y and z values of the direction
vectors of the rays of the bundle 604. In this example, the top
right ray shown in the bundle 604 is an example of a ray
having these component values in the y and z directions.
This vector provides an external bound to the bundle 604
with respect to the silhouette edge 1, i.e. if it does not pass
outside the identified silhouette point 510, then it is known
that none of the rays of the bundle 604 pass outside the
identified silhouette edge 1. It is determined in step S414
that the vector passes inside the silhouette edge 1. In
particular, with respect to silhouette edge 1 it is determined
in accordance with inequality (11) that (p,,,, . =0)d =
(Paxy—0,)d,, wWhere p,,,, . is the z component value of the
plane on the top of the box 602, p,,,,,, is the y component
value of the plane at the back right of the box 602, 0, and o,
are the y and z component values of the origin of the bundle
of rays 604, and d,, and d, are the y and z component values
of a vector defining the external bound of the bundle 604
with respect to silhouette edge 1. This single test determines
that all of the rays of the ray bundle 604 pass inside
silhouette edge 1 of the box 602. With respect to silhouette
edge 6, components of a vector will be obtained which have
the minimum x value and the maximum z value of the
direction vectors of the rays of the bundle 604. A vector with
these x and z components will provide an external bound to
the bundle 604 with respect to silhouette edge 6. It is noted
that in this example, no one of the four vectors in the bundle
604 has both the minimum x value and the maximum z
value. It is determined in step S414 that a vector with the
obtained x and z components passes inside silhouette edge
6. In particular, with respect to silhouette edge 6 it is
determined in accordance with inequality (11) that (p,,,,. .-
0)d,=(p i, —0,)d,, wherep,, . _is the z component value of
the plane on the top of the box 602, p,,,,,, . is the X component
value of the plane at the back left of the box 602, o, and o,
are the x and z component values of the origin of the bundle
of'rays 604, and d, and d_ are the x and y component values
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of a vector defining the external bound of the bundle 604
with respect to silhouette edge 6. This single test determines
that all of the rays of the ray bundle 604 pass inside
silhouette edge 6 of the box 602. For brevity, we do not
describe the tests of bundle 604 with respect to silhouette
edges 2 to 5, but it will be apparent from the description of
the tests for silhouette edges 1 and 6 and from FIG. 6 that
the AllHit test will determine that all of the rays of the
bundle 604 are inside all of the silhouette edges of the box
602. Therefore, in step S416, it is determined that the result
of the AllHit test for the bundle of rays 604 with respect to
the box 602 is that all of the rays of the bundle 604 hit the
box 602.

An AllHit test may be performed for the second bundle of
rays 606 with respect to the 3D box 602. With respect to
silhouette edge 2, components of a vector will be obtained
which have the maximum x and y values of the direction
vectors of the rays of the bundle 606. In this example, the top
right ray shown in the bundle 606 is an example of a ray
having these component values in the x and y directions.
This vector provides an external bound to the bundle 606
with respect to the silhouette edge 2. It is determined in step
S414 that the vector passes outside the silhouette edge 2. In
particular, with respect to silhouette edge 2 inequality (11) is
not satisfied, i.e. it is not the case that (p,,..,—0,)d,=
(Prrax,y=0,)d,, Where p,,,. . is the x component value of the
plane on the front right of the box 602, p,,,, , is the y
component value of the plane at the back right of the box
602, 0, and o, are the x and y component values of the origin
of the bundle of rays 606, and d, and d,, are the x and y
component values of a vector defining the external bound of
the bundle 606 with respect to silhouette edge 2. For brevity,
we do not describe the tests of bundle 606 with respect to
silhouette edges 1 or 3 to 6, but it will be apparent from FIG.
6 that the AllHit test will determine that all of the rays of the
bundle 606 are inside the silhouette edges 3 to 6 of box 602,
but that not all of the rays of the bundle 606 are inside
silhouette edge 1. Therefore, in step S416, the result of the
AllHit test for the bundle of rays 606 with respect to the box
602 is not a determination that all of the rays of the bundle
606 hit the box 602. It is noted that in some examples (e.g.
implemented in software), the tests may be performed
sequentially for the different silhouette edges, and in these
examples, the result of the AllHit test could be determined
as soon as the first “fail” or “miss” result is found for a
silhouette edge (e.g. for silhouette edge 1 in the example
given above in relation to the bundle 606), which may avoid
having to test one or more other silhouette edges (e.g.
silhouette edges 2-6). However, in other examples (e.g.
implemented in hardware) the tests may be performed in
parallel for the different silhouette edges.

Similarly, an AllHit test may be performed for the third
bundle of rays 608 with respect to the 3D box 602. With
respect to silhouette edge 5, components of a vector will be
obtained which have the minimum x and y values of the
direction vectors of the rays of the bundle 608. In this
example, the bottom left ray shown in the bundle 608 is an
example of a ray having these component values in the x and
y directions. This vector provides an external bound to the
bundle 608 with respect to the silhouette edge 5. It is
determined in step S414 that the vector passes outside the
silhouette edge 5. In particular, with respect to silhouette
edge 5 inequality (11) is not satisfied, i.e. it is not the case
that (p,,,;,,.,~0,)d,=(P,5s,,»—0,)d,, where p,,, _1is the x com-
ponent value of the plane on the back left of the box 602,
Domin,y 18 the y component value of the plane at the front left
of the box 602, o; and o, are the x and y component values
of the origin of the bundle of rays 608, and d, and d,, are the
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x and y component values of a vector defining the external
bound of the bundle 608 with respect to silhouette edge 5.
For brevity, we do not describe the tests of bundle 608 with
respect to silhouette edges 1 to 4 or 6, but it will be apparent
from FIG. 6 that the AllHit test will determine that all of the
rays of the bundle 608 are inside the silhouette edges 1 to 4
and 6 of box 602. Due to the result of the test with respect
to silhouette edge 5, in step S416, the result of the AllHit test
for the bundle of rays 608 with respect to the box 602 is not
a determination that all of the rays of the bundle 608 hit the
box 602.

If the result of an AllHit test for a bundle of rays with
respect to the box is not that all of the rays in the bundle of
rays intersect the box (e.g. for bundles 506 and 508 with
respect to box 502 and for bundles 606 and 608 with respect
to box 602), then the method may further comprise deter-
mining whether any of the rays in the bundle of rays
intersect the box.

As another example, the bundle intersection test may be
an AnyHit test (which may be referred to as an “AllMiss
test”, e.g. if the outputs of the test were inversed). As
described above, there are only two possible results from an
AnyHit test: either (i) the AnyHit test determines that all of
the rays of the bundle miss the box, or (ii) the AnyHit test
does not determine that all of the rays of the bundle miss the
box. In this example, for each of the identified silhouette
edges, the vector that is obtained in step S412 provides an
internal bound to the bundle of rays with respect to the
identified silhouette edge. The vector provides an internal
bound to the bundle of rays with respect to the identified
silhouette edge in the sense that if it does not pass inside the
identified silhouette edge then it is known that none of the
rays of the bundle pass inside the identified silhouette edge.
As mentioned above, the vector may have either the maxi-
mum or the minimum component values of the ray direction
vectors of the rays in the bundle in each dimension. Whether
the maximum or minimum component value is chosen in
each dimension depends upon the silhouette edge being
tested and whether an internal bound or an external bound is
being provided by the vector. The resulting vector may or
may not be the same as the direction vector of one of the rays
of the bundle.

If it is determined that, for each of the identified silhouette
edges, the respective vector passes inside the identified
silhouette edge, then the intersection testing result for the
bundle of rays with respect to the box is not that all of the
rays in the bundle of rays miss the box. If it is determined
that, for one or more of the identified silhouette edges, the
vector passes outside the respective identified silhouette
edge, then the intersection testing result for the bundle of
rays with respect to the box is that all of the rays in the
bundle of rays miss the box.

For example, in the 2D example shown in FIG. 5, an
AnyHit test may be performed for the first bundle of rays
504 with respect to the 2D box 502. With respect to
silhouette point 510,, the vector 504, is obtained (in step
S412) for the bundle 504 because this vector 504, provides
an internal bound to the bundle 504 with respect to the
silhouette point 510,, i.e. if it does not pass inside the
identified silhouette point 510, then it is known that none of
the rays of the bundle 504 pass inside the identified silhou-
ette point 510, . It is determined in step S414 that the vector
504, passes inside the silhouette point 510,. In particular,
with respect to silhouette point 510, it is determined in
accordance with inequality (11) that (p,,; ,~0,)d, =
(Praxy=0,)dy 5, Where p,,, . and p,,, , are the x and y
component values at point 510, o, and o, are the x and y
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component values of the origin of the bundle of rays 504,

and d_, and d,, are the x and y component values of the
dlrectlon of vector 504,. With respect to silhouette point
510,, the vector 504, is obtained (in step S412) for the
bundle 504 because this vector 504, provides an internal
bound to the bundle 504 with respect to the silhouette point
510,. It is determined in step S414 that the vector 504,
passes inside the silhouette point 510,. In particular, with
respect to silhouette point 510, it is determined in accor-
dance with inequality (11) that (p,,,;,, ,~0,)d 1 =(Pix,x—0:)d,,

i, where p,,,,, . and p,,,, , are the x and y component values
at point 510,, o, and o,, are the x and y component values of
the origin of the bundle of rays 504, and d, , and d,,, are the
x and y component values of the direction of vector 504, The
results of these two tests are used to determine that not all
of the rays of the bundle 504 miss the box 502. Therefore,
in step S416, the result of the AnyHit test for the bundle of
rays 504 with respect to the box 502 is not a determination
that all of the rays of the bundle 504 miss the box 502, e.g.
at least one of the rays of the bundle 504 may hit the box
502. In other words, the AnyHit test does not guarantee that
all of the rays of the bundle 504 miss the box 502.

As another example, in the 2D example shown in FIG. 5,
an AnyHit test may be performed for the second bundle of
rays 506 with respect to the 2D box 502. With respect to
silhouette point 510,, the vector 506, is obtained (in step
S412) for the bundle 506 because this vector 506, provides
an internal bound to the bundle 506 with respect to the
silhouette point 510,. It is determined in step S414 that the
vector 506, passes inside the silhouette point 510,. In
particular, with respect to silhouette point 510, it is deter-
mined in accordance with inequality (11) that (p,,;, .—0,)

L, »=(P iy =0,)d, 5, Where p,,,, and p,,,. , are the x and y
component values at point 510,, o, and o, are the x and y
component values of the origin of the bundle of rays 506,
and d, , and d,,, are the x and y component values of the
direction of vector 506,. With respect to silhouette point
510,, the vector 506, is obtained (in step S412) for the
bundle 506 because this vector 506, provides an internal
bound to the bundle 506 with respect to the silhouette point
510,. It is determined in step S414 that the vector 506,
passes outside the silhouette point 510,. In particular, with
respect to silhouette point 510, it is determined that the
bundle of rays 506 does not satisfy inequality (11). In other
words, for the bundle of rays 506, it is not true that
Prriny=0)d: 1 =@ =04, 1, Where .. and p,,;, , are
the x and 'y component values at point 510,, o, and o,, are the
x and y component values of the origin of the bundle of rays
506, and d,_, and d,, are the x and y component values of
the dlrectlon of Vector 506,. This single test determines that
all of the rays of the ray bundle 506 pass outside the
silhouette point 510, of the box 502. Therefore, in step S416,
the result of the AnyHit test for the bundle of rays 506 with
respect to the box 502 is that all of the rays of the bundle 506
miss the box 502.

As another example, in the 2D example shown in FIG. 5,
an AnyHit test may be performed for the third bundle of rays
508 with respect to the 2D box 502. With respect to
silhouette point 510,, the vector 508, is obtained (in step
S412) for the bundle 508 because this vector 508, provides
an internal bound to the bundle 508 with respect to the
silhouette point 510,. It is determined in step S414 that the
vector 508, passes inside the silhouette point 510,. In
particular, with respect to silhouette point 510, it is deter-
mined in accordance with inequality (11) that (p,,;, .—0,)

4, 5=(Paxy—0,)d, o, Where p,,;, . and p,,,,, , are the x and y
component values at point 510,, o, and o, are the x and y
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component values of the origin of the bundle of rays 508,
and d,_, and d, are the x and y component values of the
direction of vector 508,. With respect to silhouette point
510,, the vector 508, is obtained (in step S412) for the
bundle 508 because this vector 508, provides an internal
bound to the bundle 508 with respect to the silhouette point
510,. It is determined in step S414 that the vector 508,
passes inside the silhouette point 510,. In particular, with
respect to silhouette point 510, it is determined in accor-
dance with inequality (11) that (p,,;, ,—0,)d, ;=(D0x.=0x)
d,,, where p,,,, . and p,,, , are the x and y component
values at point 510,, o, and o,, are the x and y component
values of the origin of the bundle of rays 508, and d, ;, and
d,, are the x and y component values of the direction of
vector 508, . Therefore, in step S416, the result of the AnyHit
test for the bundle of rays 508 with respect to the box 502
is not that all of the rays of the bundle 508 miss the box 502,
e.g. at least one of the rays of the bundle 508 may hit the box
502. In other words, the AnyHit test does not guarantee that
all of the rays of the bundle 508 miss the box 502.

It can be seen that the result of the AnyHit test is the same
for bundles 504 and 508, i.e. it is not confirmed that all of
the rays in either bundle 504 or 508 miss the box 502. This
is the case even though some of the rays of bundle 508 do
not hit the box 502.

With reference to the 3D example shown in FIG. 6, an
AnyHit test may be performed for the first bundle of rays
604 with respect to the 3D box 602. With respect to
silhouette edge 1, components of a vector will be obtained
which have the minimum y and z values of the direction
vectors of the rays of the bundle 604. In this example, the
bottom left ray shown in the bundle 604 is an example of a
ray having these component values in the y and z directions.
This vector provides an internal bound to the bundle 604
with respect to the silhouette edge 1. It is determined in step
S414 that the vector passes inside the silhouette edge 1. In
particular, with respect to silhouette edge 1 it is determined
in accordance with inequality (11) that (p,,,,.—0,)d,=
(Pax,—=0,)d,, wWhere p,,,,. . is the z component value of the
plane on the top of the box 602, p,,,,,. . is the y component
value of the plane at the back right of the box 602, 0, and o,
are the y and z component values of the origin of the bundle
of rays 604, and d, and d, are the y and z component values
of a vector defining the internal bound of the bundle 604
with respect to silhouette edge 1. With respect to silhouette
edge 6, components of a vector will be obtained which have
the maximum x value and the minimum z value of the
direction vectors of the rays of the bundle 604. A vector with
these x and z components will provide an internal bound to
the bundle 604 with respect to silhouette edge 6. It is noted
that in this example, no one of the four vectors in the bundle
604 has both the maximum x value and the minimum z
value. It is determined in step S414 that a vector with the
obtained x and z components passes inside silhouette edge
6. In particular, with respect to silhouette edge 6 it is
determined in accordance with inequality (11) that (p,,,,,, .~
0,)d,=(D s, ~—0,)d,, where p,, . is the z component value of
the plane on the top of the box 602, p,,,,,, . is the x component
value of the plane at the back left of the box 602, o, and o,
are the x and z component values of the origin of the bundle
of rays 604, and d, and d, are the x and y component values
of a vector defining the internal bound of the bundle 604
with respect to silhouette edge 6. For brevity, we do not
describe the tests of bundle 604 with respect to silhouette
edges 2 to 5, but it will be apparent from the description of
the tests for silhouette edges 1 and 6 and from FIG. 6 that
the AnyHit test will determine that the bundle 604 of rays is
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inside all of the silhouette edges of the box 602. Therefore,
in step S416, the result of the AnyHit test for the bundle of
rays 604 with respect to the box 602 is not a determination
that all of the rays of the bundle 604 miss the box 602, e.g.
one or more of the rays of the bundle 604 may hit the box
602.

An AnyHit test may be performed for the second bundle
of rays 606 with respect to the 3D box 602. With respect to
silhouette edge 2, components of a vector will be obtained
which have the minimum x and y values of the direction
vectors of the rays of the bundle 606. In this example, the
bottom left ray shown in the bundle 606 is an example of a
ray having these component values in the x and y directions.
This vector provides an internal bound to the bundle 606
with respect to the silhouette edge 2. It is determined in step
S414 that the vector passes outside the silhouette edge 2. In
particular, with respect to silhouette edge 2 inequality (11) is
not satisfied, ie. it is not the case that (o, .~0)d, =<
(Prrax,y—0,)d,, Where p,,,. . is the x component value of the
plane on the front right of the box 602, p,,,. . is the y
component value of the plane at the back right of the box
602, 0, and o, are the x and y component values of the origin
of the bundle of rays 606, and d, and d,, are the x and y
component values of a vector defining the internal bound of
the bundle 606 with respect to silhouette edge 2. This single
test determines that all of the rays of the ray bundle 606 pass
outside silhouette edge 2 of the box 602. For brevity, we do
not describe the tests of bundle 606 with respect to silhouette
edges 1 or 3 to 6, but it will be apparent from FIG. 6 that the
AnyHit test will determine that the bundle 606 is inside the
silhouette edges 1 and 3 to 6 of box 602. Due to the result
of the test with respect to silhouette edge 2, in step S416, the
result of the AnyHit test for the bundle of rays 606 with
respect to the box 602 is a determination that all of the rays
of the bundle 606 miss the box 602.

An AnyHit test may be performed for the third bundle of
rays 608 with respect to the 3D box 602. With respect to
silhouette edge 5, components of a vector will be obtained
which have the maximum x and y values of the direction
vectors of the rays of the bundle 608. In this example, the top
right ray shown in the bundle 608 is an example of a ray
having these component values in the x and y directions.
This vector provides an internal bound to the bundle 608
with respect to the silhouette edge 5. It is determined in step
S414 that the vector passes inside the silhouette edge 5. In
particular, with respect to silhouette edge 5 inequality (11) is
satisfied, i.e. it is the case that (p,,,,,~0,)d,<(P ., »~0.)d,,
where p,,,,, . is the x component value of the plane on the
back left of the box 602, p,,,,,, , is the y component value of
the plane at the front left of the box 602, o, and o, are the x
and y component values of the origin of the bundle of rays
608, and d, and d, are the x and y component values of a
vector defining the internal bound of the bundle 608 with
respect to silhouette edge 5. For brevity, we do not describe
the tests of bundle 608 with respect to silhouette edges 1 to
4 or 6, but it will be apparent from FIG. 6 that the AnyHit
test will determine that the bundle 608 is inside the silhou-
ette edges 1 to 4 and 6 of box 602. Therefore, in step S416,
the result of the AnyHit test for the bundle of rays 608 with
respect to the box 602 is not a determination that all of the
rays of the bundle 608 miss the box 602, e.g. one or more
rays of the bundle 608 may hit the box 602.

If the intersection testing result of an AnyHit test for a
bundle of rays with respect to a box is not that all of the rays
in the bundle of rays miss the box, then the method may
further comprise determining which of the rays in the bundle
of rays intersect the box. Alternatively, if the intersection
testing result of an AnyHit test for a bundle of rays with
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respect to a box corresponding to a parent node in a
hierarchical acceleration structure is not that all of the rays
in the bundle of rays miss the box, then the method may
further comprise performing an AnyHit test on a box cor-
responding to a child node, i.e. a node which is a child of the
parent node in the hierarchical acceleration structure.

In some examples, in which a hierarchical acceleration
structure is being traversed, a bundle of rays can be tested
against a box corresponding to a root node of the accelera-
tion structure using an AnyHit test. If the result of the
AnyHit test for the bundle is a “hit”, which may be referred
to as a “pass”, (i.e. if the result of the AnyHit test does not
indicate that all of the rays in the bundle miss the box) then
the bundle can be tested against boxes corresponding to each
of the nodes which are children of the node in the accelera-
tion structure for which an intersection was found for the
bundle. This process continues down through levels of the
acceleration structure. If the bundle does not pass the AnyHit
test (i.e. the AnyHit test determines that all of the rays of the
bundle miss a box) then the bundle is not tested against
boxes corresponding to nodes which are the children of the
node for which the AnyHit test returned a “miss” or “fail”.
If any of the rays in a bundle would hit a box then the whole
bundle is pulled down for testing at the next lower level of
the acceleration structure. As the bundle gets deeper in the
hierarchical acceleration structure (i.e. as the bundle is tested
against lower levels of the acceleration structure), the boxes
against which the bundle is tested become smaller, and the
chance of rays being unnecessarily involved in intersection
testing against boxes which they miss increases. Therefore,
there may be a threshold level in the hierarchical accelera-
tion structure such that below the threshold level, if a bundle
passes an AnyHit test at the threshold level then the bundle
will be split up into individual rays for testing against boxes
corresponding to nodes at the level below the threshold
level. The threshold level could be different in different
examples, and to give two examples, the threshold level
could be based on the node depth in the hierarchical accel-
eration structure, or based on the size of the bounding box
being tested. If a bundle of rays passes an AnyHit test against
a leaf node then the rays of the bundle may be split up from
the bundle and the individual rays may be tested for inter-
section with the primitive(s) which are pointed to by the
pointers of the leaf node. Alternatively, the bundles could be
tested for intersection with the primitives which are pointed
to by the pointers of the leaf node. The system may comprise
different testing blocks for testing rays against primitives
rather than for testing rays against boxes. It is noted that
primitives would not normally be rectangular or cuboidal in
shape (primitives are often triangular).

In the examples described above, all of the rays of a
bundle of rays have the same origin. This helps to simplify
the intersection testing performed on the bundles of rays.
However, if bundles can only include rays which have the
same origin, this places a significant restriction on which
rays can be grouped together to form bundles, meaning that
some rays might not be able to be grouped together into a
bundle. Primary rays often have the same origin (i.e. cor-
responding a viewpoint from which the scene is being
viewed). However, secondary rays (i.e. rays emitted from an
intersection point in the scene) often have different origins.
Allowing rays which have different origins to be grouped
together into a bundle may increase the number of rays
(particularly secondary rays) which can be grouped together
into bundles. Methods of grouping rays together into
bundles are described in more detail below with reference to
FIG. 10. In some examples, it is not the case that all of the
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rays of a bundle of rays have the same origin. For example,
the rays within a bundle of rays can have different origins.
There may be a threshold difference to the origins above
which rays will not be included in the same bundle. In these
examples, even though the origins of the rays within a
bundle might not all be exactly the same, the differences
between the origins of the rays in the bundle is not large.
This allows intersection testing to be performed for the
bundle whilst still providing useful results with respect to
the rays of the bundle.

For example, data for a bundle may specify the maximum
and minimum ray origin component values in each dimen-
sion of the rays within the bundle. For example, vectors o,,,,
and o,,, may be specified, wherein the x, y and z compo-
nents of 0,,,,, are the minimum of the x, y and z component
values of the origins of the rays in the bundle, and wherein
the x, y and z components of o,,,, are the maximum of the
X, y and z component values of the origins of the rays in the
bundle. When computing the distance from the ray origin to
aplane representing a side of a box in the intersection testing
process, either the distance to the minimum origin or the
maximum origin for the bundle in a particular dimension is
used. The choice of whether to use the minimum or the
maximum components of the origins of the rays of the
bundle in the intersection testing depends upon whether an
AllHit test or an AnyHit test is being performed.

For example, for an AnyHit test, it is better to err on the
side of producing a hit result (i.e. a pass, which indicates that
it is not the case that all of the rays in the bundle miss a box)
rather than a miss result (i.e. a fail, which indicates that all
of the rays in the bundle miss the box). This is because if an
AnyHit test produces a false miss result (i.e. a miss result
when actually one or more of the rays of the bundle hits the
box) this can cause rendering errors; whereas if an AnyHit
test produces a false hit result (i.e. a hit result when actually
all of the rays of the bundle miss the box) this will not cause
rendering errors but could reduce the efficiency of the
intersection testing, e.g. by meaning that further intersection
tests are unnecessarily performed. Therefore, the effective
size of the box is increased such that where the origin
component values are being subtracted from a minimum
plane of the box, the maximum origin component value is
used, i.e. where a value of (p,,,,,, ,—0,) is used in the examples
given above this would be replaced by a value of (p,,,,,,—
0,0xs) for i € {x, y, z} where o,,,,. , is the maximum of the
i components of the origins of the rays of the bundle.
Furthermore, to increase the effective size of the box, where
the origin component values are being subtracted from a
maximum plane of the box, the minimum origin component
value is used, i.e. where a value of (p,,,, ,—0,) is used in the
examples given above this would be replaced by a value of
(Praaxs=Omins) Tor i € {x, y, z} where o,,,,, ; is the minimum
of the i” components of the origins of the rays of the bundle.

For example, for an AllHit test, it may be better to err on
the side of producing a miss result (i.e. fail, which indicates
that it is not the case that all of the rays in the bundle hit a
box) rather than a hit result (i.e. a pass, which indicates that
all of the rays in the bundle hit the box). This is because if
an AllHit test produces a false hit result (i.e. a hit result when
actually one or more of the rays of the bundle misses the
box) this may cause a significant decrease in the efficiency
of the intersection testing; whereas if an AllHit test produces
a false miss result (i.e. a miss result when actually all of the
rays of the bundle hit the box) this may produce a less
significant decrease in the efficiency of the intersection
testing. Therefore, the effective size of the box may be
decreased such that where the origin component values are
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being subtracted from a minimum plane of the box, the
minimum origin component value is used, i.e. where a value
of (9,,:,,~0,) is used in the examples given above this may
be replaced by a value of (p,,;,,~0 Oy, ) forie {x,y, 7z}
where 0,,,,, is the minimum of the i i’ components of the
origins of the rays of the bundle. Furthermore, to decrease
the effective size of the box, where the origin component
values are being subtracted from a maximum plane of the
box, the maximum origin component value is used, i.e.
where a value of (p,,,,,—0,) is used in the examples given
above this would be replaced by avalue of (pma)C Oan) for
i € {x, y, z} where o,,,, is the maximum of the i”
components of the origins of the rays of the bundle.

FIGS. 16a to 16c¢ illustrate how the effective size of a box
can be increased or decreased based on the differences in
origin values of the rays in a bundle. For ease of illustration,
the examples shown in FIGS. 16a to 16¢ is a 2D example,
but it will be apparent how the effective size of a box can be
increased or decreases in a 3D example too. FIG. 16a shows
a box 1602 with the minimum position vector p,,,;,, and the
maximum position vector p,, being shown. In this
example, the bundle of rays includes four rays, which have
origins at the positions shown by the solid black circles in
FIG. 16a. The axis aligned bounding box 1604 bounds all of
the origins. The bounding box 1604 has a maximum position
vector 0,,,. and a minimum position vector 0,,,,, as shown in
FIG. 164. Distances between p,,;,, and 0,,,. and 0,,,,, in the x
and y directions are illustrated in FIG. 16q.

FIG. 165 illustrates how, in the example of an AnyHit test,
the effective size of the box 1602 can be increased based on
the differences in the origin values of the rays in the bundle.
The bundle of rays can be treated as if it had a single origin
at position o. The effective size of the box 1602 is increased
to be the box 1606 as shown with the dashed lines in FIG.
164. The minimum position vector of the effective box 1606
is at a position [p,,,;;,—(0,,..x—0)], and the maximum position
vector of the effective box 1606 is at a position [p,,,x—(0m—
0)]. The distance to the minimum vector position of the
effective box 1606, in the x dimension, is given by [0~
(04xx=0,)]—-0, Which is the same as [p,,, *Omax o illus-
trated in FIG. 16a4; and the distance to the minimum vector
position of the effective box 1606, in the y dimension, is
given by [p,.;,,~(0,4x,—0,)]-0, which is the same as
[Psiny=Omax,,] illustrated in FIG. 16a Similarly calculations
can be made for determining the distance between the
bundle of rays and the maximum vector position of the
effective box 1606. It can be appreciated that, in the AnyHit
example, increasing the effective size of the box 1602 to be
the box 1606 and using a single origin value is equivalent to
treating the bundle of rays as having different origin values
to be tested against the original box 1602.

FIG. 16c illustrates how, in the example of an AllHit test,
the effective size of the box 1602 can be decreased based on
the differences in the origin values of the rays in the bundle.
In particular, the effective size of the box 1602 is decreased
to be the box 1608 as shown with the dashed lines in FIG.
16¢. The minimum position vector of the effective box 1608
is at a position [p,,:,—(0,.:,—0)], and the maximum position
vector of the effective box 1608 is at a position [p,,,,.~(0,,.x—
0)]. The bundle of rays can be treated as if it had a single
origin at position o, and the distance to the minimum vector
position of the effective box 1608, in the x dimension, is
given by [P, —(0,, ) )]—0, which is the same as
[Priirex=Oaire ] ilfustrated in FIG. 16a and the distance to the
minimum vector position of the effectlve box 1608, in the y
dimension, is given bY [Priny=(Omin 100 )]0, Which is the

same as [p,;,,=0,u,,] illustrated in FIG 16a Similarly
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calculations can be made for determining the distance
between the bundle of rays and the maximum vector posi-
tion of the effective box 1608. It can be appreciated that, in
the AllHit example, decreasing the effective size of the box
1602 to be the box 1608 and using a single origin value is
equivalent to treating the bundle of rays as having different
origin values to be tested against the original box 1602.

Therefore, if the rays in a bundle do not all have the same
origin, for each of the identified silhouette edges, step S414
of determining whether the vector passes inside or outside of
the silhouette edge comprises performing a comparison in
accordance with (poz 0; [mm,max])dj<(po J—oj,[mm,max])di,
wherein p,,, is the i i component of a point on a first plane
representing a first of the sides of the box which forms the
silhouette edge, p,, is the i™ component of a point on a
second plane representing a second of the sides of the box
which forms the silhouette edge, o, ifinmax] is either the
minimum or the maximum of the i components of the
onglns of the rays of the bundle of rays, 0,1, uax; 18 €ither
the minimum or the maximum of the j* components of the
origins of the rays of the bundle of rays, and d, and d, are the
obtained i”* and j* components of the vector pr0V1d1ng a
bound to the bundle of rays.

In the examples described above and shown in FIGS. 5
and 6, the direction vectors of the rays in a bundle all have
the same sign. In these examples, the silhouette edges of the
box are at opposing edges of the box. However, if the
direction vectors of the rays in a bundle do not all have the
same sign for one or more of their component values, then
the step of identifying the silhouette edges (step S410) may
identify different edges of the box. For example, FIG. 7
shows a 2D example in which a bundle of rays 704 is to be
tested for intersection with the 2D box 702. The two
bounding vectors 704, and 704, for the bundle 704 have
different signs in their x component values, but their y
component values have the same sign. In some examples,
the rays are grouped into ray bundles with the requirement
that, in each dimension, the component values of the bound-
ing vectors have the same signs, but in other examples this
is not a requirement for grouping rays together into a bundle.
As shown in FIG. 7, in this example, the silhouette points of
the 2D box 702 are 710, and 710,. These two silhouette
points both lie on the edge of the box 702 that is closest to
the origin of the bundle of rays 704. Therefore, the silhouette
points 710, and 710, are not at diametrically opposed
corners of the box 702. As an example, an AllHit test
performed on the bundle 704 with respect to the box 702 will
determine that all of the rays of the bundle 704 hit the box
702 because vector 704, passes inside silhouette point 710,
and because vector 704, passes inside silhouette point 710,.
It is apparent from FIG. 7 that if diametrically opposed
points of the box 702 were used as the silhouette points of
the box then an AllHit test performed on the bundle 704 with
respect to the box 702 would not determine that all of the
rays of the bundle 704 hit the box 702.

FIG. 8a shows a 3D example in which, due to the
perspective from which a box 802 is being viewed the
silhouette edges (denoted 1 to 6 in FIG. 8a) are not all in
diametrically opposed pairs. For example, the edges dia-
metrically opposed to silhouette edges 2, 3, 5 and 6 are not
silhouette edges of the box 802 when viewed from the
perspective shown in FIG. 8a. FIG. 85 shows a 3D example
in which, due to the perspective from which a box 804 is
being viewed there are only four silhouette edges (denoted
1to 4 in FIG. 85) which are not diametrically opposed edges
of the box 804. It is noted that the box 804 is a 3D box, but
from the perspective shown in FIG. 85 only one side of the
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box 804 can be seen such that the edges of this one side of
the box 804 are the silhouette edges of the 3D box 804 when
viewed from the perspective shown in FIG. 8b.

FIG. 9 shows another example ray tracing system 900 for
performing intersection testing in the manner described
above. Ray tracing system 900 is similar to ray tracing
system 300 in that it comprises a scheduler 901, request
queue 903, memory 905 and a tester module 907, and in that
the tester module 907 comprises a test queue 909 and a
results processor 913. The tester module 907 also comprises
a set of one or more first testing blocks (configured to
perform AllHit bundle intersection tests), and a set of one or
more second testing blocks (configured to perform AnyHit
bundle intersection tests). The testing blocks are organised
into pairs of testing blocks, each pair of testing blocks
comprising: (i) one first testing block from the set of one or
more first testing blocks, and (i) one second testing block
from the set of one or more second testing blocks. For
example, FIG. 9 shows a first pair of testing blocks com-
prising an AllHit testing block 915, and an AnyHit testing
block 915,; and a second pair of testing blocks comprising
an AllHit testing block 917, and an AnyHit testing block
917,. The results processor 913 is configured to process the
intersection testing results determined by the testing blocks.

The ray tracing system 900 also comprises a bundle
builder (e.g. implemented in hardware or software, or a
combination thereof) which is configured to receive rays and
construct bundles of rays from the received rays to be tested
for intersection with a box. The bundles may be constructed
by grouping rays together based on their similarity. The term
“similarity” used here refers to whether rays have similar
origins and directions. That is, rays that have similar origins
and similar directions are “similar” rays. The bundle builder
groups similar rays into bundles so that bundle intersection
tests can be performed on the bundles. Furthermore, it is
noted that the scheduler 901 groups coherent rays and/or
bundles into packets. Here the term “coherent” means that
the rays and/or bundles will access the same memory
location for retrieving nodes to be tested against for inter-
section. “Similar” rays which are grouped into a bundle are
also “coherent” rays because these similar rays will access
the same memory location for intersection testing. However,
“coherent” rays are not necessarily “similar”. In other
words, some rays which will access the same memory
location for retrieving nodes to be tested against for inter-
section might not have similar origins and directions. The
way in which the bundle builder 919 groups rays into
bundles may be controlled by a similarity threshold, e.g. by
allowing new rays to merge with a bundle if the solid angle
representing the bounding vectors of the bundle is kept
below a threshold, and/or as another example, by keeping
the bounding box of the origins of the rays within a bundle
below a certain size. This size threshold could be relative to
the size of the scene. Alternatively, a simpler direction
threshold would be to say, for each of the i components, the
range of the i”” component values for the direction vectors of
the rays in a bundle has a maximum value. In other words,
a value of d,,,,,—d,,,,,,, for each of the i components, has a
maximum value. In this example, the direction vectors are
normalised so that they are comparable.

FIG. 10 shows a flow chart for a method performed by the
ray tracing system 900. In step S1002, the bundle builder
919 receives rays to be tested for intersection with one or
more boxes. The bundle builder 919 may maintain a set of
open bundles to which the received rays can be added. The
bundle builder 919 may have some local memory in order to
store the open bundles. Steps S1006 to S1016 are performed
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for each of the received rays. In step S1006, the bundle
builder 919 determines a level of similarity of a received ray
with each of the open bundles. This can be done by, for each
of the open bundles, seeing how much, if at all, the bundle
bounds were to grow if the ray was added to the bundle. For
example, if the origin of the ray is outside the bounding box
of the origins for a bundle, then a similarity determination
could be made based on a distance between the origin of the
ray and the bounding box of the origins for the bundle, and
whether this distance is below a threshold. If the direction
vector of the ray has components which are larger than the
maximum direction of the bundle or smaller than the mini-
mum direction of the bundle, then a similarity determination
could be made based on a difference between the direction
vector of the ray and the minimum or maximum direction of
the bundle, and whether this difference is below a threshold.
These thresholds could be fixed or they could be percent-
increase based thresholds, e.g. based on a percentage
increase in the bounding box for the origins of the bundle or
based on a percentage increase in the difference between the
maximum and minimum direction vectors for the bundle if
the ray were to be added to the bundle. In step S1008 the
bundle builder 919 identifies a best match open bundle of
said set of open bundles for the received ray based on the
determined levels of similarity. For example, the open
bundle which has the highest level of similarity with the ray
may be identified in step S1008.

In step S1010 the bundle builder 919 determines whether
the level of similarity of the ray with the best match open
bundle is above a threshold level of similarity. In other
words, the bundle builder 919 determines whether the ray is
sufficiently similar to the best match open bundle for the ray
to be added to the best match open bundle. If it is determined
in step S1010 that the determined level of similarity of the
received ray with the best match open bundle is above the
threshold, then the method passes to step S1012 in which the
received ray is added to the best match open bundle. If it is
determined in step S1010 that the determined level of
similarity for the best match open bundle is below the
threshold, then the method passes to step S1014 in which a
new bundle is created, i.e. a new open bundle is created
which initially comprises no rays but to which rays can be
added. As part of step S1014, if there is no space to create
a new open bundle then an existing bundle may be selected
and outputted from the bundle builder 919 and passed to the
scheduler 901, in order to make space to create the new open
bundle. Then in step S1016 the received ray is added to the
new bundle.

In step S1018 bundles which are full (i.e. bundles which
are ready to be tested for intersection with a box) are
outputted from the bundle builder 919 and passed to the
scheduler 901.

The scheduler 901 operates in a similar manner to the
scheduler 301 described above. However, the scheduler 901
can form packets comprising pointers to rays and/or bundles
of rays. It does not make a difference to the grouping of the
pointers into packets whether the pointers are for individual
rays or for bundles of rays. In other words, rays and bundles
can be mixed within a packet, and a packet can contain
multiple of each (i.e. pointers to multiple rays and to
multiple ray bundles). The scheduler 901 groups, into pack-
ets, rays and/or bundles of rays which require access to the
same block of memory 905. In other words, in step S1020,
the scheduler 901 forms packets comprising one or both of
indications of rays and indications of bundles of rays which
will require access to the same block of memory for per-
forming intersection testing. For example, rays and/or
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bundles which are to be tested with respect to the same box
or object may be grouped into a packet, such that the data for
the box or object can be fetched once from the memory 905
for use in the intersection testing of all of the rays and/or
bundles in the packet. Once the scheduler has assembled the
rays and/or bundles into a packet, the scheduler will issue
the packet and cause the packet to join the request queue 903
to request the node data for the packet (i.e. data describing
a box corresponding to the appropriate node of the accel-
eration structure against which the rays and/or bundles of the
packet are to be tested for intersection) from memory 905.
In step S1022 the node data for the packet is then retrieved
from memory 905. In other words, in step S1022, data is
fetched from the block of memory for performing intersec-
tion testing on the one or both of rays and bundles of rays
indicated by the indications in the packet. In step S1024 the
fetched data is passed to the tester module 307, so that the
tester module 307 can perform intersection testing as
described herein, e.g. with reference to the flow charts of
FIG. 4, 11 or 12.

In a first example, there may be persistent root bundles. In
this example, once a ray has been added to a bundle, it will
not be separated from that bundle and grouped together into
a different bundle. In other words, the bundle builder 919
only processes new rays in this example, i.e. primary rays
and freshly spawned secondary rays. In this example, results
output from the results processor 913 can go directly to the
scheduler 901, or they could go to the bundle builder 919
which could then simply forward the results to the scheduler
901. FIG. 9 shows the output from the results processor 913
with a dashed line because in different implementations this
output could go to either the bundle builder 919 or the
scheduler 901. In this example, once a bundle has started
traversal it can be broken down (e.g. split up into individual
rays), but the rays within the bundle cannot be recombined
or reformed into other bundles. In other words, the rays from
which the bundles are constructed: (i) include new rays
which have not previously been included in a bundle of rays,
but (ii) do not include rays which have previously been
included in a bundle of rays. In this example, since the
bundle builder 919 only processes new rays it only needs to
run fast enough to process a relatively small number of rays
(e.g. one or two rays) each cycle. Furthermore, data for
individual rays inside a bundle does not need to accessed on
every iteration (e.g. to start each intersection test at each
level of the acceleration structure) and instead just needs to
be accessed when the bundle collapses, e.g. when the
individual rays are split from the bundle. This allows the
data for the bounding vectors of the bundle to be stored
separately to the ray data of the individual rays, so the
amount of data needed to perform a bundle intersection test
is comparable (i.e. similar, e.g. approximately equal to) the
amount of data needed to perform a ray intersection test on
a single ray.

In a second example, bundles may be reformed. In this
example, bundles would be broken down and reconstructed
after every iteration of intersection tests (e.g. after each
bundle intersection test). In this example, the tester module
907 would be modified to deconstruct bundles into indi-
vidual rays and pass results for individual rays to the bundle
builder 919. The bundle builder would be responsible for
forming bundles as ray results arrive, and outputting the
bundles to the scheduler 901. In some examples, the sched-
uler 901 could receive the results from the results processor
913 and form the bundles. Since the scheduler 901 handles
coherence gathering for grouping rays and/or bundles into
packets, it is not a major modification to have the scheduler
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901 also form bundles of similar rays (noting that similar
rays are coherent). In these examples, the rays from which
the bundles are constructed include: new rays which have
not previously been included in a bundle of rays, and rays
which have previously been included in a bundle of rays
which has been deconstructed. In these examples, bundles
can be merged with other bundles or rays during traversal of
an acceleration structure, which may provide more oppor-
tunities for getting the benefit from performing the bundle
intersection tests (e.g. because bundles may include, on
average, a larger number of rays, or because, on average, the
similarity of the rays within a bundle may be increased
(compared to the first example described in the preceding
paragraph in which persistent root bundles are imple-
mented)). However, in this second example, extra logic (e.g.
extra hardware) would be required to form bundles for many
rays per clock (where the number of rays per clock would be
dependent upon the number of testing blocks in the tester
module 907). This second example also requires reading of
all the ray data for a packet on each iteration, which is not
required in the first example described in the preceding
paragraph.

The testing blocks described above (which may be con-
figured to perform either an AllHit test or an AnyHit test on
a bundle of rays) are also configured to perform intersection
testing for a single ray. In other words, these testing blocks
can be used as individual ray testers, e.g. for performing
intersection testing for a ray with respect to a box. A single
ray may be considered to be a bundle comprising a single
ray. For a bundle comprising a single ray, the bounding
vectors of the bundle would just be the direction vector of
the single ray and the maximum and minimum components
of the origin of the bundle would just be the components of
the origin of the ray. In this situation, both the AllHit test and
the AnyHit test described above would give the correct
intersection testing results for the single ray in the bundle.
This is useful because the ray tracing systems 300 and 900
do not need dedicated single ray testing blocks and dedi-
cated bundle testing blocks: the same testing blocks can be
used for performing both bundle intersection testing and
single ray intersection testing. This reduces the likelihood of
bottlenecking due to one type of testing block being satu-
rated whilst another type of testing block is idle.

The tester module 907 comprises a memory 921 config-
ured to store data describing a box which has been fetched
from the memory 905 for performing the intersection testing
with respect to the box. For example, the data for the box can
be fetched from the memory 905 and stored in the local
memory 921 when a bundle is to be tested for intersection
with respect to the box. If the bundle collapses, i.e. if the rays
in the bundle are split up into individual rays, the data for the
individual rays can be fetched from the memory 905 (or
from some other memory, e.g. an on-chip memory (e.g. part
of the local memory 921) used for storing ray data close to
the testing blocks) and tested for intersection with respect to
the box using the data for the box that is stored in the local
memory 921. The local memory 921 temporarily stores data
for the box when it is fetched from the memory 905 so this
data can be reused, e.g. when a bundle collapses, without
taking a round-trip through memory 905, i.e. without re-
fetching the data for the box from the memory 905.

AllHit tests and AnyHit tests have been described above,
and each of these two types of bundle intersection tests may
be performed separately, each providing a benefit, e.g. a
reduction in the total number of intersection tests that need
to be performed. However, in some examples, both AllHit
and AnyHit tests may be performed. For example, FIG. 11
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shows a flow chart for a method of performing intersection
testing at the ray tracing system 900.

In step S1102, the tester module 907 receives a bundle of
rays to be tested for intersection with a box. In step S1104
a first testing block (e.g. testing block 915, or 917,) per-
forms a first bundle intersection test (i.e. an AllHit test) to
determine whether or not all of the rays of the bundle
intersect the box. As described above, the AllHit test has two
possible outcomes: either (i) it is determined that all of the
rays of the bundle hit the box, or (ii) it is not determined that
all of the rays of the bundle hit the box. The result of the first
bundle intersection test is considered in step S1106. If the
first bundle intersection test determines that all of the rays of
the bundle hit the box then the method passes from step
S1106 to step S1108. In step S1108 it is determined that an
intersection testing result for the bundle with respect to the
box is that all of the rays of the bundle intersect the box.

If the first bundle intersection test does not determine that
all of the rays of the bundle hit the box then the method
passes from step S1106 to step S1110. In step S1110 a second
testing block (e.g. testing block 915, or 917,) performs a
second bundle intersection test (i.e. an AnyHit test) to
determine whether or not all of the rays of the bundle miss
the box. As described above, the AnyHit test has two
possible outcomes: either (i) it is determined that all of the
rays of the bundle miss the box, or (ii) it is not determined
that all of the rays of the bundle miss the box. The result of
the second bundle intersection test is considered in step
S1112. If the second bundle intersection test determines that
all of the rays of the bundle miss the box then the method
passes from step S1112 to step S1114. In step S1114 it is
determined that the intersection testing result for the bundle
with respect to the box is that all of the rays of the bundle
miss the box.

If the second bundle intersection test does not determine
that all of the rays of the bundle miss the box then the
method passes from step S1112 to step S1116. Therefore, the
method reaches step S1116 if the first bundle intersection
test does not determine that all of the rays of the bundle
intersect the box and if the second bundle intersection test
does not determine that all of the rays of the bundle miss the
box. In step S1116 the bundle of rays is split up into
individual rays. For example, the results processor 913 can
split up a bundle of rays into individual rays. Then in step
S1118 intersection tests are performed for the individual rays
with respect to the box to determine which of the individual
rays intersect the box. Intersection testing may be performed
on the individual rays by one or more of the testing blocks
without first passing the individual rays back to the bundle
builder 919 or the scheduler 901. After intersection testing
has been performed on the individual rays, the results of the
intersection testing for the individual rays may be output
from the tester module 907 (e.g. from the results processor
913). If the intersection testing finds a hit for an individual
ray then that ray can be processed as if it is a newly received
ray to be tested against the boxes represented by the child
nodes of the node representing the box that it has just been
found to intersect. For example, the individual rays for
which hits have been found may be output from the results
processor 913 to the bundle builder 919 or the scheduler 901
so that the individual rays can be grouped into bundles
and/or packets and passed to the request queue 903, so that
they can be processed as if they were newly received rays to
be tested against the boxes represented by the child nodes of
the node representing the box that they have just been found
to intersect. As mentioned above, data for the box may be
stored in the local memory 921 and the same testing blocks
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(e.g. 915, 915,, 917, and 917,) may be used to perform the
intersection tests for the individual rays with respect to the
box.

In the method shown in the flow chart of FIG. 11 the
second bundle intersection testing (e.g. the AnyHit testing)
is performed conditionally based on the result of the first
bundle intersection testing (e.g. the All Hit testing). In other
words, in this example, the AnyHit testing is performed for
a bundle with respect to a box in response to the result of the
AllHit test not being a determination that all of the rays of
the bundle hit the box. This is an example of how the method
could be implemented in software, e.g. if the testing blocks
in the tester module 907 are implemented as blocks of
software code which can be executed on a processing unit.

FIG. 12 shows a flow chart for another method of per-
forming intersection testing at the ray tracing system 900.
The flow chart may be more suitable for being implemented
in hardware, e.g. if the testing blocks in the tester module
907 are hardware blocks (e.g. implemented in fixed function
circuitry) configured to perform intersection testing. In the
method shown in FIG. 12 the first bundle intersection testing
(e.g. AllHit testing) and the second bundle intersection
testing (e.g. AnyHit testing) are both performed for a bundle
of rays with respect to a box unconditionally, i.e. without
dependence upon the result of the other bundle intersection
testing for the bundle of rays with respect to the box. In
particular, the second bundle intersection testing (e.g. Any-
Hit testing) is performed irrespective of the result of the first
bundle intersection testing (e.g. AllHit testing).

In step S1202, the tester module 907 receives a bundle of
rays to be tested for intersection with a box. Following step
S1202, steps S1204 and S1210 are performed in parallel. In
step S1204 a first testing block (e.g. testing block 915, or
917,) performs a first bundle intersection test (i.e. an AllHit
test) to determine whether or not all of the rays of the bundle
intersect the box. The result of the first bundle intersection
test is considered in step S1206. If the first bundle intersec-
tion test determines that all of the rays of the bundle hit the
box then the method passes from step S1206 to step S1208.
In step S1208 it is determined that an intersection testing
result for the bundle with respect to the box is that all of the
rays of the bundle intersect the box. If the first bundle
intersection test does not determine that all of the rays of the
bundle hit the box then the method passes from step S1206
to step S1215.

In step S1210 a second testing block (e.g. testing block
915, or 917,,) performs a second bundle intersection test (i.e.
an AnyHit test) to determine whether or not all of the rays
of the bundle miss the box. The result of the second bundle
intersection test is considered in step S1212. If the second
bundle intersection test determines that all of the rays of the
bundle miss the box then the method passes from step S1212
to step S1214. In step S1214 it is determined that the
intersection testing result for the bundle with respect to the
box is that all of the rays of the bundle miss the box. If the
second bundle intersection test does not determine that all of
the rays of the bundle miss the box then the method passes
from step S1212 to step S1215.

The results from both the first testing block and the second
testing block are passed to the results processor 913. In step
S1215 the results processor 913 determines whether the
results of both steps S1206 and S1212 are ‘No’. In other
words, the results processor 913 determines whether both:
(1) the AllHit test does not determine that all of the rays of
the bundle hit the box, and (ii) the AnyHit test does not
determine that all of the rays of the bundle miss the box. If
this is the case, the method passes from step S1215 to step
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S1216. In step S1216 the results processor 913 splits up the
bundle of rays into individual rays. Then in step S1218
intersection tests are performed for the individual rays with
respect to the box to determine which of the individual rays
intersect the box. The individual rays (or references to the
individual rays, e.g. ray IDs) may be output from the results
processor back to one or more of the testing blocks for
performing the intersection testing on the individual rays.
Alternatively, the individual rays may be output from the
results processor 913 and processed as if they were newly
received rays. For example, the individual rays may be
output from the results processor 913 to the bundle builder
919 or the scheduler 901 so that the individual rays can be
grouped into bundles and/or packets and passed to the
request queue 903, so that they can be processed as if they
were newly received rays. As mentioned above, data for the
box may be stored in the local memory 921 and the same
testing blocks (e.g. 915, 915,, 917, and 917,) may be used
to perform the intersection tests for the individual rays with
respect to the box.

In some examples, the ray data for the rays can be stored
in an on-chip memory (as part of the local memory 921), and
each ray has an identifier (which may be referred to as a
“RayID”). Where we describe passing “rays” between
blocks, in some examples, this can be implemented by
passing RayIDs between the blocks, such that the actual ray
data for the rays (e.g. the ray origin and direction etc.) does
not need to be passed between the blocks. A testing block
(e.g. 915 or 917) can read the ray data indicated by a RayID
just before it is to perform an intersection on the ray, e.g. by
fetching the ray data from the local memory. In examples in
which bundles are recreated, the ray data may be pipelined
from the tester module 907 to the bundle builder 919 so it
has ray data for creating the bundles.

The structure of the packets created by the scheduler 901
may be an indication of a location of data in memory and a
list, e.g. a linked list, of blocks of RayIDs. The scheduler 901
builds up the lists of RayIDs for each packet it is creating.
Each of the bundles could have its own RayID, and a pointer
to a list of RayIDs for each ray in the bundle. If a bundle is
to be collapsed (i.e. split up into individual rays), the results
processor 913 may pass the pointers for the individual rays
back to the frontend of the tester module 907. In essence, the
packet for individual rays has been created a priori by the
results processor 913 in this case. The testing blocks of the
tester module 907 read the ray data for the individual rays
right before each intersection test as normal.

In general, packets contain references to rays, and the ray
data is fetched by the tester module when it is to be used for
intersection testing.

If in step S1215 the results processor 913 determines that
the result of either step S1206 or step S1212 is Yes’ (in other
words, if the results processor 913 determines that: (i) the
AllHit test determines that all of the rays of the bundle hit
the box, or (ii) the AnyHit test determines that all of the rays
of the bundle miss the box) then the method performed by
the testing blocks ends after step S1215 because an inter-
section testing result has been already been determined for
the bundle with respect to the box. In other words either the
AllHit test or the AnyHit test has determined the intersection
testing result for the bundle with respect to the box and this
result has been output to the results processor 913, so there
is no need to split up the bundle into individual rays in order
to determine the intersection testing result for all of the rays
of the bundle with respect to the box.

In both of the examples shown in FIGS. 11 and 12, if the
first bundle intersection test (e.g. the AllHit test) does not
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determine that all of the rays of the bundle intersect the box,
a result of performing the second bundle intersection test
(e.g. the AnyHit test) is used to determine the intersection
testing result for the bundle with respect to the box. The
main difference between the two methods is that in the
method of FIG. 11, the second bundle intersection test is
performed conditionally based on the result of the first
bundle intersection test; whereas in the method of FIG. 12,
the first and second bundle intersection tests are performed
concurrently, in parallel. In other words, in the method of
FIG. 12, the second bundle intersection test (e.g. the AnyHit
test) is performed irrespective of the result of the first bundle
intersection test (e.g. the AllHit test).

In some other examples, which are not described in detail
herein, it would be possible to perform the first bundle
intersection test (e.g. the AllHit test) conditionally based on
the result of the second bundle intersection test (e.g. the
AnyHit test). In these other examples, if the AnyHit test
determined that all of the rays of the bundle miss the box
then the AllHit test would not be performed, whereas if the
result of the AnyHit test is not a determination that all of the
rays of the bundle miss the box then the AllHit test would be
performed.

As described above, the tester module 907 of the ray
tracing system 900 comprises pairs of testing blocks wherein
each pair of testing blocks comprises an AllHit testing block
and an AnyHit testing block. The tester module 907 is
configured to pass a bundle of rays and data representing a
box to a pair of testing blocks (e.g. testing blocks 915, and
915,), such that the first testing block 915, of the pair of
testing blocks performs the first bundle intersection test (e.g.
the AllHit test) on the bundle of rays with respect to the box,
and the second testing block 915, of the pair of testing
blocks performs the second bundle intersection test (e.g. the
AnyHit test) on the bundle of rays with respect to the box.
In this way, when intersection testing is being performed for
a bundle of rays, the bundle is passed to both testing blocks
of a pair of testing blocks for intersection testing.

As described above, the testing blocks can also be used to
perform intersection tests for individual rays. The tester
module 907 is configured to pass first and second individual
rays and data representing a box to a pair of testing blocks
(e.g. testing blocks 915, and 915,), such that the first testing
block 915, of the pair of testing blocks performs an inter-
section test on the first individual ray with respect to the box,
and the second testing block 915, of the pair of testing
blocks performs an intersection test on the second individual
ray with respect to the box. In this way, when intersection
testing is being performed for individual rays, two indi-
vidual rays can be passed to the respective testing blocks of
a pair of testing blocks for intersection testing. It can
therefore be appreciated that in some examples, a bundle of
rays will occupy a pair of testing blocks at a time, while
single rays only occupy one testing block at a time.

FIG. 134 shows an example data structure for storing data
for a ray. In this example, each ray has 64 bytes of data. As
shown in FIG. 134, the ray data for a ray includes x, y and
z components of the origin of the ray; X, y and z components
of the direction vector of the ray; x and y components
(“PosX” and “PosY”) to indicate a screen space position
with which the ray is associated, which can be used to write
back a result; a maximum distance that the ray can travel
(“MaxT”); a distance to a nearest hit (“T”"); barycentric U
and V components of a hit point on a primitive; an ID of a
shader on a hit primitive (“hit ID”); one or more flags which
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can be used to implement various per-ray API features, such
as backface culling; and user data which can be written to,
e.g. by shader programs.

The data for a bundle of rays is stored in a data structure
and comprises origin data for the bundle of rays; vector data
describing the components of the vectors providing the
bounds to the bundle of rays; and one or more pointers to ray
data for the rays of the bundle of rays. For example, FIG.
135 shows a data structure for storing data for a bundle of
rays. In this example, each bundle of rays has 64 bytes of
data. In the example shown in FIG. 135, each row represents
a value having 32 bits of data. Having the same size data
structures for ray data and for bundle data is convenient
because it allows bundles and rays to be packed together into
packets easily. As shown in FIG. 135, the data for a bundle
of rays includes minimum and maximum X, y and z com-
ponents of the origin of the bundle of rays; minimum and
maximum X, y and zZ components of the bounding vectors of
the bundle of rays; a maximum distance that the bundle of
rays can travel (“MaxT”); a distance to a nearest hit (“T”);
one or more flags which can be used to implement various
per-ray API features, such as backface culling; and one or
more ray pointers which indicate data for the rays of the
bundle. For example, a ray pointer could point to another
packet of data which contains all of the ray data for the rays
which make up the bundle. This ray pointer would be
followed once per bundle, when the bundle is broken down
into individual rays. For example, the results processor 913
can pass this pointer back to the test queue 909, and it gets
treated the same as when a pointer to a list of rays comes
from the scheduler path (e.g. from the request queue 903).

In some examples, a bundle of rays may be split up into
individual rays if a splitting metric is satisfied. For example,
the splitting metric may be based on one or more of: a
number of rays in the bundle of rays; a spread of the rays in
the bundle of rays; a size of an area defined by the silhouette
edges of the box; whether the source of the rays in the bundle
of rays is a frame shader or a ray shader; and data provided
by the shader which created the rays in the bundle of rays
(e.g. information relating to how diffuse a ray is). For
example, if the number of rays in a bundle is below a
threshold then the bundle may be deconstructed, i.e. split up
into individual rays. The benefit provided by performing
bundle intersection testing rather than individual ray inter-
section testing is not so large if there are not so many rays
in the bundle. For example, if there are only two rays in a
bundle, it may be better to split the rays up and test them
individually rather than performing bundle intersection tests.
As another example, if the spread of rays in a bundle is
above a threshold then it may be considered that the rays are
too divergent and the bundle may be split up. In this case, if
the spread of the rays in a bundle is too large then the rays
are less likely to have the same intersection testing results,
so performing the bundle intersection tests is less beneficial.
The larger the spread of the rays in a bundle, the bigger the
difference between the maximum and minimum bounding
vector components for the bundle.

FIG. 14 shows a computer system in which the ray tracing
systems described herein may be implemented. The com-
puter system comprises a CPU 1402, a GPU 1404, a memory
1406 and other devices 1410, such as a display 1412,
speakers 1414 and a camera 1416. A ray tracing unit 1408
is implemented on the GPU 1404. The components of the
computer system can communicate with each other via a
communications bus 1418. The ray tracing unit 1408 may
operate with part of the memory 1406 to implement the ray
tracing system 300 or the ray tracing system 900 described
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above. In some examples the ray tracing system may be
implemented separately from the GPU 1404.

The ray tracing systems 300 and 900 are shown as
comprising a number of functional blocks. This is schematic
only and is not intended to define a strict division between
different logic elements of such entities. Each functional
block may be provided in any suitable manner. It is to be
understood that intermediate values described herein as
being formed by a ray tracing system need not be physically
generated by the ray tracing system at any point and may
merely represent logical values which conveniently describe
the processing performed by the ray tracing system between
its input and output.

The ray tracing systems described herein may be embod-
ied in hardware on an integrated circuit. The ray tracing
systems described herein may be configured to perform any
of the methods described herein. Generally, any of the
functions, methods, techniques or components described
above can be implemented in software, firmware, hardware
(e.g., fixed logic circuitry), or any combination thereof. The
terms “module,” “functionality,” “component”, “element”,
“unit”, “block™ and “logic” may be used herein to generally
represent software, firmware, hardware, or any combination
thereof. In the case of a software implementation, the
module, functionality, component, element, unit, block or
logic represents program code that performs the specified
tasks when executed on a processor. The algorithms and
methods described herein could be performed by one or
more processors executing code that causes the processor(s)
to perform the algorithms/methods. Examples of a com-
puter-readable storage medium include a random-access
memory (RAM), read-only memory (ROM), an optical disc,
flash memory, hard disk memory, and other memory devices
that may use magnetic, optical, and other techniques to store
instructions or other data and that can be accessed by a
machine.

The terms computer program code and computer readable
instructions as used herein refer to any kind of executable
code for processors, including code expressed in a machine
language, an interpreted language or a scripting language.
Executable code includes binary code, machine code, byte-
code, code defining an integrated circuit (such as a hardware
description language or netlist), and code expressed in a
programming language code such as C, Java or OpenCL.
Executable code may be, for example, any kind of software,
firmware, script, module or library which, when suitably
executed, processed, interpreted, compiled, executed at a
virtual machine or other software environment, cause a
processor of the computer system at which the executable
code is supported to perform the tasks specified by the code.

A processor, computer, or computer system may be any
kind of device, machine or dedicated circuit, or collection or
portion thereof, with processing capability such that it can
execute instructions. A processor may be any kind of general
purpose or dedicated processor, such as a CPU, GPU,
System-on-chip, state machine, media processor, an appli-
cation-specific integrated circuit (ASIC), a programmable
logic array, a field-programmable gate array (FPGA), or the
like. A computer or computer system may comprise one or
more processors.

It is also intended to encompass software which defines a
configuration of hardware as described herein, such as HDL
(hardware description language) software, as is used for
designing integrated circuits, or for configuring program-
mable chips, to carry out desired functions. That is, there
may be provided a computer readable storage medium
having encoded thereon computer readable program code in
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the form of an integrated circuit definition dataset that when
processed (i.e. run) in an integrated circuit manufacturing
system configures the system to manufacture a ray tracing
system configured to perform any of the methods described
herein, or to manufacture a ray tracing system comprising
any apparatus described herein. An integrated circuit defi-
nition dataset may be, for example, an integrated circuit
description.

Therefore, there may be provided a method of manufac-
turing, at an integrated circuit manufacturing system, a ray
tracing system as described herein. Furthermore, there may
be provided an integrated circuit definition dataset that,
when processed in an integrated circuit manufacturing sys-
tem, causes the method of manufacturing a ray tracing
system to be performed.

An integrated circuit definition dataset may be in the form
of computer code, for example as a netlist, code for config-
uring a programmable chip, as a hardware description lan-
guage defining hardware suitable for manufacture in an
integrated circuit at any level, including as register transfer
level (RTL) code, as high-level circuit representations such
as Verilog or VHDL, and as low-level circuit representations
such as OASIS® and GDSII. Higher level representations
which logically define hardware suitable for manufacture in
an integrated circuit (such as RTL) may be processed at a
computer system configured for generating a manufacturing
definition of an integrated circuit in the context of a software
environment comprising definitions of circuit elements and
rules for combining those elements in order to generate the
manufacturing definition of an integrated circuit so defined
by the representation. As is typically the case with software
executing at a computer system so as to define a machine,
one or more intermediate user steps (e.g. providing com-
mands, variables etc.) may be required in order for a
computer system configured for generating a manufacturing
definition of an integrated circuit to execute code defining an
integrated circuit so as to generate the manufacturing defi-
nition of that integrated circuit.

An example of processing an integrated circuit definition
dataset at an integrated circuit manufacturing system so as to
configure the system to manufacture a ray tracing system
will now be described with respect to FIG. 15.

FIG. 15 shows an example of an integrated circuit (IC)
manufacturing system 1502 which is configured to manu-
facture a ray tracing system as described in any of the
examples herein. In particular, the IC manufacturing system
1502 comprises a layout processing system 1504 and an
integrated circuit generation system 1506. The IC manufac-
turing system 1502 is configured to receive an IC definition
dataset (e.g. defining a ray tracing system as described in any
of the examples herein), process the IC definition dataset,
and generate an IC according to the IC definition dataset
(e.g. which embodies a ray tracing system as described in
any of the examples herein). The processing of the IC
definition dataset configures the IC manufacturing system
1502 to manufacture an integrated circuit embodying a ray
tracing system as described in any of the examples herein.

The layout processing system 1504 is configured to
receive and process the IC definition dataset to determine a
circuit layout. Methods of determining a circuit layout from
an IC definition dataset are known in the art, and for example
may involve synthesising RTL code to determine a gate level
representation of a circuit to be generated, e.g. in terms of
logical components (e.g. NAND, NOR, AND, OR, MUX
and FLIP-FLOP components). A circuit layout can be deter-
mined from the gate level representation of the circuit by
determining positional information for the logical compo-
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nents. This may be done automatically or with user involve-
ment in order to optimise the circuit layout. When the layout
processing system 1504 has determined the circuit layout it
may output a circuit layout definition to the IC generation
system 1506. A circuit layout definition may be, for
example, a circuit layout description.

The IC generation system 1506 generates an IC according
to the circuit layout definition, as is known in the art. For
example, the IC generation system 1506 may implement a
semiconductor device fabrication process to generate the IC,
which may involve a multiple-step sequence of photo litho-
graphic and chemical processing steps during which elec-
tronic circuits are gradually created on a wafer made of
semiconducting material. The circuit layout definition may
be in the form of a mask which can be used in a lithographic
process for generating an IC according to the circuit defi-
nition. Alternatively, the circuit layout definition provided to
the IC generation system 1506 may be in the form of
computer-readable code which the IC generation system
1506 can use to form a suitable mask for use in generating
an IC.

The different processes performed by the IC manufactur-
ing system 1502 may be implemented all in one location,
e.g. by one party. Alternatively, the IC manufacturing system
1502 may be a distributed system such that some of the
processes may be performed at different locations, and may
be performed by different parties. For example, some of the
stages of: (i) synthesising RTL code representing the IC
definition dataset to form a gate level representation of a
circuit to be generated, (ii) generating a circuit layout based
on the gate level representation, (iii) forming a mask in
accordance with the circuit layout, and (iv) fabricating an
integrated circuit using the mask, may be performed in
different locations and/or by different parties.

In other examples, processing of the integrated circuit
definition dataset at an integrated circuit manufacturing
system may configure the system to manufacture a ray
tracing system without the IC definition dataset being pro-
cessed so as to determine a circuit layout. For instance, an
integrated circuit definition dataset may define the configu-
ration of a reconfigurable processor, such as an FPGA, and
the processing of that dataset may configure an IC manu-
facturing system to generate a reconfigurable processor
having that defined configuration (e.g. by loading configu-
ration data to the FPGA).

In some embodiments, an integrated circuit manufactur-
ing definition dataset, when processed in an integrated
circuit manufacturing system, may cause an integrated cir-
cuit manufacturing system to generate a device as described
herein. For example, the configuration of an integrated
circuit manufacturing system in the manner described above
with respect to FIG. 15 by an integrated circuit manufac-
turing definition dataset may cause a device as described
herein to be manufactured.

In some examples, an integrated circuit definition dataset
could include software which runs on hardware defined at
the dataset or in combination with hardware defined at the
dataset. In the example shown in FIG. 15, the IC generation
system may further be configured by an integrated circuit
definition dataset to, on manufacturing an integrated circuit,
load firmware onto that integrated circuit in accordance with
program code defined at the integrated circuit definition
dataset or otherwise provide program code with the inte-
grated circuit for use with the integrated circuit.

The implementation of concepts set forth in this applica-
tion in devices, apparatus, modules, and/or systems (as well
as in methods implemented herein) may give rise to perfor-
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mance improvements when compared with known imple-
mentations. The performance improvements may include
one or more of increased computational performance,
reduced latency, increased throughput, and/or reduced
power consumption. During manufacture of such devices,
apparatus, modules, and systems (e.g. in integrated circuits)
performance improvements can be traded-off against the
physical implementation, thereby improving the method of
manufacture. For example, a performance improvement
may be traded against layout area, thereby matching the
performance of a known implementation but using less
silicon. This may be done, for example, by reusing func-
tional blocks in a serialised fashion or sharing functional
blocks between elements of the devices, apparatus, modules
and/or systems. Conversely, concepts set forth in this appli-
cation that give rise to improvements in the physical imple-
mentation of the devices, apparatus, modules, and systems
(such as reduced silicon area) may be traded for improved
performance. This may be done, for example, by manufac-
turing multiple instances of a module within a predefined
area budget.

The applicant hereby discloses in isolation each indi-
vidual feature described herein and any combination of two
or more such features, to the extent that such features or
combinations are capable of being carried out based on the
present specification as a whole in the light of the common
general knowledge of a person skilled in the art, irrespective
of whether such features or combinations of features solve
any problems disclosed herein. In view of the foregoing
description it will be evident to a person skilled in the art that
various modifications may be made within the scope of the
invention.

What is claimed is:

1. A computer-implemented method of performing inter-
section testing in a ray tracing system, the method compris-
ing:

receiving a bundle of rays to be tested for intersection

with a box;

identifying silhouette edges of the box from the perspec-

tive of the bundle of rays;

for each of the identified silhouette edges:

obtaining components of a vector providing a bound to
the bundle of rays, and

determining whether the vector passes inside or outside
of the silhouette edge; and

using results of determining, for each of the identified

silhouette edges, whether the vector passes inside or
outside of the silhouette edge, to determine an inter-
section testing result for the bundle of rays with respect
to the box.

2. The method of claim 1 wherein, for each of the
identified silhouette edges, said obtaining components of a
vector comprises obtaining components of a single vector
providing a single bound to the bundle of rays.

3. The method of claim 1 wherein, for each of the
identified silhouette edges, the vector for which it is deter-
mined whether the vector passes inside or outside of the
silhouette edge is the only vector for which a determination
is made for the bundle of rays as to whether the vector passes
inside or outside of the silhouette edge.

4. The method of claim 1 wherein the intersection testing
result for the bundle of rays with respect to the box is
determined using said results of determining, for each of the
identified silhouette edges, whether the vector passes inside
or outside of the silhouette edge, and without using any other
results of determining whether any other vectors pass inside
or outside of the silhouette edges.
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5. The method of claim 1 wherein, for each of the
identified silhouette edges, said vector provides an external
bound to the bundle of rays with respect to said identified
silhouette edge, such that if it does not pass outside the
identified silhouette edge then it is known that none of the
rays of the bundle pass outside said identified silhouette
edge.

6. The method of claim 5, wherein if it is determined that,
for each of the identified silhouette edges, the vector passes
inside the respective identified silhouette edge, then the
intersection testing result for the bundle of rays with respect
to the box is that all of the rays in the bundle of rays intersect
the box; and

wherein if it is determined that, for one or more of the

identified silhouette edges, the vector passes outside the
respective identified silhouette edge, then the intersec-
tion testing result for the bundle of rays with respect to
the box is not that all of the rays in the bundle of rays
intersect the box.

7. The method of claim 6 wherein if the intersection
testing result for the bundle of rays with respect to the box
is not that all of the rays in the bundle of rays intersect the
box, then the method further comprises determining whether
any of the rays in the bundle of rays intersect the box.

8. The method of claim 1 wherein, for each of the
identified silhouette edges, said vector provides an internal
bound to the bundle of rays with respect to said identified
silhouette edge, such that if it does not pass inside the
identified silhouette edge then it is known that none of the
rays of the bundle pass inside said identified silhouette edge.

9. The method of claim 8, wherein if it is determined that,
for each of the identified silhouette edges, the vector passes
inside the respective identified silhouette edge, then the
intersection testing result for the bundle of rays with respect
to the box is not that all of the rays in the bundle of rays miss
the box; and

wherein if it is determined that, for one or more of the

identified silhouette edges, the vector passes outside the
respective identified silhouette edge, then the intersec-
tion testing result for the bundle of rays with respect to
the box is that all of the rays in the bundle of rays miss
the box.

10. The method of claim 9 wherein if the intersection
testing result for the bundle of rays with respect to the box
is not that all of the rays in the bundle of rays miss the box,
then the method further comprises determining which of the
rays in the bundle of rays intersect the box.

11. The method of claim 1 further comprising:

performing a direction check to determine whether the

box is behind an origin of the bundle of rays, wherein
if the direction check determines that the box is behind
the origin of the bundle of rays then the intersection
testing result is that the bundle of rays misses the box;
and/or

performing a distance check to determine whether the

bundle of rays terminates at a point in front of the box,
wherein if the distance check determines that the
bundle of rays terminates at a point in front of the box
then the intersection testing result is that the bundle of
rays misses the box.

12. The method of claim 1 wherein all of the rays of the
bundle of rays have the same origin and wherein, for each
of the identified silhouette edges, said determining whether
the vector passes inside or outside of the silhouette edge
comprises performing a comparison in accordance with
(Po—0)d;<(p,;~0,);» wherein p,; is the i component of a
point on a first plane representing a first of the sides of the
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box which forms the silhouette edge, p,, , is the i component
of a point on a second plane representing a second of the
sides of the box which forms the silhouette edge, o, and o,
are the i” and j* components of the origin of the rays of the
bundle of rays, and d, and d, are the obtained i” and j”
components of the vector providing a bound to the bundle of
rays.

13. The method of claim 1 wherein it is not the case that
all of the rays of the bundle of rays have the same origin and
wherein, for each of the identified silhouette edges, said
determining whether the vector passes inside or outside of
the silhouette edge comprises performing a comparison in
accordance  with (P, ,=0; [ max) <00 =0, i, max) Do
wherein p,, is the i component of a point on a first plane
representing a first of the sides of the box which forms the
silhouette edge, p,, is the i component of a point on a
second plane representing a second of the sides of the box
which forms the silhouette edge, 0, max 18 either the
minimum or the maximum of the i components of the
origins of the rays of the bundle of rays, 0,;,,,, ... 15 €ither
the minimum or the maximum of the j* components of the
origins of the rays of the bundle of rays, and d; and d, are the
obtained i’ and j* components of the vector providing a
bound to the bundle of rays.

14. The method of claim 1 further comprising:

receiving rays; and

constructing bundles of rays from the received rays to be

tested for intersection with the box, wherein said con-
structing bundles of rays comprises grouping together
received rays based on their similarity.

15. The method of claim 14 wherein said constructing
bundles of rays comprises:

maintaining a set of open bundles to which new rays can

be added; and

for each of the received rays:

determining a level of similarity of the received ray
with each of the open bundles;

identifying a best match open bundle of said set of open
bundles for the received ray based on the determined
levels of similarity; and

if the determined level of similarity of the received ray
with the best match open bundle is above a threshold,
adding the received ray to the best match open
bundle.

16. The method of claim 14 wherein either:

said received rays from which the bundles are con-

structed: (i) include new rays which have not previ-
ously been included in a bundle of rays, but (ii) do not
include rays which have previously been included in a
bundle of rays; or

said received rays from which the bundles are constructed

include: (i) new rays which have not previously been
included in a bundle of rays, and (ii) rays which have
previously been included in a bundle of rays which has
been deconstructed.
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17. The method of claim 1 further comprising splitting up
a bundle of rays into individual rays if a splitting metric is
satisfied, wherein the splitting metric is based on one or
more of:

a number of rays in the bundle of rays;

a spread of the rays in the bundle of rays;

a size of an area defined by the silhouette edges of the box;

whether the source of the rays in the bundle of rays is a
frame shader or a ray shader; and

data provided by the shader which created the rays in the
bundle of rays.

18. A ray tracing system comprising:

a tester module configured to receive a bundle of rays to
be tested for intersection with a box, wherein the tester
module comprises:

a set of one or more testing blocks configured to
perform intersection testing on the received bundle
of rays with respect to the box by:
identifying silhouette edges of the box from the

perspective of the bundle of rays;
for each of the identified silhouette edges:
obtaining components of a vector providing a
bound to the bundle of rays; and
determining whether the vector passes inside or
outside of the silhouette edge; and
using results of determining, for each of the identi-
fied silhouette edges, whether the vector passes
inside or outside of the silhouette edge, to deter-
mine an intersection testing result for the bundle
of rays with respect to the box.

19. The ray tracing system of claim 18 wherein a testing
block of said set of one or more testing blocks is configured
to perform intersection testing for a bundle of rays and to
perform intersection testing for a single ray.

20. A non-transitory computer readable storage medium
having stored thereon an integrated circuit definition dataset
that, when processed in an integrated circuit manufacturing
system, configures the integrated circuit manufacturing sys-
tem to manufacture a ray tracing system which comprises:

a tester module configured to receive a bundle of rays to
be tested for intersection with a box, wherein the tester
module comprises:

a set of one or more testing blocks configured to
perform intersection testing on the received bundle
of rays with respect to the box by:
identifying silhouette edges of the box from the

perspective of the bundle of rays;
for each of the identified silhouette edges:
obtaining components of a vector providing a
bound to the bundle of rays, and
determining whether the vector passes inside or
outside of the silhouette edge; and
using results of determining, for each of the identi-
fied silhouette edges, whether the vector passes
inside or outside of the silhouette edge, to deter-
mine an intersection testing result for the bundle
of rays with respect to the box.
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