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Abstract

This article presents an optimized ray trac-
ing algorithm which improves standard exist-
ing algorithms. In order to do this, this al-
gorithm processes simultaneously a large set
of rays and carries out a single traversal of
the spatial indexing of the scene with all rays,
which allows us to e�ciently make use of hard-
ware SIMD functionality and produces coher-
ent memory accesses. Furthermore, during the
single traversal, rays are grouped in such a way
that these advantages are maintained even for
non coherent ray sets.

The algorithm was observed to reduce the
computation costs with respect to other stan-
dard solutions, especially for non coherent ray
sets. It is worth noting that its characteristics
make it especially suitable for graphics hard-
ware (GPUs).

1 Introduction

Ray tracing is the dominating technique in the
realistic or high quality image synthesis �eld,
when the computation time is a secundary is-
sue. The large processing times are due to the
high computational costs of ray tracing. For
each pixel in the image one or more rays must
be sent through the scene and intersected with
the objects it contains, the colour of the pixel
must be calculated, and �nally the pixels must
be shown in the screen.

For applications that interact with the user
in real time, algorithms which produce images
very fast must be available. In these, other
rendering techniques are usually used, such as
triangle rasterization with z-bu�er. Moreover,
the last few years have seen a high increase in
the development of optimized graphics hard-
ware which can speed up triangle rasterization
rendering time even more.

Nevertheless, ray tracing o�ers lots of ad-
vantages with respect to rasterization based
algorithms, and it would be useful to have
them in real time rendering:

• Image quality and correctness: The vi-
sual e�ects obtained with triangle raster-
ization methods are very limited. Many
of the e�ects require careful manual de-
sign of the scene. The appearance of
programmable graphics hardware (GPUs)
has allowed large advances in this issue,
but it is di�cult to take advantage of
these characteristics since they are di�-
cult to implement and even then, they
are just approximations of reality. This
contrasts to the easy and natural way in
which ray tracing allows the calculation of
refractions, re�ections, shadows, indirect
illumination and other e�ects in a physi-
cally correct way.

• Complex scenes: For complex scenes,
graphics hardware is limited since raster-
ization presents a linear cost in the num-



ber of scene primitives. Therefore sophis-
ticated preprocessing techniques are re-
quired to reduce geometry. The prob-
lem is exacerbated if e�ects which require
multiple rendering passes of the scene are
used. In contrast, ray tracing presents
logarithmic complexity in the number of
scene primitives and includes occlusion

culling. Only those calculations which
are really needed for the �nal scene need
to be done, since the shaders are only
processed once visibility has been deter-
mined. Lastly, the nature of the ray trac-
ing algorithm permits a trivial paralleliza-
tion.

Ray tracing is not only useful in visualiza-
tion. A multitude of algorithms, especially in
the realistic image synthesis �eld, are based on
ray tracing, such as photon mapping [15]. Fur-
thermore, these algorithms usually work with
non coherent rays. The availability of e�cient
ray tracing algorithms would allow a substan-
tial decrease in the execution times of these
algorithms.
Due to all these reasons, the development of

new techniques which bring together ray trac-
ing and real time applications is interesting.
It should be taken into account that using

this algorithm for ray tracing or more gener-
ally for Global Illumination, implies that the
application must generate large ray sets in or-
der to calculate their intersections simultane-
ously. This means that the algorithm must
be organized in a breadth �rst, rather than a
depth �rst, scheme. For example, in ray trac-
ing, all the primary rays must be generated
�rst, then all the secundary rays, and so on.
This may mean an increase in memory use;

however, we believe that the reduction in com-
putation time makes this worthy. An addi-
tional bene�t is that this scheme allows an e�-
cient vectorized implementation of other parts
of the algorithm, such as the evaluation of the
global illumination model, or secundary ray
generation.
This article is organized as follows: section

2 provides a general description of the design
ideas of the algorithm. Section 3 describes in
depth how the algorithm works. Lastly, sec-

tion 4 o�ers an e�ciency comparison to other
methods.

1.1 Previous work

Even though ray tracing is a very old tech-
nique [1], its use for interactive applications is
relatively new.

GPUs are optimized for triangle rasteriza-
tion; however, di�erent attempts to adapt
their use for ray tracing acceleration [3, 8, 5, 4]
have been made. Currently results obtained
on GPUs are hardly better than conventional
CPU results. This is due to the fact that even
though GPUs are very powerful parallel archi-
tectures, they present di�culties for applica-
tions with a complex �ow control. This may
possibly change in the future due to the con-
tinuing development of GPUs. Therefore, it
is still interesting to develop CPU ray tracing
acceleration techniques which are suitable for
GPU porting.

Wald [14, 13] presents a CPU based algo-
rithm which exploits the existing coherence in
primary rays. It is based in the idea that co-
herent rays will very probably make the same
traversal through the hierarchical spatial in-
dexing structure which contains the scene, and
will intersect the same objects.

His proposal thus consists in traversing the
spatial index and making the ray-triangle in-
tersections with packets made of four coherent
rays at the same time. This way, using SIMD
structions of current processors, the computa-
tion time of the algorithm is reduced when do-
ing the calculations for the four rays in paral-
lel. In addition, Wald presents a careful design
oriented towards minimizing code complexity
and cache faults.

This idea is valid for primary rays since it
is easy to locate rays which a priori have high
probabilities of being coherent (Those cross-
ing the same pixel or neighbour pixels in the
image). But it fails for secundary rays where
this supposition is not applicable. This arti-
cle presents an extension to this idea, which
permits the parallelization of calculations for
di�erent rays in any situation, even when these
are not coherent.



2 Ray tracer implementation

The following sections describe our ray tracer
implementation. Firstly a general description
of the design ideas used is shown, and their
application to the algorithm. The following
sections describe the implementation details.

2.1 Motivation

Given a spatial indexing tree which contains
the scene, the classic ray tracing algorithm
travels recursively across the tree once for each
ray. Wald, in contrast, proposes travelling
across the tree once for each four ray packet.
Our proposal furthers this idea, and proposes
travelling across the tree once for all rays at
the same time.

This approach provides the following advan-
tages. As long as two or more rays which
must traverse the same tree node exist, they
will do so simultaneously, allowing the paral-
lelization of the calculations by means of the
hardware SIMD instructions. This translates
to much higher probabilities of having some
rays to process in parallel in each tree node,
especially in the higher tree nodes. Even when
there is no coherence among the rays, as the
traversal of the structure advances they will
be automatically classi�ed so that the cited
advantages remain.

Another advantage is that since the tree
nodes are visisted only once, and not tens of
thousands of times as is the case of previ-
ous algorithms, the number of accesses made
to the spatial indexing structure of the scene
is greatly reduced. A lower number of main
memory accesses translates to a reduction in
latency and cache faults.

A new data structure which contains the
rays to be processed is needed. This struc-
ture does not mean more memory accesses
with respect to classic ray tracing algorithms,
since the same information which also must
be stored and accessed in classic algorithms is
simply reorganized in groups.

2.2 Parallelism due to SIMD

Current processors include SIMD extensions
which allow computing many �oating point
operations (usually four) with one instruction,
therefore increasing the performance of these
calculations. The Intel SSE instruction set was
used to exploit the data parallelism in packet
ray traing because of its high availability.

3 Traversing the kd-tree

Our implementation uses a kd-tree in which
the plane divides the voxel through the center
and divides the voxel in two sub-voxels with
the same size, for the spatial indexing of the
scene. The algorithm can be easily changed
to use division planes in other positions. The
main reason of this choice instead of other
structures such as Octrees or Bounding Vol-
ume Hierarchies (BVHs) is the simplicity of
the traversal algorithm. For each node and
ray only two decisions must be made: whether
to follow or not each of the two child nodes.
Additionally, this hierarchical structure is well
adapted to scene complexity. And it is easy to
parallelize using SSE instructions.
In order to parallelize the calculations, at

each node the list of all the rays traversing it
must be available. Firstly the workings of the
algorithm will be shown for one ray, and then
the algorithm will be expanded for the case of
all rays at the same time.

3.1 Traversal algorithm for one ray

An adaptation to kd-trees (with dividing
planes in the center of the voxels) of the incre-
mental parametric traversing algorithm for oc-
trees presented in [10] was used. Let r = p+td
be the equation of a ray expressed in paramet-
ric form, being p the origin vector, d the unit
director vector and t ≥ 0 the real parameter
which determines a point along the ray.
For each node, tx0, tx1 are the values of the

ray parameter which intersect with the two
planes perpendicular to the X axis delimiting
the node voxel (similarly, we name ty0, ty1 the
corresponding values in Y, and tz0, tz1 the val-
ues in Z). We assume tx0 < tx1. These values



are calculated for the root node and from there
on they are incrementally recalculated in each
step of the tree traversal.
Let txm the parameter for which the ray

crosses the plane (perpendicular to X) which
divides the voxel in two equal subvoxels. It
may be calculated as: txm = (tx0+tx1)/2. For
a voxel of the kd-tree divided by a plane per-
pendicular to X, the values of the intersections
for the �rst sub-node visited are tx0, txm, and
for the second txm, tx1. The values tym, tzm

are de�ned, calculated and used analogously
for the voxels divided by planes perpendicu-
lar to Y or Z. In general, the calculation of the
values of the child nodes of a node only require
adding and dividing by two. It can be easily
proved ([10]) that the ray intersects a node if
the following holds:

max(tx0, ty0, tz0) < min(tx1, ty1, tz1)

The algorithms works recursively. For each
inner node, the ray parameters are updated for
its �rst child, and intersection is determined.
If an intersection exists, the node is processed.
Later, the process is repeated for the second
child.
If the tree is traversed selecting �rst the �rst

node in the ray direction, once an intersection
in the visited node is found the recursivity can
be ended, since any other intersection which
might be found will always be farther than the
one just found.

3.2 Traversal algorithm for multiple rays

The kd-tree traversal algorithm for multiple
rays works similarly to the previous one. The
idea is processing at the same time all available
rays, making only one traversal of the spatial
indexing for all rays.
The pseudocode can be seen in Algorithm 1.

Each node gets a list of intersecting rays, with
its parameters adjusted for that node. If the
list size is zero, we return. If the node is a leaf,
the function TrgIntersec calculates if the rays
intersect the triangles indexed in the node.
Otherwise, we are in an inner node. The

fuction calcNode uses SSE to update the pa-
rameters of all the rays for the �rst child and

to determine which rays intersect it. All rays
intersecting the child are copied to a new list.
Therefore this new list will contain between
zero and the number of rays which intersect
the parent node. Then, recursively, the �rst
child is traversed with the new list of rays just
calculated. Once the traversal of this child is
�nished, the second child is traversed analo-
gously.

Traverse ( node, RayList )

if nRays = 0

return;

if isLeaf(node)

TrgIntersec( node, RayList );

else foreach child hi of node

RayListCi=calcNode(hi,RayList);

Traverse( hi, RayListCi );

Algorithm 1: Traversal for multiple rays

These lists do not include those rays for
which an intersection was already found, nor
those rays farther than the maximum allowed
ray parameter, avoiding innecesary calcula-
tions.
The total number of operations required to

determine if four rays intersect a node are: one
addition, one multiplication, one maximum,
one minimum and a comparison between these
last, all SSE.
When working with multiple rays simulta-

neuosly it may happen that di�erent rays re-
quire the spatial indexing tree in di�erent or-
der. The order in which a ray must visit the
nodes in each step of the algorithm depends
on the signs of the three components of the di-
rector vector of the ray. Therefore, this might
happen if rays with director vectors of di�erent
signs exist, which is very probable. In these
cases, it is not possible to traverse the tree only
once for all rays simultaneously without losing
the desirable characteristic that once the �rst
intersection is found, it is the nearest one.
The solution implemented to solve this

problem consists in classifying in a �rst step
all rays in eight groups, classifying them by
the signs of the components of their director
vectors. Now, since all the rays in a group will



traverse the indexing tree exactly in the same
order, the traversal algorithm can be applied
with no problems for each group.

With this idea, the tree must be traversed
a maximum of eight times, much lower than
the tens of thousands of times needed for con-
ventional algorithms. In practice, for primary
rays the traversal is done at most four times,
as long as the normal vector to the vision plane
is parallel to one of the edges.

3.3 Ray memory layout

The data memory layout chosen to store the
rays must take into account the fact that the
implementation uses SIMD instructions in or-
der to maximize e�ciency and time [6].

Two data structures are used to manage the
rays. One of them is global, can be accessed
from any node, and stores all rays and at-
tributes; while the other belongs to each spe-
ci�c node and only stores some data needed
for the traversal, plus pointers to the global
structure.

It is necessary to store globally for each ray:

• Its director vector and origin vector.

• The maximum allowed value of the ray
parameter.

• A �ag indicating whether an intersection
with a triangle was found.

• The identi�er of the nearest triangle in-
tersected.

• The value of the parameter of the ray at
the intersection.

• The parametric coordinates of the trian-
gle at the intersection point.

As was stated previously in the algorithm
description, during tree traversal each node
receives a list of intersecting rays. This list
is a local data structure for each node, and
stores for each ray the entry and exit val-
ues of the parameters of the ray for the voxel
(t0x, t0y, t0z, t1x, t1y, t1z), since they depend on
the node we are currently in. A pointer to the

Figure 1: structure of vectors

Figure 2: vector of structures

global structure which stores the rest of the
ray information is also stored per ray.

This data will be processed by SIMD op-
erations; therefore for maximum performance
they should be stored with a speci�c organiza-
tion called 'structure of vectors' which can be
seen in Figure 1. This layout stores a vector
with the t0x of all rays, another vector with
t0y, and so on. This structure is less natural
than the classic 'vector of structures' shown in
Figure 2, but it is needed in order to obtain
maximum e�ciency with SSE.

In these �gures, t
(j)
xi represents the value of

the x component of the t parameter for the
jth ray. i is 0 for the entry parameters and 1
for the exit parameters. The same applies to
components y and z.

A problem which appears is that in order to
recover the di�erent parameters of a ray, dis-
tant positions in memory must be accessed,
especially if the ray list is large. This induces
bad results in cache memory. To solve the
problem, we use a mixed memory layout or-
ganization based on the two previously men-
tioned alternatives, which can be seen in Fig-
ure 3. Rays are stored in four-packs. Each
pack is a structure which contains a vector for
the x components of the entry parameters of
the four rays, another for the y components,
and so on.

If the number of rays is not a multiple of
four, the last packet will be incomplete and



Figure 3: Mixed

will be �lled with bogus data which will not
be taken into account in the �nal results.
Each node gets a ray list, and must gen-

erate a new list for each child. If every vis-
ited node reserved memory dinamically for the
child lists, the process would be ine�cient.
To avoid this, a ray stack is used. On tree
construction, memory is allocated for a large
enough stack. For each traversal, that scack is
initialized with all the rays to be intersected
and sent to the root node. The ray lists for
the following nodes visited will be pushed and
poped into the stack as needed, avoiding the
need to allocate memory in each step.
Each node receives on the top of the stack

the rays which intersect it and which should be
processed. It calculates which of these inter-
sect its �rst child, and pushes them into the
stack. The child gets these new rays. Upon
�nishing processing the �rst child node, the
rays sent to the child are removed from the
stack, and the same process is done for the sec-
ond child. This procedure ensures that only
the rays which intersect one of the children
need to be stored in the stack.

3.4 Ray-triangle computation

Two variants have been used for ray-triangle
intersections:

• The standard Moller-Trumbore algorithm
[7], which tests intersection of one ray
with one triangle.

• A variation on the previous one, opti-
mized, with normals and various interme-
diate results precalculated, with the data
of four triangles packed, and making at
the same time the intersection of one ray
with four triangles with SSE.

The results are better (both in time and mem-
ory use) with the second option, (which re-

Figure 4: Stanford Bunny

quires lower depth trees), and therefore this
option was used in tests.

4 Performance

To study the e�ciency of this algorithm, three
di�erent scenes were used: Stanford Bunny

(69451 triangles), Dragon (0,8 million trian-
gles) and Happy Buddha (1,1 million trian-
gles). The scenes used were the same for all
algorithms.
To compare the algorithm proposed, Wald's

algorithm ([14, 13]) was simulated using our
own algorithm but limiting the maximum
number of rays which can be traversed to-
gether to four. This way, the spatial indexing
must be traversed repeated times with four ray
packets. The algorithm proposed is also com-
pared to a classic recursive algorithm which
traverses the rays through the structure one
at a time.
The results were obtained for a maximum

allowed depth of the spatial indexing tree of
16, 18, 20, 22 and 24, and the best results
were selected for each algorithm and scene.
For most of the cases, depth 20 was shown to
be optimal. All measurements were taken on
a 1.8 GHz Pentium-M with 512 MB of RAM.

4.1 Coherent ray comparison

For each case, a 100 image animation of the
camera rotating around the scene was gener-
ated, and the mean results were taken. Since
the rays have a common origin and cross con-
secutive pixels in the image plane, they present
high coherence.



Figure 5: Dragon

Figure 6: Happy Buddha

Table 1 shows the average results obtained
in MegaRays per second for the visualization
of the di�erent scenes for the three di�erent al-
gorithms. Figure 7 expresses this data graph-
ically.

Similarly, Table 2 shows the average frames
per second results obtained for the visualiza-
tion of the di�erent scenes for the three di�er-
ent algorithms. Figure 8 expresses this data
graphically.

n-Rays 4-Rays 1-Ray

Bunny 0,72 0,58 0,24

Dragon 0,51 0,42 0,19

Buddha 0,56 0,45 0,23

Table 1: Average performance in MegaRays per

second of the three di�erent algorithms when ren-

dering the scenes at a resolution of 2562 pixels.

It can be seen that the classic algorithm is
less e�cient in all situations. The other two
algorithms are clearly superior since they are

Figure 7: Average performance in MegaRays per

second when rendering the scenes at a resolution

of 2562 pixels.

n-Rayos 4-Rayos 1-Rayo

Bunny 8,31 7,06 3,31

Dragon 6,22 5,34 2,63

Buddha 6,9 5,78 3,17

Table 2: Images per second performance of the

three di�erent algorithms at a resolution of 2562

pixels for the visualizaton of the di�erent scenes.

Figure 8: Images per second performance at a res-

olution of 2562 pixels for the visualization of the

scenes.

able to parallelize calculations. Between these
two algorithms, our proposal obtains results
slightly better than the four ray packet ver-
sion. In particular, for the Stanford Bunny

scene we obtain a speedup near 3 with respect



to the classic recursive algorithm, with 4 being
the maximum theoretical speedup obtainable
by perfect parallelization of all calculations.
This small improvement of our algorithm

is due to the fact that the version with four
ray packets, since the rays are coherent, man-
ages to parallelize almost always their com-
putation. However, this is not guaranteed to
happen and sometimes the algorithm is forced
to break the packet, reducing the degree of
parallelism. Our algorithm manages to extract
for each node all the data volume to be pro-
cessed, so the probabilities of having packages
with less than four rays are smaller.

4.2 Comparison for non coherent rays

It was mentioned previously in this article that
the main advantage of traversing the tree with
all rays at the same time appears when non
coherent rays are used. These would be auto-
matically classi�ed upon descent through the
indexing tree and the probabilities of having
various rays in the same node (and therefore
parallelize their calculations) would be much
higher, especially in nodes near the root.
To demonstrate this a uniform distribution

has been generated in order to send random
rays with uniform density. For each ray to
be generated, two points are taken with uni-
form probability in the surface of the bounding
sphere of the scene [11, 12]. One of the points
is used as origin of the ray and the other is
used to generate a director vector.
Table 3 shows the average results obtained

in MegaRays per second for the computation
of non coherent rays which traverse the di�er-
ent scenes with the three di�erent algorithms.
Figure 9 expresses this data graphically.

n-Rays 4-Rays 1-Ray

Bunny 0,39 0,18 0,13

Dragon 0,28 0,15 0,11

Buddha 0,27 0,15 0,11

Table 3: Average performance in MegaRays per

second for the three di�erent algorithms. Rays are

not coherent.

Figure 9: Average performance in MegaRays per

second for non coherent rays.

It can be clearly observed that the results
obtained with the four ray packet version have
decreased notably with respect to the results
with coherent rays. The results are very simi-
lar to those of the classic algorithm. The rea-
son for this degradation in performance is that
when taking packets of four non coherent rays,
the probabilities that the packet breaks in the
high levels of the tree are very high, and the al-
gorithm degenerates into the conventional non
parallel algorithm.

Our algorithm, in contrast, continues to of-
fer a very high speedup with respect to the
classic version of the algorithm. The rays are
classi�ed upon descense of the tree, and the
probabilities of parallelization of computations
are much higher because of the higher number
of rays present.

The results obtained with coherent rays
were similar between our version and Wald's,
but with non coherent rays the results are no-
tably distant. This demonstrates the higher
ability of our algorithm to �nd parallelism in
the computation of the rays in all kinds of sit-
uations.

5 Conclusions and future work

Until now, acceleration techniques for ray-
tracing were useful only when it was easy to
�nd coherent rays to process in parallel, such
as primary rays. This article introduces a ray



tracing algorithm which instead of traversing
the spatial indexing of the scene once per ray
or per ray packet, it traverses the tree only
once with all rays simultaneously (or a max-
imum of eight times if the rays have director
vectors of di�erent sign).

This technique has been shown to present
the following advantages:

• Mainly, it can extract a higher level of
parallelism in ray processing. This hap-
pens even in the case of non coherent rays,
since these will be classi�ed during tree
traversal, and as long as two or more rays
visit the same node, this is detected and
the computation is parallelized. This is
especially evident in the higher levels of
the tree, which will be visited by a high
number of rays.

• Furthermore, a node will be visited at
most eight times, and not tens of thou-
sands as is the case in the rest of the algo-
rithms. This minimizes memory accesses
to load the tree nodes and the triangles
they contain.

As a future work, the ray stack scheme is not
e�cient when the number of rays arriving at a
node is equal or smaller than four. This may
happen in nodes near the leaves. An algorithm
which combines the use of the ray stack when
the number of rays is higher than four, and
which does not use it when the number of rays
is lower could solve this problem.

On the other hand, this algorithm tries to
increase vectorization in ray processing. For
each node in the spatial indexing all the data
volume to be processed is extrated, but the
operations must be carried out four at a time
which is the most SSE can vectorize. Archi-
tectures which can vectorize a higher number
of operations are hoped to yield even higher
speedup ([2]).

GPUs are processors specialized in this sort
of vector operations, so this algorithm is very
well suited for GPU implementation, in order
to make use of their higher parallel processing
capability.
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