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Abstract

In the ray-tracing community, the surface-area heuristic (SAH) is used as a de facto standard strategy for
building high-quality kd-trees. Although widely accepted as the best kd-tree construction method, it is
based only on the surface-area measure, which often fails to reflect effectively the rendering characteristics
of a given scene. This paper presents new cost metrics that help produce improved kd-trees for static scenes
by considering the visibility of geometric objects, which can affect significantly the actual distribution of
rays during ray tracing. Instead of the SAH, we apply a different heuristic based on the new concept of
voxel visibility, which allows more sophisticated estimation of the chance of a voxel being hit by rays. The
first cost metric we present aims at constructing a single kd-tree that is used to trace both primary and
secondary rays, whereas the second one is more relevant to secondary rays, involving reflection/refraction
or shadowing, whose distribution properties differ from those for primary rays. Our experiments, using
both CPU-based and GPU-based computation with several test scenes, demonstrate that the presented cost
metrics can reduce markedly the cost of ray-traversal computation and increase significantly the overall
frame rate for ray tracing.
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1. Introduction 15 where to position the splitting planes for effective
16 space subdivision.
1.1. Background The traditional SAH is based on the theory of

geometric probability [2], in which, simply assum-
ing that rays are uniformly distributed in space,
the probability that a random ray intersects with a
given voxel V' i.e., an axis-aligned bounding box,
is proportional to the voxel’s surface area SA(V).
Given two parameters Cr and C; that estimate the
cost of a node-traversal step and a ray—triangle in-
tersection step, respectively, the cost of partitioning
V' into two subvoxels Vi and Vg, using a splitting
plane P, is modeled as

Among the various spatial data structures, the
kd-tree is the most popular for static-scene ray trac-
ing, thanks to its reliably higher acceleration perfor-
mance. Although several attempts have been made
to build a good kd-tree, the best technique cur-
rently known is the surface-area heuristic (SAH),
which was introduced by MacDonald and Booth [1].
This is a typical greedy algorithm that constructs
the kd-tree in a top-down manner by recursively
subdividing a given bounding volume into two sub-

volumes. The key to the SAH is in its use of a cost- Cso(V,P)= Cr
prediction function that, via minimization, directs SA(V SA(V, (1)
+Cr ( L)|TL|+ ( R)|TR| :
SA(V) SA(V)

*Corresponding author (Tel: +82-2-705-8493, Fax: +82- 1; where Ty, and T each represents the set of triangles
2-704-8273) . . 18 that overlap Vz, and V. The plane that minimizes
Email addresses: oipini@sogang.ac.kr (Byeongjun . . . .
Choi), jerrun@sogang.ac.kr (Byungjoon Chang), 19 this cost function is then regarded as the best split
ihm@sogang . ac.kr (Insung [hm) » candidate (also refer to [3] for more details).
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Although used as a de facto standard method for
constructing high-quality kd-trees, the SAH makes
some assumptions that may not always hold for the
ray-tracing computation. For example, the SAH as-
sumes that rays are uniformly distributed in space,
coming only from outside the given voxel, and are
not blocked by objects during traversal. In practice,
however, the ray distribution is often quite nonuni-
form in space, being influenced by the geometry and
rendering parameters of a given scene.

One of the most influential factors that deter-
mine the actual ray distribution is the scene geom-
etry. Figure 1(a) illustrates a situation where much
of a voxel’s boundary exists inside an opaque ob-
ject. Here, the hidden surface area, marked by the
thicker line, may not receive rays, leading to a prob-
ability much less than that implied by its surface
area. Figure 1(b) shows an example of the incident
ray being dependent on the neighboring geometry.
Here, the surface area of the voxel, marked by the
thicker line, is relatively less likely to be intersected
by incoming rays than is the remaining open area.
This is because rays will enter the voxel through the
thicker-lined region mainly via reflection from the
wall and floor, which are mostly occluded by the
nearby object. If the reflector is diffusive, the prob-
ability would be much less in classic ray tracing in
which diffusive reflection is often ignored.

v t vV

P

(a) Hidden surface area  (b) Occluded surface

area

Figure 1: Two examples violating the assumptions made in
the traditional SAH. (a) Unlike open boundary points, a
hidden point pp may not attract an incoming ray. (b) Under
the assumption that rays are uniformly distributed outside
the voxel V, the probability of rays entering through ps will
be higher than for p1, because ps is more visible from outside.

In addition to geometric factors, the distribution
of rays is affected by the properties of other ren-
dering elements like lighting, material, and cam-
era. For example, the surface reflection property
determines how secondary rays are generated at a
surface point when hit by a ray. However, such a
ray distribution in a complex scene is often difficult
to predict precisely; rather, it is necessary to rely
on the simple assumptions made in the traditional
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SAH.

1.2. Our contribution

Aiming at accelerating ray-tracing computations
via an improved kd-tree, we present two cost met-
rics that can help choose a better split plane dur-
ing kd-tree construction. In building a kd-tree, our
method attempts to exploit a measure of geomet-
ric visibility inherent in a given scene, which affects
significantly the actual distribution of rays gener-
ated during ray tracing. For this, we introduce
the new concept of voxel visibility, which enables
better estimation of the chance of a voxel being
hit by rays. The first cost metric aims at build-
ing a single kd-tree that is used to effectively trace
both primary and secondary rays. The second cost
metric is more relevant to secondary rays, involving
reflection/refraction or shadowing, whose distribu-
tion properties differ from those for primary rays.
By introducing an additional kd-tree dedicated to
tracing the secondary rays, we find that ray-tracing
performance can be improved further.

Because our method requires a nontrivial pre-
computation of visibility information in 3D space, it
is currently limited to static scenes. However, while
dynamic scenes are widely used nowadays, build-
ing efficient kd-trees for static scenes is still impor-
tant especially when large ones are visualized. It
may also be useful for dynamic scenes where only a
small portion of triangles need to be updated. For
instance, in a scene of a couple of persons moving
around in a big hall, using two trees as suggested
in previous work [4], say, an optimized kd-tree for
the large static geometry, allowing an overall fast
ray tracing and another hierarchy for the small dy-
namic geometry, permitting a fast update, could
possibly be a more promising choice than rebuild-
ing the entire large scene per every frame in spite
of the recent successful GPU-based techniques for
the complete hierarchy construction [5, 6, 7] (see
Figure 2).

From experiments with several example scenes
and by rendering via both CPU-based and GPU-
based computation, we demonstrate that the pre-
sented kd-tree construction techniques produce a
noticeable reduction in the cost of kd-tree traversal
and ray—object intersection computations, leading
to a significant increase in the overall frame rate for
ray tracing.
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Figure 2: Hybrid acceleration hierarchies. In this example
scene, a man is chasing another man (78,028 triangles per
man) in a cafe (1,735,079 triangles). When the entire geom-
etry was built into a standard SAH-based kd-tree, it took
110.6 ms to ray-trace this frame at resolution 1024 x 1024 on
an NVIDIA GeForce GTX 480 GPU. When we maintained
two hierarchies, that is, a precomputed voxel-visibility based
kd-tree for the static cafe and a dynamically updated bound-
ing volume hierarchy (BVH) for the two men, and traced
them respectively for rendering, it took 98.3ms including
the BVH update time. When 9 different camera views were
tested while they were running, the two-tree scheme was
faster by 7.1% on average. Considering that the above tim-
ing of the one-tree scheme does not contain its hierarchy
rebuilding time for the entire geometry, the two-tree scheme
may be a promising choice in such a situation.

2. Related work

As widely agreed, the kd-tree is known to be a re-
liably optimal acceleration structure for ray-tracing
a static geometry, particularly when combined with
such techniques as frustum traversal [8] and coher-
ent packet tracing [9]. Although several strategies
are possible, the SAH method is generally acknowl-
edged to produce the best kd-trees [3, 10]. As intro-
duced by MacDonald and Booth [1], this strategy
chooses the splitting plane by minimizing a cost
function based on the surface area. To improve
its ray-tracing performance further, Havran investi-
gated various factors that influence the performance
of a hierarchical spatial-subdivision structure and
suggested an enhanced cost metric [3]. Wald and
Havran introduced an O(nlogn) algorithm that
builds robust kd-trees using the SAH [11]. Hunt
et al. [12] and Popov et al. [13] presented a faster,
scanning-based algorithm that approximates the
SAH cost function but causes only a little perfor-
mance degrade in terms of ray tracing time.
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Alternatively, there have been other attempts to
improve the performance of kd-trees. Adjusting
the cost metric in favor of split planes that cre-
ate some empty cells has been shown to be effec-
tive by many practitioners [3, 14]. Hunt showed
that correcting the surface-area metric in terms
of mailboxing improved the rendering performance
by reducing the rate of intersection test [15]. As
mentioned in the Introduction, the traditional SAH
often suffers from (somewhat unrealistic) assump-
tions, which may lead to incorrect probabilities for
a voxel being hit by rays. To ease this problem,
Reinhard et al. [16] and Havran [3] introduced a
blocking-factor concept that aims at measuring the
degree to which rays are occluded by objects in-
side a given voxel. Fabianowski et al. modified the
SAH cost metric to take into account rays origi-
nating inside voxels [17]. Interestingly, there was
also an attempt to find a better cost metric that
allows a more efficient kd-tree for organizing point
datasets for photon mapping [18]. Recently, Ize and
Hansen derived a cost metric that determines which
child node a ray should traverse first for efficient
occlusion-ray traversal [19].

Our approach is unique in that we exploit the
notion of visibility for improving the quality of
kd-trees. Computation of visibility is one of the
most fundamental issues in 3D graphics and has
often been an essential part in developing effi-
cient graphics algorithms. In particular, there
have been several attempts to mathematically de-
fine the visibility measure suitable for solving spe-
cific problems including, for instance, mesh simpli-
fication [20], path optimization [21], illumination
computation [22], real-time walkthrough/shadow-
ray acceleration [23], and so on. (Also see [24] for
a general introduction.)

3. New cost metric for kd-tree construction

3.1. Outgoing and incident ray densities

To derive a new cost metric for kd-tree construc-
tion, we first define a density function é(z,w) =
d’R

Joav» called the outgoing ray density, which spec-
ifies the amount of rays per unit solid angle per
unit volume that originate from a point z in the
direction w. This function aims at describing the
nonuniform distribution of rays, whether primary
or secondary, generated in the scene domain during
ray tracing.



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

l 191

192

193

194

195

I Symbol [ [ Quantity
6(x,w) outgoing ray density
plx,ng) incident ray density
Yext (V) the amount of rays entering V' from outside
Yinte(V) the amount of rays originating from inside V'
T(V) voxel visibility
P (z,ng) surface visibility
TIH(V)
e (V) surface-visibility based quantities
Tiee(v)
Csa(V, P) surface-area based cost function
Couo(V, P) voxel-visibility based cost function

196

Table 1: Symbols and their meaning.

Next, we define an incident ray density,
p(z,ny) = 9% which expresses the differential

number of rays that arrive at a differential area
around a surface point z with normal n,. It in-
cludes all incoming rays that originate from an ar-
bitrary point in the visible region of the half space
specified by x and n, and arrive at = (see Figure 3).

scene domain
\

. visible region ,”
7/

Figure 3: Space of possible ray origins with respect to a
surface point  with normal ng;. Here, v(z,w) denotes the
distance to the first hit by the ray shot from z in the direction
w. This quantity, combined with the outgoing ray density,
indicates the degree to which z is visible from possible ray
origins along the sample direction. If there is no intersection,
it is set to the distance to the boundary of the axis-aligned
bounding volume of scene, which defines the space where
rays may start.

By the definition of the incident ray density, it
becomes that

plr,ng) = R(z,w) cos 8 dw,

Q

where R(z,w) = Ifj—dﬁ denotes the amount of rays
per unit solid angle per unit area arriving from the
direction w, and cos# is the angle between n, and
w. Although easy to understand intuitively, precise
computation of this measure is not easy to achieve,
in general. In practice, we require a numerical ap-
proximation method for the density function.
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Consider the hemisphere 2 specified by = and
ng. If m directions are sampled uniformly over the
hemisphere (stratified sampling is used in our im-
plementation), we obtain an approximation, which
is expressed in terms of the ith sample direction w;:

m—1
2m
plz,n ;:0 (z,w;) cos i (2)

Note that R(z,w;) fu("L w‘)é (x4t w;, —w;)dt,
where v(z,w;) is the visibility term described in the
caption of Figure 3. If we make another approxi-
mation by subdividing the line segment [0, v(z,w;)]
into intervals of length Ah, we get to the following
formula

m;
R(z,w;) 25(9%, —w;)Ah, (3)

j=1
where m; = [v(z,w;)/Ah] and z;; = z + (jAR)w;.
Then, by combining Eq. (2) and (3), we obtain the
following approximation to the incident ray density:

p(z,n,)
m—1 m;
- 4
~ 2rAh E ( E 5(x”,wi)> cos ;. (4)
m 4 ;
=0 j=1

Interestingly, this general notion of incident ray
density includes the notion of obscurance [25] as a
special case. (Recall that the popularly used ambi-
ent occlusion is itself a special case of the obscu-
rance.) That is, in the particular case in which the
outgoing ray density is constant, say d(z,w) = 1,
throughout the entire open space, Eq. (4) is simpli-
fied further as follows:

3
L

[N

T v(x,w;) cosb;.

pla,ns) ~ = )

Il
=)

This formula, as a special case of the obscurance, is
intuitively straightforward in that, only when the
rays are uniformly generated in empty space, the
number of rays hitting a differential area depends
mainly on the openness of the space above the area.

3.2. External rays entering voxel V' from outside

Having an approximation to the incident ray den-
sity at a point, the total number of rays arriving at
a given (planar) surface area A with surface nor-
mal n, can be estimated by calculating the integral
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J 4 p(x,nz)dA. Consider a voxel V' in the scene do-
main. The number of ezxternal rays that enter V
from outside is naturally expressed as

(6)

ov;

6
Te:rt(v) = Z / p(x, nz) dA,
i=1

where 0V;, ¢ = 1,2,---,6, denote the respective
rectangular faces of V.

Although this is a clear definition, it is imprac-
tical to evaluate it precisely, on the fly, for each
voxel tested during kd-tree construction. To esti-
mate the six component integrals more rapidly, we
partition the scene domain into a rectangular grid,
where the incident ray density is estimated at the
center p;;;, of each grid cell ¢;;, using the numer-
ical formula of Eq. (4) or Eq. (5). In particular,
each cell stores the six density values of p(p;jk,n)
forn € {zF, 27, y*, y~, 27, 27}, where 7 and
2~ represent the principal z-axis directions (1,0, 0)
and (—1,0,0), respectively, and the other vectors
are defined similarly for the remaining two axes.

After the density map is prepared, Y...(V) is ap-
proximated by summing the area-weighted incident
ray density for all overlapped cells as follows:

>

CijkN BV#@

Yewr(V) = P(Pijks Mijk) - Apijk-

Here, Ap;j. denotes the area of the rectangle
formed by the intersection of the voxel’s boundary
0V with cell ¢;;1, and the direction n;;j, is inherited
from the corresponding boundary face.

3.3. Internal rays originating within voxel V

In addition to the external rays, the rays that
originate from inside the voxel V' also cause to visit
the kd-tree node corresponding to V. The amount
of these internal rays can be expressed naturally in
terms of a volume integral

twlV) = [ 5(z,) dwdV,  (7)
VN-0 J4r
where O indicates the hidden space occupied by
closed objects in the scene. If we assume a uniform
density d(z,w) = 1 over the empty space, it simpli-
fies to Yint (V) = 4nE(V), where E(V') represents
the volume of the empty region of V.

For efficient on-the-fly approximation to the in-
tegral during kd-tree construction, we perform ad-
ditional preprocessing, whereby the scene’s bound-
ing volume is subdivided into a rectangular grid of
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small cells. To find cells in the open space, we apply
a region growing technique that marks them by it-
eratively visiting neighboring cells in the empty re-
gion starting from a seed cell. Then, for each of the
marked cells, the (estimated) total number of rays
originating inside the cell is recorded. (For example,
if we assume a uniform density, the stored value is
the cell’s volume.) Then, for voxel V', T, (V) can
be estimated rapidly by simple addition of these
values for the cells inside V.

3.4. Cost metric based on vozel visibility

We can now obtain the total amount of rays that
cause to traverse the corresponding node in the kd-
tree by adding the two integrals

T(V) = Tear(V)+ Tine(V). (8)

Informally, T (V') implies the visibility of voxel V,
in that it indicates how visible the voxel is to rays
possibly flowing in the scene. Therefore, in this
work, we call the quantity T(V') the vozel visibility.

Based on this measure, we have a new cost-
estimation function, which is similar to the surface-
area metric in Eq. (1), but which considers the
nonuniform ray distribution when building a more
effective kd-tree:

C’U’U(‘/?P) = CVT

T(VL)
" CI(T(V)

T(Vr)
T(V)

(9)
1l + e (7))

As will be demonstrated shortly, the new metric
tends to provide a more sophisticated estimate for
the chance of node traversal than that of the SAH
by considering the actual geometry of the scene.
Note also that our visibility measure ameliorates
the problem arising from the unrealistic assump-
tion in the original SAH that no ray is hindered
by geometric objects during its traversal. Unlike
previous work, e.g., [3, 16], in which an explicit
blocking-factor term is used in the cost function,
our method implicitly incorporates the occlusion of
rays by objects in the cost metric.

3.5. Adapting the visibility heuristic for secondary
rays

Although the cost function Y (V') described above
is designed to handle all types of rays, whether pri-
mary or secondary (i.e., reflection/refraction and
shadow rays), the idea of voxel visibility can be
extended further for secondary rays. In contrast
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to primary rays, secondary rays always originate
from the surfaces of objects. Based on the heuristic
that more secondary rays tend to be generated from
more visible surface regions, we adjust the incident
ray density function to take account of surface vis-
bility.

Let y; and ny, denote the position and normal
direction, respectively, at the closest surface point
visible along a ray originating from a given point
z and pointing in the direction w; (see Figure 4).
We take the incident ray density p(y;,ny,) at y; as
a measure of how densely the secondary rays origi-
nate from y;. Considering the angle ¢; between n,,
and —w;, the number of differential rays from the
direction w; through the cone of solid angle %’T may
be approximated as %p(yi7nyi)cos ¢;cosb;. The
total number of secondary rays can then be com-
puted by summing these quantities over all direc-
tions as follows (compare with the approximation
in Eq. (5)):

[u

m—

Z p(Yi,ny,) cos ¢; cos 0;. (10)

7=

psec(x7 nw) =

™
m
Using this modified density value, the external vis-
ibility of voxel V' can be expressed as before:

6
V) =Y [ da. (11)
i=170Vi

For a practical estimation of p*¢¢(x, n,), we sub-
divide triangles in the scene into smaller subtrian-
gles and compute the incident ray densities at their
centers in the preprocessing stage. Then, when the
hemisphere around z is sampled, a nearest-neighbor
filter is applied to obtain p(y;,n,,), for which the
density value of the subtriangle containing y; is
taken into account.

Figure 4: Incident ray density based on surface visibility.

Similarly, the internal visibility, which indicates
the number of secondary rays originating inside V,
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can be obtained by a discrete sum of the incident
ray density over surfaces contained in V:

see(V) = / pl,ny) dA
o0oNv

>

v subtri. 4 in V

(12)

Q

p(xiv nfﬂz) : Axiv

where 0O is the surface of geometric objects, x;
is the center of the ith subtriangle, and Az; is its
area. Then, using the surface-visibility-based cost
metric

’I“SEC(V) — TS@C(V) JF ’I‘S@C(V),

ext nt

(13)

we can build another kd-tree, dedicated to tracing
secondary rays.

3.6. Some implementation details

Building a hybrid kd-tree As explained be-
fore, our method estimates the incident ray density
values at given grid cells, and then use them for the
kd-tree construction. When the grid’s resolution
is high enough compared to the size of the given
voxel, this approach wusually provides a good
estimate for the visibility metric. However, with a
fixed grid resolution, it becomes less accurate as the
relative size of a node’s bounding box decreases.
In our scheme, rather than relying on the possibly
error-prone voxel-visibility metric computed during
kd-tree construction, we apply the original SAH
if the ratio of the grid-cell size to the voxel size is
above a preset threshold value as denoted as Cf,
in Section 4. As a result, we actually obtain a
hybrid kd-tree for which both voxel-visibility and
surface-area heuristics are employed, the former
for the upper levels and the latter for the lower
levels of the kd-tree. This hybrid approach is a
compromise between the computational cost and
the accuracy of the estimation.

Placing an empty box at the top of the tree
Another simple modification we have made for ef-
ficient kd-tree construction is to place an empty
space at the top of the kd-tree, if it is appropriate.
In [3], Havran noted that cutting off empty spaces
is highly effective for the upper levels of the tree. In
addition to the frequently used technique that tries
to maximize empty spaces during the evaluation of
cost metric, we attempt to find a large empty axis-
aligned box inside a given scene in the preprocessing
step and utilize it for building a better kd-tree.
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Since finding the ‘best’ box is an intractable prob-
lem, we take a simple heuristic approach, based on
the region growing algorithm described in Subsec-
tion 3.3. Starting from each empty cell found, an
axis-aligned empty box is built by extending it into
the positive z, y, and z directions as much as pos-
sible. Then the one with the largest volume is se-
lected as the candidate. During the kd-tree con-
struction, the six planes containing the faces of the
empty box are first selected as splitting planes to set
up the initial tree. Then our voxel-visibility heuris-
tic is applied to each nonempty node to complete
the tree-building computation.

As will be discussed later, this heuristic gives
a meaningful performance increase in frame rate
above that achieved without placing the empty box
only if there exists a ‘good’ empty box. In addi-
tion, it must be noted that locating an empty box
in the first stage of tree building may enable time
and space savings in building the discretized inci-
dent ray density map because there is no need to
calculate the density values for those cells residing
wholly inside the empty box.

4. Experimental results

To show the effectiveness of our method, we have
built kd-trees using the presented cost metrics, and
compared their timing performances with those
of corresponding SAH-based kd-trees. Table 2
shows statistics from the tested example scenes for
various numbers of triangles, reflection/refraction
bounces, and lights. As it is well understood, the
ray-tracing performance depends noticeably on
the parameter values for the applied rendering.
To analyze the new cost metrics accurately, we
started with a wide range of parameter values and
then selected four or five representative parameter
sets per scene (Figure 5 shows the selected camera
views). In our experiments, we measured the
execution times for both CPU- and GPU-based
computation, using a 2.67 GHz Intel Core i7 CPU
and an NVIDIA GeForce GTX 480 GPU.

Construction of the kd-trees All the tested
kd-trees were built using a similar construction al-
gorithm to that employed in the standard SAH
method [11] except for the use of different cost met-
rics. Given Cr = 1, we used the relative intersec-
tion cost Ct = 2 (for both the CPU and the GPU)
for the surface-area heuristic and C; = 0.7 (CPU)
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Scene # of Reflection # of
triangles bounces lights
KITCHEN_A 36,002 2 1
KITCHEN_B 101,015 2 4
CONFERENCE 190,947 2 1
SPONZA 255,856 3 1
FAIRY 174,117 3 3

Table 2: Test scene statistics.

and C; = 1 (GPU) for the voxel-visibility heuris-
tic. For our experiments, these were the values that
achieved the best results. Note that the ratio of Cy
to Cr influences the tree-construction process by
affecting the termination of voxel subdivision. Be-
cause the metrics used in the SAH and in our voxel-
visibility heuristic are different in nature, the ratios
that give the best performance may be different for
each heuristic.

To provide the best ray-tracing speed for each
scene, we chose, manually for each scene, an empty
bonus multiplier that usually ranged between 0.5
and 0.9. In addition, the empty-box heuristic was
applied during new tree construction unless said
otherwise. Also, the switch was made from the
voxel-visibility to surface-area heuristic when the
ratio between the length of the smallest axis of
the voxel and that of the cell became smaller than
a given threshold Cp, whose value usually stayed
around 15.

For each test scene, its domain was discretized us-
ing a rectangular grid of resolution 256 x 256 x 256.
To avoid the redundant computation, we first sam-
pled 4,096 directions uniformly around each cell’s
center using stratified sampling, and then used this
sampled data to compute the incident ray density
for each of the six directions (this amounted to
2,048 direction samples over the hemisphere per
density value). In addition, the surface visibility
was evaluated at 1,000,000 sample points over the
geometry.

Most of the preprocessing time was spent on
building the incident ray density fields. The
KITCHEN_B scene, for example, required 202.6
seconds to evaluate the density values (Eq. (5))
using the GPU, whereas only 7.21 seconds were
necessary for the CPU to construct the hybrid
kd-tree using the density field. When a second
kd-tree was optionally built using the surface
visibility, 19.8 seconds were required for the GPU
to approximate the density values (Eq. (5)) at the



(a) KITCHEN_A 1 (b) KITCHEN_A 2 (c) KITCHEN.A 3  (d) KITCHEN_A 4  (e) KITCHEN_A 5

(f) KITCHEN_B 1 ) KITCHEN B 2 (h) KITCHEN B 3 (i) KITCHEN B 4

(j) CONFERENCE 1 (k) CONFERENCE (1) CONFERENCE 3 (m) CONFERENCE
4

N

(p) SPONZA 3 (q) SPONZA 4 (r) SPONZA 5

(s) FAIRY 1 (t) FAIRY 2 (u) FAIRY 3 (v) FAIRY 4

Figure 5: Test scene statistics and camera views of example scenes. Because the visibility of the region seen by the camera
affects the performance of our visibility-based kd-trees, we selected camera views of various visibilities, ranging from good to
bad, to enable fair comparison with the SAH method.
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1,000,000 surface sample points. The GPU then
required 629.0 seconds to estimate the density
values (Eq. (10)) at the grid centers (includ-
ing the nearest surface-sample search using a
200 x 200 x 200 grid). An additional 8.50 seconds
were spent by the CPU constructing the actual
kd-tree. On the other hand, it took 5.39 seconds
for the CPU to build the corresponding SAH tree
for the scene.

Comparison with the standard SAH In com-
paring the voxel-visibility heuristic with the stan-
dard SAH, two different tests were performed. In
the first voxel-visibility heuristic test (VVHI), a
single kd-tree was built via the visibility metric
T(V) described in Section 3.4. This was used
for tracing both primary and secondary rays. In
the second voxel-visibility heuristic test (VVH2),
we built a kd-tree for tracing only primary rays,
and constructed another kd-tree, using the metric
T5e¢(V) described in Section 3.5, for tracing sec-
ondary rays. Table 7 shows the overall statistics
for the frame rates achieved when a 1024 x 1024
image was generated by full ray tracing using four-
threaded 4 x 4 SIMD ray packets for the CPU and
CUDA blocks of 8 x 8 threads for the GPU.

As summarized in the graph of Figure 6, the
new kd-tree construction heuristics achieve signif-
icant overall improvements in the rendering time,
giving up to 53% and 42% speedup in the CPU-
based and GPU-based computations, respectively.
Although the speedup achieved differs slightly be-
tween the CPU-based and GPU-based versions, the
measurements exhibit a quite consistent pattern of
improvement. The test results indicate that one
of the most significant factors affecting the ren-
dering performance is the visibility of the region
within the camera’s viewing volume, as was the fo-
cus of our work. It is observed that our visibility-
based cost metrics tend to generate leaf nodes in
the higher-visibility regions at the upper (closer to
root node) levels of trees than the SAH metric, en-
abling ray traversal within such regions to be more
efficient. (Note that this does not mean that larger
leaf nodes are created in the higher-visibility re-
gions.) For example, when the camera views an
open, mostly unoccluded space, as in Frame 5 of
KITCHEN_A (Figure 5(f)), the visibility-based kd-
trees give very good performance. However, they
offer relatively little speedup in the rendering com-
putation when the camera views a region of low vis-
ibility, as in Frame 2 of KITCHEN_A (Figure 5(c)).
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In general, however, the visibility-based kd-trees
perform quite favorably when compared with the
SAH, for both types of processors.

60%

=+<»+ VVHI on CPU
~—VVH2 on CPU
=+<®+ VVHI on GPU
~4—VVH2 on GPU

50%

12 3 4 5 1 2 3 4 1 2 3 4 1 2 3 4 5 1 2 3 4
KITCHEN A KITCHEN_B ~ CONFERENCE SPONZA FAIRY

Figure 6: Speedup above the SAH method. Although the
performance enhancement depends on several parameters of
the test scenes, our experiments show that the cost func-
tions based on voxel visibility perform very favorably when
compared with the SAH.

As expected, the efficiency of the two-tree scheme
(VVH2) over the one-tree scheme (VVHI) depends
on how frequently secondary rays are generated in
comparison with primary rays. For example, the
same number (i.e., 1,048,576) of primary rays were
shot to render the KITCHEN_B 2 and SPONZA 2
frames, but the numbers of traced secondary rays
differed significantly, with 8,986,528 rays (1,163,616
reflection rays and 7,822,912 shadow rays) and
1,071,232 rays (120,640 reflection rays and 950,592
shadow rays) being shot, respectively. Using a sec-
ond kd-tree dedicated to the secondary rays en-
abled an additional 9.2% speedup via the CPU for
the KITCHEN_B frame, whereas only a 1.7% im-
provement was observed for the SPONZA frame.
It would be natural for the two-tree scheme to be-
come more effective when secondary rays outnum-
ber primary rays, as in scenes containing many
lights, soft shadows, and/or high numbers of re-
flection bounces.

It should be noted that the speedup values given
in Table 7 are with respect to the entire ray-tracing
time, including the setup and shading computa-
tions. The actual improvement attributable to the
new kd-trees is better than those figures indicate,
as is demonstrated in Table 8, which compares
the costs of kd-tree traversal and ray—triangle
intersection for the three types of rays. We observe
that the cost metric Y(V), used to build the
kd-tree in VVHI, tends to reduce both costs
equally. In contrast, the metric Y*¢¢(V'), applied
to building the second kd-tree in VVH2, appears
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(e) Traversal cost (VVH2)
|
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(g) Color map

Figure 7: Per-pixel counts of kd-tree traversal and ray—triangle intersection steps for the CONFERENCE scene. Each triplet
of images shows a typical pattern for the respective costs to the CPU for handling primary, reflection/refraction, and shadow
rays, in which the numbers of tree-traversal steps (‘Traversal cost’) and ray—triangle intersection operations (‘Intersection cost’)
carried out per pixel are color coded, increasing from red through yellow, green, and blue to white. Here, white indicates 180
and 60 for the traversal and intersection computations, respectively.

to offer more efficiency in reducing the intersection
computation during secondary-ray tracing, which
takes relatively longer than the traversal part
on the CPU, despite the use of optimization
techniques such as mailboxing. In some tests, the
kd-tree traversal for the secondary rays was slower
than for the SAH, as it tried to maximize the
gain in the intersection part. In Figure 7, which
illustrates the per-pixel counts of the tree-traversal
steps and the ray—triangle intersection operations
performed on the CPU, this tendency is clearly
observed, with the major cost reduction being
found more easily in the intersection part.

Effect of the empty-box heuristic As ex-
plained in Subsection 3.6, the heuristic of placing
an empty box at the top of the kd-tree is often effec-
tive when a given scene contains large empty space
inside it. Among the tested scenes, KITCHEN_B
and KITCHEN_A are the two for which this heuris-
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tic worked best in most cases. As indicated by the
statistics in Table 3, it offered good improvement in
frame rate for both the SAH and VVH2 schemes,
which is remarkable considering the simplicity of
the technique. When the heuristic was applied to
both construction methods for the KITCHEN_B
scene, the voxel-visibility heuristic gave only 5%
to 11% speedup over the SAH. This is because
the selected empty box produced the top portion
of the kd-tree so effectively that the advantage of
exploiting the voxel visibility during the kd-tree
construction was reduced. Nevertheless, for the
KITCHEN_A scene, we can see that the voxel-
visibility heuristic still achieved more than 20% of
additional increase in frame rate.

Note that the empty-box heuristic is effective
only when a given scene contains a ‘good’ empty
box inside it. We tested the heuristic with another
scene (KITCHEN_A*), which is the same as the
KITCHEN_A scene except it additionally contains
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Scene ‘ ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘

SAH X 1.07 1.14 1.19 0.74
KIT. B SAH O 1.17 1.25 1.33 0.82
VVH2 x 1.09 1.22 1.25 0.77
VVH2 O 1.23 1.39 1.46 0.86
SAH Xx 6.05 6.79 8.57 5.72 5.97
KIT. A SAH O 6.82 6.89 9.59 6.76 7.43
VVH2 x 8.29 | 8.10 11.13 7.80 | 8.20
VVH2 O 8.48 8.33 11.37 | 8.08 | 9.08
SAH X 6.07 | 6.28 8.06 5.88 | 6.58
KIT. A* SAH O 6.09 | 6.30 8.08 5.90 | 6.65
VVH2 x 7.56 7.23 10.18 7.09 7.77
VVH2 O 7.32 7.42 10.05 | 6.88 7.85

Table 3: Effect of the empty-box heuristic. The SAH and
VVH2 methods with (O) and without (x) the empty-box
heuristic applied are compared. The scene KITCHEN_A* is
identical to KITCHEN_A except that the model additionally
contains 100 small cubes in the open space that hinder from
locating a ‘good’ empty box. The frame rates achieved when
a 1024 x 1024 image was generated on the CPU are reported.

(a) KITCHEN_A* 1

(b) KITCHEN_A* 3

Figure 8: Two camera views of KITCHEN_A*.

100 randomly distributed small cubes in the open
space, which hinder from finding large empty
space (see Figure 8). As can be seen in Table 3,
only insignificant improvement was accomplished
by the heuristic in both kd-tree contraction
methods. On the other hand, the voxel-visibility
heuristic consistently achieved about 20% speedup
on average whether the empty-box heuristic was
applied or not. Lastly, it should be noted that
using more than one empty box only slowed down
the ray tracing computation because the increasing
number of splitting planes for them diminishes the
positive effect of the heuristic.

Test with some other models We also tested
our method with some additional scenes to see how
our method performs on larger models. Table 4
shows the statistics collected on the same CPU for
the Soda Hall model (2.4M triangles), which has
complex occlusion. To compute the voxel visibil-
ity, the entire scene domain was discretized into
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a 1024 x 1024 x 1024 grid, where 2,048 directions
were sampled using stratified sampling over the
hemisphere around each cell’s center. To compute
the surface visibility, on the other hand, 1,000,000
points were uniformly distributed over the geom-
etry. During new kd-tree construction, a switch
from voxel-visibility to surface-area heuristic was
made with the threshold value of C;, = 10, and
the empty-box heuristic was not applied because it
only made an insignificant improvement in render-
ing speed for this model.

| Cam. [[ SAH | VVHI [ VVH2 |
1 2.63 | 2.64 (0.5%) | 2.58 (-1.6%)
2 291 [ 3.06 (54%) | 3.12 (7.4%)
3 224 | 2.47 (10.3%) | 2.53 (13.1%)
1 0.79 | 1.50 (89.0%) [ 1.53 (92.9%)

Table 4: Rendering speed comparison with the standard
SAH method. The frame rates achieved when a 1024 x 1024
image was generated by full ray tracing the Soda Hall model
on the CPU are reported. For this model, the idea of placing
an empty box at the top level of the kd-tree was not applied
because it does not contain empty space inside the scene that
is large enough to allow a significant performance increase.

(a) SODA_HALL 1

(c) SODA_HALL 3

(d) SODA_HALL 4
Figure 9: Camera views of SODA_HALL.

Figure 9(a) to (d) show the four representative
camera views that we selected for fair comparison
with the SAH method. When the camera viewed
the building from the outside (the SODA_HALL
1 frame), no improvement in frame rate was ob-
served with our kd-trees. For this particular frame,



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

the SAH tree was sufficiently efficient because the
SAH’s assumption that rays come from outside the
scene is rather effective due to the camera’s position
and orientation, and there was no room for the vis-
ibility idea to work. Using two trees (VVH2) only
slowed down the rendering process.

In the second frame (SODA_HALL 2), the cam-
era was still outside the building. However, the
nontrivial occlusion situation that its view created
caused our kd-tree schemes to produce higher frame
rates. When the camera was put in a room (the
SODA_HALL 3 frame), the voxel-visibility based
kd-trees started to provide significant improvement
in frame rate over the standard SAH tree as in-
tended. In the fourth test frame (SODA_HALL 4),
we observed a somewhat unusual performance gain
of 89.0% and 92.9% by our methods. We don’t ex-
actly know the reason for this, but conjecture that
the SAH tree was built rather poorly around that
particular region.

In addition, to understand how our methods per-
form in a simple situation like when a single scanned
model is viewed, we tested with the DRAGON
model (871K triangles) put in a rectangular room
with reflective walls (see Figure 10 for some exam-
ple views). As expected and clearly indicated in
Table 5, it was hard to find any meaningful perfor-
mance difference between the voxel-visibility and
surface-area heuristics, particularly if a single-tree
scheme (VVHI1) was used. The reason for this poor
performance is basically the same as that of the
SODA_HALL 1 frame as we explained. With the
two-tree scheme (VVH2), some increase in frame
rate, although limited, was seen thanks to the effi-
cient processing of reflection rays by the secondary,
surface-visibility based kd-tree.

[Cam. | SAH [ VVHI | VVH2
1 1.35 | 1.34 (-0.2%) | 1.39 (3.5%)
2 139 | 1.36 (-1.8%) | 1.44 (3.5%)
3 131 | 1.33 (1.5%) | 1.31 (0.2%)
4 152 | 1.53 (0.7%) | 1.60 (4.8%)
5 1.92 | 1.92 (0.1%) | 2.0 (5.0%)

Table 5: Rendering speed comparison with the standard
SAH method. The frame rates achieved in the same CPU
environment are reported for the DRAGON model.

Comparison with other methods We com-
pared our cost metrics with another variant of the
SAH, presented by Fabianowski et al. [17], which
may be viewed as a simplified version of our method
in that the cost function also reflects internal rays
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L
(b) DRAGON 5

(a) DRAGON 3

Figure 10: Two camera views of DRAGON.

originating within voxels. In this test, we built the
corresponding kd-trees simply by replacing our cost
metric with the ‘fast approximation’ measure, and
examined two pairs of constant parameters, namely
(Cr = 1,Cr = 3), which was used in their pa-
per (‘[FFD09] (a)’), and (Cp = 1,Cr = 2), which
showed the best performance improvement gener-
ally in our test environment (‘{(FFDO09] (b)’).

50%

—&— VVH2
40%

++Ge+ [FEDO09] (a)

—o— [FFD09] (b)

12 3 4 5 1 2 3 4 1 2 3 4 1 2 3 4 5 1 2 3 4

KITCHEN_A KITCHEN_ B~ CONFERENCE SPONZA FAIRY

Figure 11: Comparison with the cost metric of [17].

As illustrated in Figure 11, the resulting
speedups show that our method (‘VVH2’), evalu-
ated with the constant pair (Cr = 1,C; = 1) as
mentioned above, consistently outperformed their
approach, although the differences vary slightly de-
pending on the chosen parameter set. Note that
their idea of considering both internal and exter-
nal rays in estimating the probability of a node be-
ing visited was valid. However, because they were
more concerned with a rapid approximation to the
probability, their simplified formulation was rela-
tively limited in modeling effectively the ray dis-
tribution in space. Our visibility-based strategy re-
quires more time for evaluating the cost metric, but
as the scenes become more complex, the better our
relative performance will become.

To confirm that these improvements were
not specific to our implementation, we
also experimented with a different GPU
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ray tracer, publicly available at http://
degi.felk.cvut.cz/members/havran/rtgpu2009/ [26].
To avoid modifying its core implementation, which
employs a single kd-tree for acceleration, we
examined only the single-tree scheme (VVHL1), in
which the tested kd-trees were simply converted
to its file format. The experiment was performed
on the NVIDIA GeForce GTX 280 GPU, on which
(we assume) the ray tracer was implemented.
Figure 12 displays the speedups achieved with
respect to the standard SAH kd-tree scheme.
Compared with the figures achieved with our GPU
ray tracer (‘VVH1 on GPU’ in Figure 6), we again
obtained good performance gains, although the
graph exhibits a slightly different improvement
pattern. Considering that this ray tracer was not
tuned for our kd-tree construction algorithm, and
that we still achieved on average a more than 15%
increase in frame rate with the GPU, we believe
that the results we have presented will not be
limited to our particular ray tracers.

45%
40%
35%

BVVHI on GPU

30%

25%

20%
15%
10%
Il RAnl
0%

2 3 4 1 2 3 4 5 1 2 3 4
KITCHEN_B  CONFERENCE SPONZA FAIRY

2 3 4 5 1 2 3 4 1
KITCHEN_A

Figure 12: Speedup above the SAH method, using a publicly
available GPU ray tracer [26].

Estimation of the expected costs Finally,
we estimated and compared the expected costs
of the complete kd-trees T that were built us-
ing the two different strategies, where we modified
the often-used expected cost [3, 27], by replacing
the surface-area term SA(V) with the new term
RayHitCount(V):

RayHitCount(Vn

)
C(T) = Cr- > :
NN es RayHitCount(Vs)
RayHitCount(Vy)
+ o Z RayHitCount(Vs) e

LeLeaves

Here, Vg is the axis-aligned bounding box of the
entire scene, ny, is the number of triangles in leaf
node L, and RayHitCount(V) of voxel V is the
number of rays that either originate within V or
start from outside but intersect with V', incurring
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| Scene || SAH | VVHI() | VVHI(2) |
KITCHEN_A 30.71 26.48 2342
KITCHEN_B 29.43 25.34 22.76
CONFERENCE || 34.19 30.08 27.96
SPONZA 39.22 36.81 34.43
FAIRY 34.06 28.91 26.52

Table 6: Comparison of the expected costs of kd-trees using
random rays selected stochastically according to the com-
puted visibility. This experiment shows empirically that our
voxel-visibility heuristic works as intended.

traversal of the corresponding kd-tree node. The

idea behind this modified cost is that, when ran-
RayHitCount(V)
RayHitCount(Vs)
is a better approximation to the real probability of

the node being traversed, reflecting the specific ge-
ometric characteristics of a given scene.

To simulate the rays that originate in empty
space, we reused the grid explained in Section 3.2
and 3.3, and applied a rejection method to select
cells based on the computed voxel visibility. We
then generated rays from the centers of the cells by
importance-sampling the six visibility values (refer
to Figure 13(a) for an example). Table 6 shows
the resulting costs, estimated by using two mil-
lion of such random rays. As seen by the fig-
ures in the ‘VVH1(1)’ column that represent the
costs for random rays that may exist anywhere in
the entire empty space, the expected costs reduced
markedly when the voxel-visibility techniques were
applied, indicating that the new methods had built
kd-trees that better match the actual geometry
and possible ray distribution in the scene. When
the viewer (camera) can stay only within some re-
stricted empty space with good visibility, as shown
in Figure 13(b), the expected costs decreased fur-
ther, as expected (see the ‘VVH1(2)’ column in the
table). In many applications, the viewer often tends
to stay within a region of good visibility, such as
during a walkthrough of a building model. In such
cases, the visibility-based kd-trees will be able to
provide an additional performance gain for the in-
teractive ray tracing.

dom rays are generated repeatedly,

5. Concluding remarks

In this paper, we presented two heuristic methods
for building efficient kd-trees for recursive ray trac-
ing, and demonstrated their effectiveness through
several examples. The implementation for both
CPU-based and GPU-based computation showed
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(a) Rays from the entire
empty space

(b) Rays from a
stricted empty space

Figure 13: Stochastically generated rays for estimating the
expected costs for kd-trees (KITCHEN_B).

significant reductions in both ray-traversal and ren-
dering times. The main idea was to exploit the ‘vis-
ibility of voxels’ so that those with higher visibility
are processed more efficiently in the kd-trees. Al-
though the efficiency was often degraded when, for
example, the camera viewed a region of low visibil-
ity, the overall performance compared very favor-
ably with that of the SAH.

Currently, our method is appropriate only for
static scenes because the computation for con-
structing the incident ray density field usually takes
several minutes for nontrivial scenes. Because our
central concern was to enhance the run-time ray
tracing performance for static scenes, we have im-
plemented the precomputation code in a rather
straightforward manner, in which the construction
cost is basically linear to the numbers of ray samples
and discretized cells in open space, and is logarith-
mic to the number of polygons.

It is interesting to see that, according to our
preliminary experiment (for example, refer to the
frame rates below measured on the CPU over sev-
eral grids of different resolutions using 2,048 direc-
tion samples over the hemisphere), the achieved
speedup was not so sensitive to the grid’s resolu-
tion.

| Scene [ Grd [ 1 [ 2 | 3 | 4 |
323 1.22 | 1.36 | 1.43 | 0.84
643 1.22 | 1.37 | 1.44 | 0.84
3
KITCHEN B 128 1.23 | 1.38 | 1.45 | 0.85
2563 1.24 | 1.39 | 1.47 | 0.86
5123 1.26 | 1.39 | 1.47 | 0.86
10243 1.26 | 1.41 | 1.48 | 0.87

Note that increasing the grid’s resolution twice
would provide an additional precision of only a few
depths in the voxel-visibility based kd-tree. This
observation may suggest that it is, in fact, cost-
effective to construct an upper part of the kd-tree
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well using a grid of rather low resolution, and build
the remaining part using the SAH, which is exactly
what we described in Subsection 3.6. In any case,
finding a way of obtaining an optimal level of dis-
cretization for the density field approximation that
reduces the cost significantly without introducing
serious discretization errors is left as a future re-
search work.

Finally, we conjecture that the idea of visibil-
ity can lead to an effective tool for building effi-
cient acceleration structures for the real-time ray
tracing of dynamic scenes. For example, if we
record a ray count per triangle that increments ev-
ery time it is examined by a ray, whether primary
or secondary, this additional form of ‘visibility in-
formation’ could be exploited to construct a high-
quality kd-tree applicable to the next frame ren-
dering. Combined with a fast SAH-based kd-tree
construction method, e.g., [12], a visibility-based
algorithm might be able to update kd-trees for dy-
namic scenes progressively and efficiently.
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Scenc CPU GPU
Cam. [ SAH | VVHI VVH2 SAH |  VVHL [ VVH2
T | 6.04 | 836 (1.38x) | 8.49 (1.40x) | 38.63 | 48.83 (1.26x) | 49.16 (1.28x)
2 | 6.80 | 7.04 (1.17x) | 8.26 (1.22x) | 34.88 | 41.49 (1.19x) | 41.70 (1.20x)
KITCHEN_A [ 3 | 865 | 10.94 (1.26x) | 11.31 (1.31x) | 47.53 | 55.76 (1.17x) | 55.79 (1.18x)
I | 5.68 | 7.97 (1.40x) | 811 (1.43x) | 33.52 | 45.19 (1.35x) | 45.61 (1.37x)
5 | 599 | 9.01 (1.50x) | 9.14 (1.53x) | 34.29 | 48.40 (1.41x) | 4851 (1.42x)
T | 1.07 | 1.16 (L.07x) | 1.23 (L.16x) | 10.29 | 11.54 (1.12x) | 11.55 (1.12x)
2 | 1.13 | 1.29 (1.14x) | 1.39 (1.23x) | 11.70 | 13.48 (1.16x) | 13.64 (1.17x)
KITCHEN.B 3 | 1.18 | 1.40 (1.19x) | 1.47 (1.24x) | 13.07 | 15.35 (1.17x) | 15.44 (1.18x)
I | 074 | 082 (1.12x) | 0.86 (1.17x) | 6.88 | 7.38 (1.07x) | 7.38 (1.07x)
T | 756 | 9.12 (1.21x) | 9.67 (1.28x) | 26.85 | 30.37 (1.13x) | 30.82 (1.15x
CONFER- 2 | 8.65 | 10.49 (1.21x) | 11.27 (1.30x) | 54.97 | 62.52 (1.14x) | 63.56 (L.17x
ENCE 3 | 7.07 | 819 (1.16x) | 8.92 (1.26x) | 27.59 | 31.86 (1.15x) | 31.04 (1.16x
I | 812 | 952 (1.17x) | 10.02 (1.23x) | 28.94 | 33.20 (1.15x) | 33.38 (1.16x
T [ 572 | 6.47 (1.13x) | 6.60 (1.16x) | 32.56 | 34.43 (1.06x) | 34.75 (1.09x
2 | 5.55 | 6.96 (1.25x) | 7.05 (1.27x) | 33.82 | 37.99 (1.12x) | 38.36 (1.14x
SPONZA 3 | 7.67 | 829 (1.08x) | 8.72 (1.14x) | 45.54 | 50.53 (1.11x) | 50.89 (I.14x
I | 647 | 7.74 (1.20x) | 7.89 (1.22x) | 33.85 | 31.51 (0.93x) | 31.66 (0.94x
5 | 9.41 | 10.23 (1.09x) | 10.48 (I.11x) | 37.37 | 39.35 (1.05x) | 39.80 (1.08x
T | 289 | 3.19 (L.10x) | 3.25 (L.13x) | 11.78 | 12.34 (1.05x) | 12.40 (1.06x
FAIRY 2 | 3.7 | 410 (1.03x) | 4.15 (1.06x) | 18.54 | 19.35 (1.04x) | 19.97 (1.09x
3 | 3.24 | 3.46 (1.07x) | 3.49 (1.08x) | 13.54 | 14.05 (1.04x) | 14.32 (1.07x
I | 337 | 381 (1.13x) | 3.92 (1.16x) | 22.07 | 25.93 (1.17x) | 26.15 (1.18x

Table 7: Rendering speed comparison with the standard SAH method (in frames per second). In this table, VVH1 refers to using
the voxel-visibility heuristic to build a single kd-tree. VVH2 refers to using the extended heuristics described in Section 3.5

to build a second kd-tree dedicated to secondary rays.

The numbers in parentheses represent the speedup achieved with
respect to the SAH. All scenes were ray-traced with local shading, textures, reflection/refraction and shadows at a resolution
of 1024 x 1024.

(Sec.)
Cam Primary Reflection/Refraction Shadow
) SAH [ VVHI [ VVH2 SAH [ VVHI [ VVH2 SAH [ VVHI [ VVH2
Traversal 0.013 0.009 0.009 0.005 0.004 0.005 0.014 0.011 0.013
. (1.44x) | (1.37x) (1.31x) | (1.07x) (1.32x) | (1.10x)
Intersection 0.033 0.020 0.023 0.015 0.01T 0.010 0.048 0.033 0.031
(1.59x) | (1.43x) (1.36x) | (1.53x) (1.44x) | (1.52x)
Traversal 0.013 0.011 0.011 0.006 0.005 0.006 0.013 0.010 0.011
) (1.09%) | (1.13x) (1.10x) | (0.98x) (1.32x) | (1.17x)
Intersection 0.029 0.027 0.027 0.017 0.015 0.013 0.043 0.034 0.029
(1.08x) | (1.06x) (1.09x) | (1.25x) (1.23x) | (1.48x)
Traversal 0.009 0.008 0.008 0.002 0.002 0.002 0.011 0.009 0.010
5 (1.20x) | (1.21x) (1.07%) | (0.94x) (1.17x) | (1.07x)
Intersection 0.029 0.019 0.020 0.006 0.005 0.005 0.035 0.030 0.027
(1.49x) | (1.40x) (1.14x) | (1.22x) (1.15x) | (1.27x)
Traversal 0.011 0.009 0.010 0.007 0.006 0.007 0.017 0.012 0.015
A (117%) | (1.11x) (1.19x) | (1.02x) (1.37%) | (1.14x)
Intersection 0.028 0.019 0.021 0.018 0.014 0.013 0.052 0.035 0.033
(1.46x) | (1.32x) (1.28x) | (1.47x) (1.50x) | (1.56x)
Traversal 0.011 0.009 0.009 0.004 0.004 0.005 0.017 0.012 0.014
5 (1.20x) | (1.26x) (1.09x) | (0.92x) (1.41x) | (1.21x)
Intersection 0.035 0.020 0.020 0.013 0.012 0.009 0.049 0.032 0.026
(1.72x) | (1.73x) (1.09x) | (1.43x) (1.56x) | (1.91x)
Ave Traversal (1.21x) | (1.21x) (1.16x) | (1.00x) (1.33x) | (1.14x)
" | Intersection (1.44x) | (1.37x) (1.19x) | (1.39x) (1.38x) | (1.54x)

Table 8: Detailed analysis of ray-traversal costs.

takes relatively longer than the traversal part.
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These measurements from the KITCHEN_A scene are typical of CPU-
based computation times for the kd-tree traversal (‘Traversal’) and the ray—triangle intersection (‘Intersection’). The numbers
in parentheses represent the speedup achieved with respect to the SAH. As expected and shown in this table, the actual
improvement by the new kd-trees in the computation of ray—traversal is better than those speedup values in Table 7, which
are with respect to the entire ray tracing time. It is interesting to see that, on the CPU, the metric T#¢¢(V) for building the
second kd-tree in VVH2, tends to offer more efficiency in reducing the intersection computation for the secondary rays, which




