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ABSTRACT Bottom-up builds, using a cost model to compute the best split for

Despite their algorithmic elegance and robustness, bounding vol- 8ch node, were introduced by Goldsmith and Salmon [G]liev
ume hierarchies (BVHs) have not reached the performance of kd- [21] and Mahovsky [20] applied this method to recursive top-down
trees for ray tracing. BVHs do not adapt well to scenes containing construction of bounding volume hierarchies. Randomized builds
large triangles with overlapping bounding boxes. A node cannot be Were investigated by Ng and Trifonov [22].
smaller than the bounding box of the primitives it contains. Conse-  ggidsmith and Salmon's cost function is now known as the sur-
quently, the leafs and internal nodes will overlap substantially. This face area heuristic (SAH). Though originally designed for bounding
slows down ray tracing, because the number of traversal steps and,|yme hierarchies, its popularity grew with the advent of kd-trees
ray-primitive intersections is increased. Unfortunately, this kind [2] for ray tracing [14]. MacDonald and Booth applied SAH to
of geometry is common in architectural scenes and low-poly CAD  the construction of this space subdivision technique [18]. Havran's
models. L _ systematic research of acceleration structures for ray tracing [9] and
In this paper, we present a building algorithm for BVHs that han- - \yaig's work on interactive ray tracing [27] made SAH kd-trees the
dles such scenes more ef ciently. The restriction that each primitive je facto standard for ef ciency schemes. A f&@NlogN) con-
must be contained in exactly one leaf node is relaxed. Bounding sty ction algorithm was presented by Wald and Havran [30]. It sorts
boxes of large primitives are re ned with recursive split clipping the input data only once before construction, not at every level of
beforeconstructing the hierarchy. The resulting volumes are used pe tree. Signi cant speed-ups have also been achieved by using
as input for a regular BVH building algorithm. Neither scene ge- 5 scanning approach, that evaluates the SAH at only a few sam-
ometry nor traversal or building algorithms must be modi ed in any ple positions [12], [23]. Viichter and Keller presented a very fast
way. The resulting hierarchies are superior for a wide range of data construction algorithm for bounding interval hierarchies (skd-trees)
sets, leading to speed-ups of more than a factor of three. [26]. Their method can also be applied to BVH construction. Ize

Index Terms: 1.3.6 [Computer Graphics]: Methodology and €t al. demonstrated asynchronous BVH construction on parallel ar-
Techniques—Graphics data structures and data types; 1.3.7 [Com-Chitectures [13].
puter Graphics]: Three-Dimensional Graphics and Realism—

Raytracing Glassner developed hybrid trees, which mix the concepts of spa-

tial and object hierarchies [5]. A technigue known as oversize
shelves was used byi@ther [7] and later by Havran [11]. They

1 INTRODUCTION ! .
- ) store large objects close to the root of the hierarchy because most
For many years, kd-trees were the prevailing ray shooting acceler- rays will have to intersect them anyway.

ation structure. Their performance is still unrivaled for many ap-

plications but the price for fast ray shooting is high. Kd-trees take  Ef cient traversal of BVHs has also been addressed by many
a long time to build and consume huge amounts of memory. Also researchers over the past years. A series of optimizations to the
the implementation of stable construction and traversal algorithms basic traversal algorithm was described by Haines [8]. Smits intro-
is a challenging task. Dynamic scenes are particularly dif cult to duced a memory layout that allows stack-free traversal of the hi-
render with kd-trees. This is the main reason for a renewed interesterarchy [25] and leads to more cache-friendly memory access pat-
in alternative acceleration structures for ray tracing. terns. Faster ray-box overlap and intersection tests were developed

Bounding volume hierarchies and skd-trees are attractive be- by Williams [32] and Mahovsky [19], [20]. Various techniques for

cause they can be built quickly and their memory consumption is ordered traversal of the child nodes were discussed. Kay and Ka-
low and predictable. Their ray tracing performance, however, is far jiya [15] use a heap to sort child nodes according to their intersec-
below kd-trees for many real-world datasets. We have analyzed thistion distance along the ray. Mahovsky stores the splitting axis for
behavior and present a simple solution which makes BVHs compet- each internal node and chooses the closer child according to the

itive to kd-trees fomll kinds of scenes. sign of the ray direction. Culling of bounding boxes that are further
away than the current closest primitive intersection was proposed
2 BACKGROUND by Haines [8]. Smits suggested early exits for shadow rays [25].

Ray tracing was used in 1968 by Appel [1] to compute renderings Both authors applied various caching techniques for intersection re-
of solid models. The recursive ray tracing algorithm, as it is known Ssults.

today, was introduced twelve years later by Turner Whitted [31].
At that time, hand constructed bounding volume hierarchies [4]
were the rst acceleration structures for the reduction of intersec-
tion calculations [24]. Kay and Kajiya presented an automatic top-
down building algorithm for BVHs with spatial median splits [15].

More recently, the focus in ray tracing research shifted towards
interactive rendering of animated scenes. Wald ray traced rigid
body transformations at interactive frame rates, using a two level
kd-tree [28]. Larsson [16], Lauterbach [17] and Wald [29] ad-
dressed the construction and traversal of bounding volume hierar-
e-mail: manfred.ernst@cs.fau.de chies for deformable models. Wald also applied packet traversal
Te-mail: greiner@cs.fau.de to bounding volume hierarchies. The frame rates are competitive
with the fastest known kd-tree implementations for a wide range of
scenes. Boulos applied this approach to Whitted and distribution
ray tracing, achieving signi cant speed-ups over single ray tracing

13].




3 SPATIAL HIERARCHIES FOR RAY TRACING A|gor|thm 1: SubdivideKdTreeNode{’ P)

Most acceleration structures aspatial hierarchies Their leaf /I N: Leaf node to split

nodes store references to the geometric primitives (usually trian-  // P: List of primitives, stored in N
gles) of the scene. The internal nodes build a hierarchy that is used findBestSplit( N, P,axis, splitPos) ;
to guide rays quickly towards all relevant primitives for intersec- if axis = 1 then retl’Jrn,' ’ '
tion. Spatial hierarchies can be divided into two grouf@pace splitNode( N, axis spIitPos)'
subdivisiontechniques (e.g. kd-trees, octrees and grids) generate , \ leftChild( ’ N)" ’
disjoint nodes, whereas each primitive can be contained in multiple NL rightChild( N,) .

leafs. Object subdivisiormethods (e.g. bounding volume hierar- BR boundingBox( N’) .

chies and skd-trees) ensure that each element is stored in exactly7 B; boundingBox( NLR) .

one leaf; the nodes may overlap. In this paper, kd-trees represent g fori 1tosize( P) do '

space subdivision techniques, while BVHs represent object subdi- 9 B boundingBox( PIi]):

OO WN P

vision. The basic construction and traversal algorithms are brie y : N -
reviewed here, preceding an explanation for the difference in per- i(l) :; gxg::ggzg S ELRg mi?‘ ZBBZQ(;E T}R lF;[[II]])) .
formance. 12 end ' ' '

13 subdivideKdTreeNode( N, R);
14 subdivideKdTreeNode( Nr, RR) ;

Algorithm 2 : subdivideBVHNodey, P)

/I 'N: Leaf node to split
/I P: List of primitives, stored in N

1 findBestSplit( N, P,axis, splitPos) ;

2 if axis= 1then return ;

3 fori 1tosize( P) do

4 B boundingBox( PIi]);

5 if center( B, axis) splitPos then
Figure 1: Spatial hierarchies. Left: Kd-tree leafs are always disjoint. 6 append( R, Pli]) ;
Right: Bounding volume hierarchy with overlapping leaf nodes. 7 | BL B B

8 else

9 append( Pk, Pli]) ;
3.1 Kd-trees 10 BrR Brl[ B

. o . . 11 end

An internal node of a kd-tree stores a split axis, a split position and 12 end

pointers to its two child nodes. The leafs contain lists of references
to scene primitives. Kd-trees are built top-down, by recursively
splitting nodes until a termination criterion is reached. The recur-
sion is initialized with a leaf, containing all primitives in the scene.
Pseudo-code for the subdivision function is given in Algorithm 1.
Line one computes the best split axis and position. The function
returns in line two if no useful split was found. Bounding boBgs
andBg of the child nodedN, andNg are de ned by the splitin line
three. They are disjoinB_\ Br = 0) and their union is identical

to the parent bounding box. For ray tracing, this implies that tree
traversal can stop as soon as an intersection is found, after testings 3 Surface Area Heuristic
the remaining objects in the current leaf. The for loop sorts primi-

13 splitNode( N, axis, splitPos) ;
14 N_ leftChild( N);

15 Nr rightChild( N) ;

16 setBoundingBox (N, BL);

17 setBoundingBox  (NR, BRr);

18 subdivideBVHNode( N, R);
19 subdivideBVHNode( Ng, RR) ;

tives into the lists} andPg, overlappingB. andBg, respectively. Both kd-trees and BVHs require the computation of an optimal split
An object may be added to both lists, if its bounding box straddles 2xis and position. A reasonably good solution is to subdivide a node
the splitting plane. in the middle along its axis of largest extent. An improvement over

this spatial median approach is tharface area heuristi¢SAH)
cost function. It is based on the following theorem: A ray, inter-
secting boxA, will intersect boxB, contained inA, with probability
Each node of a BVH stores the axis aligned bounding box of the SAB)=SA(A), whereSA ) is the surface area of a box. This can be
subtree below itself. Internal nodes have pointers to their left and used to estimate the cost of a particular split for ray tracing:

right children. Leafs store a list of references to scene primitives.

BVH construction is performed similar to a kd-tree build. Pseudo- c=iRj SABL) | P SABR).

code is given in Algorithm 2. In contrast to spatial subdivision, SABp) SABp)’

each primitive is referenced in exactly one leaf node. The primitive

lists B and PR are disjoint in each recursion step. The volumes wherejR j andjPgj is the number of primitives in the left and right
B and Bg may overlap and their union is a subset of the parent child, respectively. The optimal axis and position are computed by
bounding box. Bounding volume hierarchies can be constructed evaluating this function for various candidate positions. SAH is
very quickly with low and predictable memory consumption. Their applicable to kd-trees and BVHSs.

disadvantage is overlapping leaf nodes. Traversal algorithms for  The cost function implies that good splits generate small leaf
ray tracing are forced to continue, even if an intersection was found, nodes, with little overlap and few primitives. Such splits are
because another leaf might be closer. not possible in regions containing large triangles with overlapping

3.2 Bounding Volume Hierarchies




bounding boxes. Rays passing through these areas will be tested fo6 SPLIT CLIPPING FOR BVHSs
intersection against all triangles, degrading rendering performance
considerably. The problem originates from the approximation of

geometry by axis aligned boxes. An elegant solution for kd-trees is
split clipping [10].

Instead of re ning the geometry, it would be more useful to subdi-
vide it for hierarchy construction only. This is exactly what split
clipping does, but it has to reference primitives in multiple leaf
nodes. Surprisingly, there is no reason why a BVH should be lim-
3.4 Split Clipping ited to a single reference. The data structure and the traversal algo-
rithms can handle multiple references without any modi cations.

We have investigated two split clipping algorithms for bounding
volume hierarchies. The rst technique, callide split clipping
brings no speed improvements. It is only explained for the sake of
completeness. The second approasdr]y split clippingis much
easier to implement, does not require more memory and boosts ray
tracing performance up to a factor of three.

With this extension, the geometry of each primitive is clipped to
the boundaries of the child nodes before it is sorted into the lists
R andPr. This is also done when the best split axis and position
are computed. A modi ed version of the for loop in Algorithm 1
is given in Algorithm 3. With split clipping, primitives are only
referenced in leafs that they actually overlap.

Algorithm 3 : Kd-tree subidivision with split clipping 5.1 Late Split Clipping

1fori 1tosize( P) do _ This technique builds a bounding volume hierarchy, using standard
2 P clipNeg( P[i], axis, splitPos) ; algorithms. The resulting leaf nodes are subdivided with spatial
3 B boundingBox( P ); _ median split clipping, until their surface area is below a user de-
4 if overlaps( B , By) then append( R, P[i]) ; ned limit SAnax. Thus the leafs are shrunken to an arbitrary size.

5 P.  clipPos( P[i], axis, splitPos) ; An example is shown in the middle row of Figure 2. Up to tffé 3

6 !3+ boundingBox( P:); ] picture, which shows the original leafs, it is identical to a regular

7 if overlaps( B, Br) then append( P, P[i]) ; BVH build. The 4" and 8" gures depict the nodes, generated by

8 end late split clipping. They are small and disjoint, but the higher levels

are not. The problem with late split clipping is that tighter bounding
L . . boxes are not available until most of the hierarchy construction is
Thus the subdivision function can generate useful sp_llts f_or any done. Usually, there are many levels between the root and the orig-
pode. The surface area of the leafs can be reduced arbitrarily. Thisjn5 |eafs and they will overlap heavily if the scene contains large
is the reason why kd-trees can adapt to almost any scene. Howeveryiangles. As a result, the number of primitive intersections during
split clipping will cut primitives regardless of their size, resulting in ray tracing can be reduced but more traversal steps are necessary
many multiple references in the nal leaf nodes. This is one of the A special traversal routine was implemented to alleviate this

reasons why kd-trees consume so much memory and take a Iongproblem. When the ray visits one of the original leaf nodes, the

time to build. current stack pointer is saved. The pointer is always restored af-

. In. a BVH, each primitive must b.e .referenced fexactly once. This ter a deep leaf is visited, because further traversal of the subtree is
implies that nodes cannot be subdivided further if they contain only ,qe a5 Even with this technique, we could not achieve any perfor-
one object. Spllt cllpplng is impossible. As a consequence, bound- mance improvement over a regular BVH.
ing volume hierarchies are much slower for ray tracing than kd-
trees for many scenes. Large triangles spanning big parts of the R
scene are particularly ill-suited for BVHSs. 5.2 Early Split Clipping
Geometry re nement leads to little overlap in the upper levels

4 GEOMETRY REFINEMENT of the BVH, while late split clipping generates disjoint bounding
Leaf nodes of a BVH become smaller if the input geometry is re- boxes below the original leaf nodes. Both are desirable and can be
ned. The top row in Figure 2 shows the effect of a one-to-four achieved when split clipping is applidseforeconstruction of the
split. Each triangle of the subdivided mesh is represented by one hierarchy.
bounding box for BVH construction lipicture). The edges of sub- A BVH builder only needs a set of bounding boxes with refer-
divided triangles are not axis aligned. Consequently, their bounding ences to the enclosed primitives as input. Usually, each primitive
boxes overlap and the resulting BVH will not be optimal near the is represented by exactly one bounding box. By relaxing this re-
leaf nodes (# and 8" picture). However, the BVH builder con-  striction, the BVH can adapt much better to the input data. Large
tains information about the re ned geometry from the outset, and primitives are approximated by a set of small and disjoint bounding
therefore can compute a slightly better split for the root nod® (3  boxes for the hierarchy builder. Pseudo-code is given in Algorithm
picture). For real scenes, this effect is more pronounced and the up 4. The function is called for every primitive in the scene. It uses
per hierarchy levels will bene t greatly from geometry re nement.  a stack to execute the recursive subdivision in an iterative manner.

We made some experiments with a CAD dataset, tessellated The stack is initialized with the original scene primitive in line one.
at two levels of detail. Our tessellator generates perfect triangle Split clipping stops when the stack is empty. In each iteration, a
meshes, with an extremely regular structure and a user controlledtight bounding bo»B is computed for the top element. If the surface
maximum edge length. As expected, a ner tessellation improves area ofB is below a user de ned threshofAnax, the box is added
rendering performance. The reason is the reduced overlap in theto the listL of bounding boxes foP. Otherwise, the primitive on
upper hierarchy and the small leaf nodes. When a ray hits a prim- top of the stack is split in the middle along the axis of largest extent
itive, it very likely needs no more intersections before termination. and it is replaced by the resulting primitives andPs in lines 12
The results are shown in Table 1. to 13.

In practice, this approach is problematic. Input geometry must  The resulting list of boxek encloses the primitive more tightly
be modi ed in order to build a reasonable acceleration structure. In than its original bounding box. In contrast to geometry re nement,
many rendering systems, it is dif cult, or even impossible, to mod- the input data is not modi ed. Furthermore, the resulting boxes are
ify input geometry. Otherwise, the enormous memory consumption disjoint, because of the axis aligned splits. The advantage over late
is limiting this approach. Triangle meshes with vertex normals and split clipping is that the BVH can already adapt to the tighter boxes
texture coordinates are heavyweight data structures. In complexin the upper levels of the hierarchy. The BVH builder itself need
scenes, geometry subdivision is not recommended. not be modi ed. Our implementation is specialized for triangles as
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Figure 2: Top row: geometry re nement. Center row: late split clipping. Bottom row: early split clipping. First column: Input bounding boxes for
BVH builder. Boxes have the same colour as the triangles they represent. Columns 2-5: Bounding boxes of all four levels of the BVHs. The root
node is shown in the second column and the leafs are depicted in the last column.

input. In general, the algorithm is applicable to any primitive that represent. The nodes at the bottom of the hierarcHyg@d 8"
can be split into two halves at an axis aligned plane.

Algorithm 4 : earlySplitClippingP, SAnax L)

input primitive from the scene

SAnax. surface area limit for leafs

resulting list of boxes

1 push( stack, P) ;
2 while notEmpty( stack) do

3 B boundingBox(top(  stack)) ;

4 if surfaceArea( B)  SAnaxthen

5 append( L, B);

6 pop( stack) ;

7 else

8 axis axisOfLargestExtent( B);

9 splitPos center( B, axis) ;

10 P  clipNeg(top(  stack), axis, splitPos) ;
11 P:  clipPos(top( stack) , axis, splitPos) ;
12 pop( stack) ;

13 push( stack, P );

14 push( stack, P.) ;

15

16 end

17 return L;

picture) are identical to late split clipping. The superior quality of
early split clipping is visible in the upper levels of the BVH{3
picture). A good vertical split could be found because all bounding
boxes are available from the beginning. This is the major difference
between early and late split clipping.

6 RESULTS

We have implemented early split clipping in our photo-realistic ren-
dering system. It uses pure single ray tracing without any SIMD or
assembly optimizations. The software is designed for high render-
ing quality and exibility. As our optimization is a pure algorithmic
improvement to the hierarchy construction, we propose that the re-
sults are bene cial for all kinds of ray tracing.

Many tests were performed with different data sets, including

scanned models, tessellated CAD data and architectural models.
The four scenes depicted in Figure 3 were chosen as representa-
tives. Results in Table 1 are given for a kd-tree, a standard BVH
build (SAnax= ¥) and early split clipping BVHs with two different
surface area limitsSAnax is given after “bvh” in the rst column.
All construction algorithms use the SAH cost function. The images
were rendered from the viewpoints in Figure 3 with a resolution of
1000 1000 pixels and one primary ray per pixel. Timings were
measured on a single core of a 2.16 GHz Core 2 Duo CPU.

A regular BVH is already very close to the kd-tree for homoge-
neous scenes with low depth complexity (Stanford bunny). Split
clipping cannot improve performance for these models, but the

The results of early split clipping are shown in the bottom row complex scenes bene t greatly from it.

of Figure 2. In the example, our algorithm generates four bounding
boxes for each triangle fipicture). Those boxes are the input for

The two levels of detail of the mirror reveal that split clipping
is better than geometry re nement. The BVH wi8¥nax = 10

the BVH builder. They are colored according to the triangles they for the low poly model consumes less memory than the ne tes-



Figure 3: Test scenes rendered in wireframe-on-shaded mode with OpenGL. Images were raytraced with the same camera parameters for the
results section. Bunny: 69,451 triangles, Mirror low: 85,651 triangles, Mirror high: 334,080 triangles, Power plant (part): 1,667,578 triangles.

l R Touild l Nnode Ny Tray S
Bunny
bvh ¥ 1.00 0.57| 286 133 163 DO
bvh 3 1.50 1.00f 29.6 1.15 163 DO
bvh 1 3.52 280| 308 0.9 168 07
kd-tree 10.60 8.75| 478 2.00 165 8
Mirror low
bvh ¥ 1.00 0.80| 60.6 9.73 437 DO
bvh 100 1.25 1.01| 410 232 225 B34
bvh 10 3.44 3.43| 379 113 198 20
kd-tree 13.39 13.6| 309 473 170 &7
Mirror high
bvh ¥ 1.00 3.34| 48.0 499 3.05 DO
bvh 100 1.04 3.60| 445 3.05 255 19
bvh 10 1.68 6.46| 404 154 216 H41
kd-tree 11.53 50.9| 34.7 353 1.63 B7
Power plant
bvh ¥ 1.00 20.6/ 193 58.2 18.0 DO
bvh 16 1.49 32.8| 160 9.86 7.84 229
bvh 16 488 123.0/ 127 3.12 539 33
kd-tree 10.01 176.7| 96.8 156 4.20 #8

strict BVH behaviour (less memory, faster build, lower perfor-
mance) and kd-tree behaviour (more memory, slower build, higher
performance). In comparison to a regular BVH, our approach is
much faster. In the future, we will try to nd some heuristics to
choose the surface area limit automatically for a given scene.
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