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and (S)BVHs
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A. Design

To facilitate the integration and experimentation with a wide variety of heuristics at different levels of the
ADS construction, we use a very modular design and focus on extensibility and maintainability as opposed to
performance. In practice, however, one typically relies on a restricted number of ADSs constructed with one
of few different and heavily optimized build heuristics. Therefore, the different abstractions are better removed
and collapsed in these settings once a decision regarding the build heuristic is made. In this auxiliary report,
we give a broad overview of our design focussing on ADSs for accelerating closest-hit ray queries and their build
heuristics. ADSs for accelerating any-hit ray queries and their build heuristics can be trivially mapped to this
framework as well.

A.1. ADS build

The ADS build receives a set of geometric primitives (and additional precomputed data such as geometric
normals, surface areas, AABBs, etc.) and constructs a tree ADS in O(|Gg| log |Gs|) (or O<|Gs| (log |Gs|)2))

time, with |G| the total number of geometric primitives to partition. At least one Partitioner is used to
obtain (i) the optimal candidate partition of a voxel, (ii) the associated cost in case of partitioning that voxel
(i-e. creating an interior node) and (iii) the candidate-partition independent cost in case of not partitioning that
voxel (i.e. creating a leaf node). Based on both costs and some additional criteria (to allow locally suboptimal
candidate partitions) [HB02,PH10], a decision is made whether the current voxel is partitioned into child voxels
or not.

We support the following ADSs: kd-trees [BF79,Kap85], BIHs! [OMR87,HHS06, WMS06, WK06], BVHs [RW80],
GK-BVHs [PGDS09] and SBVHs [SFD0Y].

A.2. Partitioner

A Partitioner receives a voxel, V5, that needs to be partitioned and returns (i) the optimal candidate partition,
(ii) the associated cost in case of partitioning and (iii) the candidate-partition independent cost in case of not
partitioning in O(|G|) (or O(|Gp| log |Gr])) time.

Binned Partitioner. The Binned Partitioner considers a finite set of candidate splitting planes. A Partition
Strategy is used for creating the different candidate partitions (uniquely determined by the candidate split-
ting planes) and a Cost Strategy is used for obtaining the associated costs of these partitions. Binned
Partitioners differ in (i) the number of candidate splitting planes, (ii) the domain of candidate splitting
planes (e.g., spatial extent of the voxel versus centroid extent of the geometric primitives contained in the voxel,
one versus three primary axes, etc.), and (iii) the selection of candidate splitting planes on their domain (e.g.,
equidistant, adaptive, etc.). In our experiments, we use a constant number (B=256) of equidistant candidate
splitting planes on the spatial extent of the voxel (kd-trees and GK-BVHs) or centroid extent of the geometric
primitives contained in the voxel (BIHs and BVHs), for every axis. Furthermore, we explicitly consider a can-
didate partition with an empty left and a candidate partition with an empty right child voxel, for every axis,
for BIHs to favour large empty space cut-offs.

Kd-trees, BIHs and BVHs can be constructed with all types of Partitioners, GK-BVHs and SBVHs need
to be constructed with Binned Partitioners to ensure a O(|Gp|) time. SBVHs are constructed with a special
Binned Partitioner which internally uses both a Binned Partitioner for BVHs and GK-BVHs.

Sweeping Plane Partitioner. Unlike Binned Partitioners which delegate the partition construction (O(|Gpl))
and cost evaluation (O(|Gp|)) for each candidate partition to a Partition Strategy and Cost Strategy, re-
spectively, Sweeping Plane Partitioners incrementally update the candidate partition and associated cost in

1Unlike Wichter and Keller [WK06], we build BIHs by explicitly considering multiple (locally adapted) candidate partitions for
every voxel to partition, and a cost metric such as the SAH or RTSAH to chose among these candidate partitions.



O(1) time while sweeping the splitting plane over O(|G5|) candidate splitting planes.? Binned Partitioners
differ in the domain of candidate splitting planes (e.g., spatial extent of the voxel versus centroid extent of the
geometric primitives contained in the voxel, one versus three primary axes, etc.).

Hybrid Partitioner. Hybrid Partitioners use both aBinned Partitioner and Sweeping Plane Partitiomner.
When |G| < 2B in case of using the spatial extent of the voxel, V5, (or |Gp| < B in case of using the cen-
troid extent of the geometric primitives contained in the voxel, V) the Sweeping Plane Partitioner is used.
Otherwise, the Binned Partitioner is used.

Single Partitioner. Single Partitioners consider only one valid candidate partition for each voxel to parti-
tion (e.g., spatial median splitting [Kap85], object median splitting [Hec82]).

A.3. Partition Strategy

A Partition Strategy receives a voxel, V;, that needs to be partitioned and a candidate splitting plane, and
returns the associated candidate partition. A candidate partition for a voxel consists of all (two) child voxels
(i.e. the AABB constituting the voxel and the geometric primitives contained in that voxel) in O(|G5|) time.?

Kd-tree Partition Strategy. Geometric primitives (i-ii) whose AABB is to the left (right) of the splitting
plane belong to the left (right) child voxel, (iii) whose AABB is straddling the splitting plane belong to both
child voxels. The AABBs of both child voxels can be trivially computed given the AABB of the parent voxel.
The spatial union of the AABBs of both child voxels is equal to the AABB of the parent voxel (none of the six
surrounding planes is tight).

All candidate partitions obtained with a Kd-tree Partition Strategy are valid. Child voxels are not
required to contain at least one geometric primitive.

Kd-tree Partition Strategy with Split Clipping. Geometric primitives (i-ii) to the left (right) of the splitting
plane belong to the left (right) child voxel, (iii) straddling the splitting plane belong to both child voxels.
Geometric primitives (iv) lying outside the parent voxel belong to none of the child voxels. Note that Kd-tree
Partition Strategies with Split Clipping clip the geometric primitives [HB02] as opposed to Kd-tree
Partition Strategies which solely rely on the AABB of the geometric primitives. The AABBs of both child
voxels can be trivially computed given the AABB of the parent voxel. The spatial union of the AABBs of both
child voxels is equal to the AABB of the parent voxel (none of the six surrounding planes is tight).

All candidate partitions obtained with a Kd-tree Partition Strategy with Split Clipping are valid.
Child voxels are not required to contain at least one geometric primitive.

BIH Partition Strategy. Geometric primitives (i-ii) whose centroid is to the left (right) of the splitting plane
belong to the left (right) child voxel, and (iii) whose centroid lies on the splitting plane are added to the left
child voxel. The AABBs of both child voxels are similar to those of kd-trees except that the AABB planes
corresponding to the splitting planes are made tight to the geometric primitives.

Originally, candidate partitions obtained with a BIH Partition Strategy were only valid if both child voxels
contained at least one geometric primitive. The BIHs constructed in this way, however, generally resulted in
a larger number of ray-triangle intersection tests and ADS node traversal steps per ray compared to kd-trees,
and offered no real advantages over kd-trees or BVHs. Therefore, we allowed one child voxel to be empty if and

2If multiple splitting planes coincide, the candidate partitions considered by a Sweeping Plane Partitioner will be different
from the corresponding candidate partitions obtained after using a Partition Strategy for these splitting planes. The former
candidate partitions will differ from one another, whereas the latter candidate partitions will all be equal to each other. To be
consistent, it is possible to look ahead while sweeping the splitting plane and skip all splitting planes coinciding with the next
splitting plane.

3SBVHs are built with a combination of a BVH Partition Strategy and a GK-BVH Partition Strategy.



only if the AABB of the other child voxel is strictly smaller than the AABB of the parent voxel. This generally
results in better ray tracing performance.

BVH Partition Strategy. Geometric primitives (i-ii) whose centroid is to the left (right) of the splitting plane
belong to the left (right) child voxel, and (iii) whose centroid lies on the splitting plane are added to the left
child voxel. The AABBSs of both child voxels are made tight to the geometric primitives. Note that the AABBs
of the child voxels may not be larger than the AABB of the parent voxel, which can occur when using the BVH
Partition Strategy for constructing SBVHs. In this case, only the overlap with the AABB of the parent
voxel will be used.

Candidate partitions obtained with a BVH Partition Strategy are only valid if both child voxels contain at
least one geometric primitive.

GK-BVH Partition Strategy. Geometric primitives (i-ii) to the left (right) of the splitting plane belong to the
left (right) child voxel, (iii) straddling the splitting plane belong to both child voxels. Geometric primitives (iv)
lying outside the parent voxel belong to none of the child voxels. The AABBs of the child voxels are made tight
to the geometric primitives, but the plane corresponding to the splitting plane can only be moved to the left
(right) for the left (right) child voxel. So the geometric primitives first need to be clipped against the splitting
plane. Furthermore, only the overlap with the AABB of the parent voxel will be used when geometric primitives
straddle the AABB of the parent voxel.

All candidate partitions obtained with a GK-BVH Partition Strategy are valid. Child voxels are not required
to contain at least one geometric primitive.

A.4. Cost Strategy

A Cost Strategy receives a candidate partition and returns its cost according to some cost metric. Interesting
cost metrics consider both the AABB constituting the child voxels and the geometric primitives contained in
the child voxels in O(|Gx|) time. With regard to the latter, only the number of geometric primitives contained
in both child voxels (e.g., SAH [GS87, MB90], SIROH [FFD09]) or the geometric primitives themselves are
required (e.g., RTSAH [IH11,MBD15]).

SAH Cost Strategy. The SAH Cost Strategy evaluates the SAH cost function (3.1) by first obtaining the
piercing probabilities (3.2)-(3.3) (O(1)).

RTSAH for kd-trees Cost Strategy. The RTSAH for kd-trees Cost Strategy evaluates the RI'SAH cost
function (3.4) for kd-trees by first obtaining the piercing probabilities (3.5)—(3.7) (O(1)) and the visibility
probabilities (4.3)—(4.4) (O(|G»|)). The latter are delegated to a Permeability Strategy.

RTSAH for BlIHs Cost Strategy. The RTSAH for BIHs Cost Strategy evaluates the RTSAH cost func-
tion (3.4) for BIHs (and kd-trees) by first obtaining the piercing probabilities (3.5)—(3.8) (O(1)) and the visibility
probabilities (4.5)—(4.10) (O(]Gs|)). The latter are delegated to a Permeability Strategy.

RTSAH Cost Strategy. The RTSAH Cost Strategy evaluates the RTSAH cost function (3.18) by first ob-
taining the combined piercing and visibility probabilities (3.19)-(3.20) (O(|Gp|)), which are delegated to a
Permeability Transfer strategy.

Exact RTSAH for kd-trees Cost Strategy. The Exact RTSAH for kd-trees Cost Strategy evaluates the
RTSAH cost function (3.4) for kd-trees by first obtaining the piercing probabilities (3.5)—(3.7) (O(1)) and the
visibility probabilities (4.3)—(4.4). The latter are evaluated using ray sampling.



Exact RTSAH for BIHs Cost Strategy. The Exact RTSAH for BIHs Cost Strategy evaluates the RTSAH
cost function (3.4) for BIHs (and kd-trees) by first obtaining the piercing probabilities (3.5)—(3.8) (O(1)) and
the visibility probabilities (4.5)—(4.10). The latter are evaluated using ray sampling.

Exact RTSAH Cost Strategy. The Exact RTSAH Cost Strategy evaluates the RTSAH cost function (3.18)
by directly sampling the combined piercing and visibility probabilities (3.19)—(3.20).

A.5. Permeability Strategy

A Permeability Strategy receives a kd-tree or BIH candidate partition and returns both (plane) visibility prob-
abilities (4.3)—(4.8) in O(|G5|) time by using one of our visibility heuristics.

A.6. Permeability Transfer Strategy

A Permeability Transfer Strategy receives a candidate partition and returns both combined piercing and visibility
probabilities (3.19)—(3.20) in O(|Gp|) time. An irregular grid constituting the candidate partition is constructed
and for each irregular grid cell a 6x6 transfer matrix (4.13) is created by using one of our visibility heuristics
in O(|Gp|) time. Next, a parent-exterior isotropic ray distribution is transferred over the grid planes according
to the transfer matrices of the grid cells until no non-terminated rays remain in the grid. During this process,
the accumulated fraction of rays entering through each grid plane is tracked. Finally, the accumulated fraction
of rays on each of the six AABB planes of a child voxel is used to obtain the combined piercing and visibility
probability for that child voxel (3.19)—(3.20).

A.7. Visibility Heuristic

The Visibility Heuristics are located at the deepest level of our design. For more information, we refer to our
visibility probability approximations presented in the main text.
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