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Figure 1: Path traced image of the Mammoth scene with 8.8M triangles (left). Visualization of the leaf bounding volumes (top row) and
scene triangles (bottom row) on the left tusk. Triangles stored in the same leaf node share the color with the corresponding bounding volume.
Traditionally, the bounding volumes and triangles have to be tested for intersection separately, while for UBVH the test is practically
identical, yielding an efficient traversal algorithm. The numbers in brackets show the ray tracing speed for incoherent secondary rays

Abstract

Bounding volume hierarchies (BVHs) are currently the most common data structure used to accelerate ray tracing. The existing
BVH methods distinguish between the bounding volume representation associated with the interior BVH nodes and the scene
geometry representation associated with leaf nodes. We propose a new method that unifies the representation of bounding
volumes and triangular scene geometry. Our unified representation builds on skewed oriented bounding boxes (SOBB) that
vield tight bounds for interior nodes and precise representation for triangles in the leaf nodes. This innovation allows to
streamline the conventional massively parallel BVH traversal, as there is no need to switch between testing for ray intersection
in interior nodes and leaf nodes. The results show that the proposed method accelerates ray tracing of incoherent rays between
1.2x—11.8x over the AABB BVH, 1.4x-4.2x over the 14-DOP BVH, 1.1x-2.0x over the OBB BVH, and by 1.1x—1.7x over the
SOBB BVH.

CCS Concepts
* Computing methodologies — Ray tracing; Massively parallel algorithms;

1. Introduction ray is repeatedly tested for the intersection with the bounding vol-
umes of interior nodes. Upon reaching the leaf node, in the second
stage, the ray is tested using a different routine to find the geometry
intersection. This complicates the traversal algorithm, especially in
the massively parallel context, where abrupt switches of the context

lead to thread execution divergence and hardware under-utilization.

Traditionally, we think of a Bounding Volume Hierarchy (BVH) as
a tree consisting of interior nodes representing the bounding vol-
umes and leaf nodes pointing to the geometric primitives (as illus-
trated in Fig. 2, left). The separation of bounding volumes and the
actual scene geometry naturally leads to the two-stage tree traver-
sal. To determine the ray-geometry intersection, in the first stage the Unifying the representation of bounding volumes and geometry
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(as depicted in Fig. 2, right) opens the possibility of merging the
two previously distinct traversal stages while utilizing an identical
intersection test for the bounding volumes of the hierarchy and the
triangular scene geometry. This increases the overall efficiency of
the traversal in terms of hardware utilization as well as the total
number of evaluated intersection tests.
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Figure 2: Traditional BVH stores bounding volumes in interior
nodes of the hierarchy and triangles are referenced in the leaf nodes

(left). The UBVH stores the triangles directly inside the hierarchy
in the same way as the bounding volumes (right).
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Our main contributions are:

e Unified BVH (UBVH), a data structure that unifies the represen-
tation of bounding volumes and triangular geometry.

e Efficient traversal algorithm for the UBVH, using identical in-
tersection tests for both the interior nodes and leaf nodes.

e Efficient way of encoding triangle pairs in the UBVH and an
algorithm to find such pairs.

e Verification of the proposed methods and their comparison with
AABB, [4-DOP, OBB, and SOBB BVHs on representative
scenes.

2. Related Work

A long history of research on the bounding volume hierarchies
in the context of ray tracing was recently surveyed by Meis-
ter et al. [MOB*21]. BVH construction process is often guided
by a heuristic that estimates its performance. Most state-of-
the-art builders attempt to minimize the surface area heuristic
(SAH) [GS87; AKL13]. For our line of research, the most rele-
vant are bottom-up builders, that by design construct trees with
leaves of one primitive. They were brought to GPUs by Meister and
Bittner with parallel locally-ordered clustering (PLOC) [MB18§]
and later refined by Benthin et al. as PLOC++ [BDTD22] and H-
PLOC [BMB*24].

Dominating bounding volume for ray tracing BVHs is an axis-
aligned bounding box (AABB), mainly due to its simplicity. How-
ever, it is well-known that it provides a loose fit to many geometric
configurations, leading to substantial overlaps of the volumes in the
hierarchy. Furthermore, in such cases, it also generates many un-
necessary intersection tests compared to tighter bounding volumes
with smaller surface areas. A method to find an optimal oriented
bounding box (OBB) was presented by O’Rourke [OR085], but it
is too slow for a practical workload. Multiple approximate OBB
methods were proposed [Got00; CGM11]. The di-tetrahedron OBB
algorithm (DiTO) by Larsson and Killberg [LK11] was recently
parallelized by Vitsas et al. [VEPG23] for fast OBB hierarchy con-
struction. For OBB estimation, DiTO uses an intermediate repre-

sentation of the bounding volume in the form of a discrete orien-
tation polytope (k-DOP) [KZ97; KHM*98; SVCM23]. Recently,
Kécerik and Bittner [KB24] presented a fast method to construct
a SAH-optimized /4-DOP hierarchy and later proposed using the
intermediate k-DOP representation for a fast construction of a hi-
erarchy of skewed oriented bounding boxes (SOBB) [KB25]. In
different context, Calderon and Boubekeur proposed mesh-based
bounding proxies [CB17] which provide a tight fit to the underly-
ing geometry, but their potential usage for ray tracing is yet unclear.

Instead of replacing the AABBs to achieve tighter bounding, the
geometry of the scene could be split into smaller parts, which can
be bounded by their own small AABBs [KA13], or utilized for a
top-down BVH construction with spatial splits [FLPE16].

Yet another approach is to optimize the memory layout and
memory access patterns to efficiently map the problem to modern
hardware. Wald et al. [WBBOS] presented the way to convert a bi-
nary BVH to a wide BVH. Later, Ylitie et al. showed how to do the
conversion in a SAH-optimal fashion and presented a compressed
wide layout [YKL17]. Efficient traversal of the compressed wide
BVHs was addressed by Vaidyanathan et al. [VWB19]. Meister and
Bittner conducted a thorough comparison of several state-of-the-art
GPU-oriented BVH methods [MB22].

To reduce the memory consumption of the geometry referenced
by the BVH, ray-strips by Lauterbach et al. [LYMO7] exploit
the connectivity of the triangles followed by SAH-aware vari-
ant [LYTMOS]. Segovia and Ernst [SE10] presented hierarchical
mesh quantization, where they were able to fit the geometry di-
rectly to a BVH node by compressing the triangle vertices as local
offsets to the bounding planes. No-Memory BVH by Eisemann et
al. [EBM12] inverted the approach by implicitly storing the bound-
ing volume as reordered scene triangles. For parametric models
such as Bézier patches or curves tight bounding volumes can be
constructed directly from the parametric representation and used as
a geometry proxy for intersection test [PK87; BK18].

As far as we know, there was no previous work aiming to unify
the representation of bounding volumes and scene geometry for
BVHs or directly use compressed representation of triangle pairs
for ray intersection evaluation.

3. Unified Representation

Our work builds on the recently introduced skewed oriented bound-
ing boxes (SOBBs) [KB25]. SOBBs were originally proposed as a
general bounding volume for BVHs to accelerate ray tracing. We
extend this idea further by observing that SOBBs have great poten-
tial to precisely represent triangular geometry.

In this section, we briefly review the most important properties
of SOBBs and then present the way of storing triangles as SOBBs
together with a cheap verification test to determine a ray-triangle
intersection for a positive ray-SOBB intersection.

3.1. Skewed Oriented Bounding Box

SOBB generalizes a well-known oriented bounding box by relax-
ing the orthogonality constraint of its basis. Therefore, SOBB is a
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parallelepiped whose faces are three pairs of congruent parallelo-
grams. For the purpose of an efficient ray-SOBB intersection test,
the authors proposed representing the SOBB as an intersection of
three slabs, where each slab s consists of a normal n defining the
slab plane together with minimal (d,,;,) and maximal (diax) pro-
jections along this normal, defining the slab boundaries. Each slab
is then encoded as a four dimensional vector:

[nx ny ng dmin]T. (1)

T
5= [Sx % Sd} N max(dmax*dminae)

The € is used as a minimal width of the slab to prevent division
by zero when encoding the SOBB (we used € = 10_7).

The SOBBs are able to provide tight bounds of the contained
geometry (possibly even tighter than the OBBs). At the same time,
the k-DOP based algorithm for tight SOBB computation [KB25] is
significantly faster than the the ditetrahedron-based state-of-the-art
algorithm for OBBs [VEPG23].

3.2. Triangle as SOBB

Any triangle can be expanded to a parallelogram such that its di-
agonal divides the parallelogram into two congruent triangles. This
parallelogram can then serve as a face of a parallelepiped, forming
an SOBB. If the SOBB is constructed with the width of €, a neces-
sity of the slab-based representation, it is also the tightest possible
non-degenerate bounding SOBB for the given triangle (see Fig. 3,
left). We call the resulting BVH where all nodes are encoded as
SOBBs and leaf SOBBs encode individual scene triangles unified
BVH (UBVH).

During ray tracing, we can use a standard slab-based intersection
test to find a ray-SOBB intersection in the exact same way as we do
for any other SOBB in the hierarchy. However, once we determine
an intersection with the SOBB representing the triangle, we have to
perform an additional check to determine whether the actual ray-
triangle intersection occurred.

Figure 3: Left: a triangle placed on the surface of a tight bounding
SOBB with the width of €. Right: slab relative coordinates over the
surface of the triangle. These coordinates grow from 0 to 1 in the
span of the slab.

We utilize a property of the SOBB representation that directly
provides the relative coordinates of the intersection point within the
slab. This follows from the fact that the transformation described in
Eq. 1 scales the world space so that the width of the slab becomes
a unit length, with e ensuring that the slab does not collapse into a
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plane. The slab s contains all the points p that satisfy the inequality:

u=p-[sx s s r — 5y ()

peEs <— 0<u<l. 3)

The value u obtained by adjusting the scalar projection by s, rep-
resents a relative distance from the lower limit of the slab, and we
will refer to it as a slab relative coordinate. The slab triplet then de-
fines a space with slab relative coordinates u, v, and w, in which all
points lying on the SOBB surface have at least one of these coordi-
nates equal to 0 or 1, while the other two coordinates, assuming that
they hold the inequality above, describe a relative position within
the corresponding parallelogram.

We can verify that the ray-triangle intersection happened sim-
ply by projecting the ray-SOBB intersection point p to the SOBB
unit space and evaluating, whether the position corresponds to the
known position of the triangle 7 within the parallelogram. We con-
struct the SOBB so that the triangle is always aligned with w = 0
plane and therefore:

peT < u+v<1. 4)

See Fig. 3, right, for an illustration of this equation. Note that
the relative slab coordinates are closely related to the barycentric
coordinates of the enclosed triangle. With respect to layout shown
in Fig. 3, barycentric coordinates A, Aj, and A, corresponding to
vertices Vg, Vi, Vo can be computed trivially:

7\,1:17147 7\,2:171), 7\,():177\,177\,2. (5)

3.3. Triangle pair as SOBB

Working with pairs of triangles sharing a common edge instead of
singular triangles is known to provide multiple benefits: reduced
memory footprint, faster bottom-up BVH construction due to the
reduced number of clusters, and a potentially more efficient in-
tersection test [WWB*14; BMB*24]. We adopt this idea for our
UBVH representation and encode suitable triangle pairs as a single
SOBB. We call the resulting data structure extended UBVH.

We distinguish three configurations of triangle pairs with a com-
mon edge: (1) coplanar triangles with central symmetry over the
midpoint of the shared edge, forming a parallelogram, (2) arbitrary
coplanar triangles, and (3) butterfly formation of two noncoplanar
triangles, resembling the shape of wings.

3.3.1. Coplanar symmetric pair

The case of central symmetry over the midpoint of the shared edge
is a straightforward extension of the single triangle approach, as
depicted in Fig. 4, left. If inequality u +v < 1 is true, the point p
belongs to the first triangle (orange); otherwise, it belongs to the
second triangle (cyan).

3.3.2. Coplanar asymmetric pair

Although arbitrary pair of coplanar triangles can always be
bounded by a parallelogram (see Fig. 4, right), there is no obvi-
ous way to determine the ray-triangle intersection using only the
slab relative coordinates (i.e., without additional information). For



4 0of 10 M. Kdcerik & J. Bittner / Unified Bounding Volume Hierarchy

this reason, we treat this pair configuration as two separate triangles
with separate SOBB representation.

V3

41

Figure 4: Left: a coplanar triangle pair with central symmetry
over the edge midpoint, placed on the surface of a tight bounding
SOBB with the width of €. Right: a coplanar triangle pair with no
symmetry bounded by a parallelogram.

3.3.3. Butterfly pair

Any noncoplanar pair of triangles can be encoded on the surface
of an SOBB as shown in Fig. 5. Also, with a careful approach,
the ray-triangle intersection can be determined directly from the
relative slab coordinates, similarly to the case of a single triangle.

Depending on the butterfly shape, resulting SOBB might provide
a poor fit for the pair, including a lot of empty space. However, due
to the implicit clipping of hierarchies of oriented bounding vol-
umes [KB25] this problem is mitigated. This enlarged bounding
volume is only used to encode the triangle pair and is not used
to compute the parent bounding volumes (these are fitted indepen-
dently as we discuss in Section 4.1.1). The empty space is thus
effectively clipped by the parent bounding volumes. This observa-
tion is supported by measurements that show a very low number of
ray-triangle intersection tests for the proposed representation.

Figure 5: Left: a nonplanar, convex triangle pair, placed on the
surface of a tight bounding SOBB. Right: possible placements of a
concave pair, either with flipped order or on the SOBB backside.

Convex and concave triangle pair configuration. Assuming
outward pointing normal vectors, the relative position of the trian-
gles as shown in Fig. 5, left, is what we consider a convex con-
figuration. Were the normals pointing inwards, in a so called con-
cave configuration, placing the triangles in the same relative posi-
tion within the SOBB would lead to an inconsistency between the
configurations. We identified two ways of addressing this issue: ei-
ther the concave pair is encoded on the other side of the SOBB,
or the triangles are flipped, maintaining the same relative SOBB
placement with different triangle order, as shown in Fig. 5, right.
We implemented the second option, as it allows to share the same
intersection test for both convex and concave configurations.

Intersection test. We construct the SOBB in such a way that the

first triangle Ty occupies the face with the relative slab coordinate
w = 0 and the other triangle 77 occupies the face with u = 0. Sim-
ilarly to a single triangle test, valid ray-SOBB intersection point p
intersects one of the triangles if following conditions are met:

peETly < w=0Au+v<1

(0)
pell < u=0Av+w<1.

3.3.4. Barycentric coordinates for triangle pairs

As we do not impose constraints on the common edge of a pair of
triangles, the barycentric coordinates can no longer be computed
as trivially as for the single triangle with consistent relative posi-
tion of triangle vertices and SOBB slabs. Although the mapping
between the slab coordinates and the vertices of triangles could be
maintained, we decided to simply recompute the barycentric coor-
dinates in the shading phase of the ray tracing pipeline.

3.4. Precision

Encoding triangles on the SOBB surface comes with potential pre-
cision issues when encoding single triangles and near-planar but-
terfly pairs.

Single triangles. Unlike in Eq. 6 for butterflies, in Eq. 4 for
triangles we do not explicitly consider the coordinate w. For a sin-
gle triangle, the w corresponds to the € wide slab, where the values
0 and 1 correspond to the front and back sides of the SOBB (see
Fig. 3, left, for reference). As the triangle is placed on the SOBB
front side (w = 0), disregarding w slightly distorts the resulting in-
tersection for rays coming from the back due to the € difference,
but in turn simplifies the intersection test. We used this faster in-
tersection test as it did not yield visible artifacts in our test scenes.
For an accurate handling of backface hits, it is possible to explicitly
ignore the hits on the back side of the SOBB.

Near-planar butterflies. With finite precision, butterflies with
almost identical normals can introduce numerical issues in the uvw
space due to extremely thin and nearly parallel SOBB slabs. There-
fore, we used a fixed threshold angle of 5 - 10~ rad, below which
the pair is dismissed and the triangles are considered separately.

4. BVH Construction and Traversal

Our UBVH structure is constructed by transforming the bounding
volumes of an existing AABB hierarchy, similar to the way a SOBB
BVH is built [KB25]. The main differences are the assembly of the
leaf nodes and the approach to BVH traversal.

4.1. BVH construction

First, we construct the AABB BVH with a single primitive per
leaf and proceed with the bottom-up BVH transformation to obtain
SOBB for each BVH node.

4.1.1. Transformation to UBVH

For each leaf, we retrieve the associated triangle (or pair of tri-
angles) and encode it on the surface of a SOBB, as described in
Sec. 3. Then we continue the bottom-up pass, merging child nodes

© 2025 The Author(s).
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at each step, using an intermediate k-DOP representation to esti-
mate the merged SOBB in the same fashion as the SOBB BVH is
constructed [KB25].

Leaf nodes are explicitly positioned before the interior nodes in
the currently processed node’s child list. Due to sequential evalua-
tion of ray-child intersection tests (explained in detail in Sec. 4.2),
early evaluation of the ray-triangle intersection that yields an inter-
section has the potential to cull the more distant subtrees rooted in
the following interior nodes. This potential is even greater for wide
BVHs with more child nodes.

4.1.2. Triangle pairs discovery

Standard UBVH requires one primitive per leaf node, while ex-
tended UBVH can also handle specific triangle pairs with a shared
edge, as described in Sec. 3.3. As scenes typically consist of a large
number of neighboring triangles, this approach can provide up to
50% reduction of primitives and thus the associated memory usage.
However, this process can be costly, and its efficiency is related to
the structure of a given scene.

Finding suitable triangle pairs can be approached in many ways
with varying trade-offs. We propose two pair discovery algorithms:
(1) a simple greedy parallel algorithm that attempts to merge a tri-
angle with its direct neighbors in the input triangle array and (2)
more involved pairing based on parallel locally-ordered clustering
(PLOC) [MB18].

Simple greedy pairs. In parallel, each triangle attempts to
merge with its successor, accepting valid pairs in a greedy man-
ner using atomic instructions. This approach is strongly tied to the
memory layout of the input scene representation and could require
topological layout optimization to be successful.

PLOC-based pairing. This approach incorporates the spatial
proximity of the triangles and also enables SAH-driven pairing,
beneficial for construction of efficient hierarchy. It resembles a
standard PLOC iteration [MB18], where the set radius of candi-
dates ordered by the Morton space-filling curve are considered for
merging, with two major differences: (1) the distance() function re-
turns the value oo for candidates without a shared edge, effectively
disallowing their merge, and (2) successfully merged pairs are ex-
cluded from the subsequent iterations, maintaining only clusters of
up to two primitives. The resulting set of leaves is then passed to a
standard bottom-up construction algorithm.

4.2. BVH Traversal

Most contemporary massively parallel traversal algorithms are
based on the so-called while-while design with persistent threads
by Aila and Laine [AL09]. One loop evaluates bounding volume in-
tersections, while the other evaluates scene geometry intersections
in the BVH leaf nodes. Each of these loops fetches its own data
according to the bounding volume and scene geometry represen-
tation. The while-while design strives to optimize the switches be-
tween these two contexts to minimize thread divergence and maxi-
mize hardware utilization.

The fundamental difference of our algorithm lies in the fact that

we require only a single loop, as due to our UBVH data structure
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ALGORITHM 1: Pseudocode of the traversal of a single ray using
the N-wide UBVH.

ray <— FetchRay()
node <— FetchNode(root_id)
stack < &
result <— INVALID
repeat
t_mins < [BIG_FLOAT, ...]
c_ids + [INVALID_VALUE, ...]
node_id < INVALID_VALUE
// intersect N-wide node
fori < 0to N do
result < Intersect(node.child_sobb[i])
if intersection found then
if child is leaf then
‘ CheckTriangleHit()
else
t_mins[i] <t
c_ids[i] < node.child_id[i]
if child is closest by intersection distance then
‘ node_id <— node.child_id[i]
if node_id is INVALID_VALUE then
| node_id < StackPop(stack)
// traversal will continue
if node_id is valid id then
node < FetchNode(node_id)
Sort(t_mins, c_ids)
StackPushBackwards(stack, c_ids[i])
until stack # &
Storelntersection(result)

we are able to evaluate both intersections equivalently. Hence, we
do not need to consider the context switches inherent to traditional
BVHs. Our additional ray-triangle intersection check is very fast,
does not require additional data to be fetched from memory, and it
is executed very rarely, as will be shown in the results. The pseu-
docode of the single ray traversal is provided in Alg. 1.

The stack-based top-down traversal starts with the BVH root
node and continuously evaluates intersections with all child nodes.
If the child is a leaf, the additional fast triangle intersection ver-
ification test is performed (according to Eq. 4 or Eq. 6) and the
valid intersection is stored locally. Additionally, we keep track of
the closest non-leaf child as a candidate for the next iteration. If
none is found, we try to get the next node from the stack. If the
traversal should continue, we immediately retrieve the next node
from the main memory, followed by a distance-based sort using a
sorting network [Bat68; Gutl4], hiding the computation in the la-
tency of the memory access. Finally, the sorted nodes are pushed to
stack in far—near order.

Triangle intersection verification. If a leaf node is found, the
ray-triangle intersection test is evaluated immediately. Here, it is
important to realize that our test is performed on top of a ray-SOBB
intersection that necessarily produces two hit points for a success-
ful hit of a non-degenerate SOBB. For the cases of a single trian-
gle and a parallelogram, we neglect the far intersection point due
to the thickness of the SOBB being € (see the discussion in Sec-
tion 3.4). However, doing this also for butterflies might produce
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potentially incorrect results due to unexpected back-face culling or
self-shadowing. Hence, if we care about the triangle backside and
the triangle hit could not be found with the near point, the far point
must also be considered. To avoid numerical issues with leaf SOBB
boundaries in the uvw space, the coordinate corresponding to inter-
sected face of SOBB is explicitly set to 0 or 1 when an intersection
with the SOBB is found. This is done using knowledge of the slab
planes that yield the nearest and farthest intersection.

Dynamic ray fetch. The behavior of our algorithm is consistent
with the findings of Ylitie et al. [YKL17] where dynamic ray fetch
provides practically no real benefit for a binary BVH, but wide lay-
outs benefit significantly.

5. Results

The presented method has been prototyped and evaluated in
a Vulkan-based framework and its implementation is available
online: https://dcgi.fel.cvut.cz/projects/ubvh/.
All utilized BVHs are constructed on the GPU in the following se-
ries of steps:

Baseline BVH. 2-wide AABB BVH is constructed using a sin-
gle kernel launch variant of the PLOC++ algorithm [BDTD22] and
also serves as a starting point for all transformed BVHs. Initial
AABB clusters are formed using either scene triangles or triangle
pairs for the extended UBVH and the search radius is 16.

Collapsing. When appropriate, BVH is optimized with parallel
SAH-based subtree collapsing [MB18], using SAH cost constants
ci =2, c; =3 forthe AABB BVH and ¢; = 2, ¢; = 4.5 for the other
bounding volumes. The maximum leaf size is set to 8.

Transformation. The corresponding bounding volume transfor-
mation algorithm is used to obtain /4-DOP BVH [KB24], OBB
BVH [VEPG23], SOBB BVH [KB25], and UBVH. For SOBB and
UBVH cases, we use a 64-DOP for the intermediate representation
during the process.

Layout optimization. Lastly, the hierarchy is packed to a final,
traversal layout. We utilize 4-wide layouts, as they consistently
outperform their binary counterpart in all our tested scenarios. For
conversion, we used parallel conversion introduced by Benthin et
al. [BMB*24]. Specialized compression is not applied for any of
the methods.

As a reference, we constructed 4-wide AABB BVH, 4-wide /4-
DOP BVH, 4-wide OBB BVH, 4-wide SOBB BVH, and also 4-
wide SOBB BVH without subtree collapsing (denoted SOBB*).
Our proposed method is evaluated in the form of the 4-wide UBVH
and the 4-wide extended UBVH. The topology of SOBB* matches
the UBVH; these two data structures differ only in the content of
the leaf nodes, i.e. the SOBB shape.

For performance evaluation, we used eight scenes of geometric
complexity varying between 1 and 13 million triangles. For each
scene, we rendered about eight representative views (including far
and close ones) at a resolution of 1920x1080 pixels. We used naive
path tracing (i.e., no next event estimation, no Russian roulette)
with eight samples per pixel, and we treated all surfaces as Lam-
bertian. We used up to eight bounces per path which created suf-
ficiently incoherent workload for interior-like scenes. The test was

performed on a PC with an Intel i9-10900X, 128GB RAM, and an
NVIDIA RTX 3080Ti with 12GB of VRAM.

5.1. Measurements

To evaluate the methods tested, we report the average number of
primitives per leaf node, the total build time in milliseconds, and
total memory requirements for storing the BVH and triangles in an
optimized layout. To assess the traversal performance, we report
the following statistics: average ray-bounding volume intersection
tests per ray, average ray-triangle intersection tests per ray (both
consider all rays traced regardless of their type), trace speed of pri-
mary rays, trace speed of secondary rays (both in millions of rays
per second), and finally the total average time for frame for a given
rendering scenario. The results are summarized in Tab. 1 and we
discuss them below.

5.1.1. Build times

The construction of our UBVH structures is on average 3.5x slower
than construction of 4-wide AABB BVH and 2.1x slower than the
one of 4-wide SOBB BVH. The main bottleneck is the transfor-
mation of AABBs to SOBBs. Although the algorithm is exactly
the same for our UBVH as for the SOBB BVH, unlike the col-
lapsed SOBB BVH we have to process significantly more nodes
to maintain full hierarchy with leaves of size one (or two). This is
even more pronounced for the uncollapsed SOBB BVH, which has
expensive leaf transformation and is on average 1.2x slower than
UBVH.

The extended UBVH shows that the overhead of the pair dis-
covery algorithm can be completely recovered already when only
a handful of pairs is found (such as for the Crown scene), and with
higher number of pairs the total build time can be significantly re-
duced (such as for the Powerplant or Sheep scenes) compared to
the baseline UBVH.

5.1.2. Memory consumption

For conventional BVHs, memory consumption can be divided into
two parts. One is consumed by the hierarchy itself, and the other
is consumed by the triangles, typically transformed into a repre-
sentation favorable for the fast and precise intersection test. Our
unified representation has a larger memory footprint for bounding
volumes than AABB (12 floats for SOBB vs 6 floats for AABB)
and is equivalent with OBBs and SOBBs.

For triangles referenced from the traditional BVHs, we use a lay-
out of 12 floats per triangle required for Woop’s triangle intersec-
tion test [Woo04; ALQ9]. Triangles in UBVH also use 12 floats
per triangle as they are encoded as SOBBs. In extended UBVH
a triangle pair is also represented with 12 floats (SOBB) and two
bits identifying the particular triangle pair configuration which are
stored inside the primitive ID field.

The standard UBVH consumes on average 1.5x more memory
than a 4-wide AABB BVH and 1.4x more memory than a 4-wide
SOBB BVH. Consumption of an extended UBVH representation is
directly tied to the number of triangle pairs in the hierarchy, con-
suming 0.5x the UBVH memory in an ideal case up to exactly
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Table 1: Performance comparison of UBVH and extended UBVH methods to the reference methods: 4-wide BVHs of AABBs, 14-DOPs,
OBBs, and SOBBs. The star symbol denotes a BVH construction with no subtree collapsing. The italic font for the average triangle inter-
sections for UBVH methods signifies that, unlike the references, most of the price of these tests is already covered in the bounding volume
intersection.

Scene Bounding Leaf Buildtime Memory req. Avg. tested Avg. tested  Primary Secondary  Avg. frame
#triangles | volume size (ms) | (MB) | BVsperray] A perray] (MRps) 1 (MRps) T time (ms) |
San Miguel [10.0M] | AABB 27 37 (1.00) 677 (1.00) 141.7 (1.00) 13.3 (1.00) 618 (1.00) 207 (1.00) 2188 (1.00)
14-DOP 3.6 53 (1.42) 794 (1.17) 113.3 (0.80) 10.2 (0.76) 513 (0.83) 161 (0.78) 2810 (1.28)
OBB 37 83 (224) 740 (1.09) 1334 (0.94) 10.6 (0.80) 392 (0.63) 145 (0.70) 3141 (1.44)
SOBB 37 63 (1.69) 740 (1.09) 131.2 (0.93) 11.6 (0.87) 408 (0.66) 195 (0.94) 2374 (1.09)
SOBB* 1.0 185 (4.97) 1494 (2.21) 1427 (1.01) 3.7 (0.28) 366 (0.59) 191 (0.92) 2436 (1.11)
UBVH 1.0 172 (4.62) 1015 (1.50) 1424 (1.000 2.3 (0.17) 506 (0.82) 210 (1.02) 2179 (1.00)
UBVHext. 1.5 132 (3.56) 666 (0.98) 132.1 (0.93) 2.0 (0.15) 605 (0.98) 242 (1.17) 1893 (0.87)
AABB 25 16 (1.00) 247 (1.00) 111.5 (1.00) 16.7 (1.00) 1214 (1.00) 235 (1.00) 1220 (1.00)
14-DOP 34 21 (1.32) 289 (1.17) 881 (0.79) 124 (0.74) 902 (0.74) 207 (0.88) 1400 (1.15)
OBB 3.6 32 (203) 269 (1.09) 100.7 (0.90) 6.4 (0.39) 810 (0.67) 235 (1.00) 1254 (1.03)
SOBB 36 24 (1.54) 269 (1.09) 101.8 (0.91) 10.0 (0.60) 812 (0.67) 283 (1.20) 1060 (0.87)
SOBB* 1.0 60 (3.85) 532 (2.15) 111.8 (1.00) 3.5 (0.21) 708 (0.58) 252 (1.07) 1194 (0.98)
UBVH 1.0 53 (341) 362 (1.47) 111.8 (1.000 1.5 (0.09) 863 (0.71) 296 (1.26) 1011 (0.83)
UBVHext. 1.1 52 (3.35) 312 (1.26) 108.0 (0.97) 1.6 (0.10) 988 (0.81) 326 (1.39) 915 (0.75)
AABB 26 17 (1.00) 193 (1.00) 158.6 (1.00) 37.5 (1.00) 634 (1.00) 132 (1.00) 2839 (1.00)
14-DOP 34 23 (1.34) 227 (1.18) 121.4 (0.76) 22.0 (0.59) 576 (0.91) 122 (0.93) 3069 (1.08)
OBB 3.6 32 (1.84) 212 (1.10) 134.8 (0.85) 12.6 (0.34) 496 (0.78) 143 (1.08) 2665 (0.94)
SOBB 3.6 27 (1.55) 212 (1.10) 137.1 (0.86) 17.0 (0.46) 488 (0.77) 174 (1.32) 2220 (0.78)
SOBB* 1.0 61 (3.56) 421 (2.19) 1532 (0.97) 6.0 (0.16) 416 (0.66) 162 (1.23) 2387 (0.84)
UBVH 1.0 59 (3.40) 285 (1.48) 1529 (0.96) 2.1 (0.06) 552 (0.87) 193 (1.46) 1993 (0.70)
UBVHext. 1.4 50 (2.87) 202 (1.05) 1539 (0.97) 2.3 (0.06) 578 (091) 196 (1.49) 1965 (0.69)
AABB 23 35 (1.00) 624 (1.00) 674 (1.000 2.8 (1.00) 1360 (1.00) 293 (1.00) 264 (1.00)
14-DOP 32 51 (1.46) 745 (1.19) 509 (0.75) 2.4 (0.85) 1146 (0.84) 273 (0.93) 291 (1.10)
OBB 33 81 (235) 692 (1.11) 569 (0.84) 4.0 (1.41) 920 (0.68) 234 (0.80) 345 (1.31)
SOBB 33 58 (1.68) 692 (1.11) 56.2 (0.83) 2.5 (0.89) 1203 (0.88) 336 (1.15) 247 (0.94)
SOBB* 1.0 137 (3.96) 1310 (2.10) 588 (0.87) 0.9 (0.31) 1186 (0.87) 342 (1.17) 246 (0.93)
UBVH 1.0 127 (3.66) 888 (1.42) 588 (0.87) 0.6 (0.22) 1446 (1.06) 416 (1.42) 202 (0.77)
UBVHext. 1.7 92 (2.65) 536 (0.86) 585 (0.87) 0.7 (0.26) 1508 (1.11) 447 (1.52) 190 (0.72)
AABB 2.6 40 (1.00) 880 (1.00) 144.3 (1.00) 26.7 (1.00) 784 (1.00) 178 (1.00) 1736 (1.00)
14-DOP 37 58 (1.45) 1016 (1.16) 127.4 (0.88) 12.7 (0.48) 546 (0.70) 150 (0.84) 2086 (1.20)
OBB 39 87 (2.15) 944 (1.07) 1574 (1.09) 16.5 (0.62) 441 (0.56) 140 (0.79) 2243 (1.29)
SOBB 39 75 (1.87) 944 (1.07) 137.5 (0.95) 14.6 (0.55) 568 (0.72) 203 (1.14) 1542 (0.89)
SOBB* 1.0 223 (5.53) 1928 (2.19) 1504 (1.04) 52 (0.19) 445 (0.57) 176 (0.99) 1814 (1.04)
UBVH 1.0 208 (5.17) 1315 (1.50) 150.0 (1.04) 2.5 (0.10) 582 (0.74) 244 (1.37) 1318 (0.76)
- ‘ UBVHext. 1.6 161 (4.00) 840 (0.95) 151.2 (1.05) 2.3 (0.09) 558 (0.71) 276 (1.55) 1185 (0.68)
Hairball [2.9M] AABB 44 11 (1.00) 172 (1.00) 1654 (1.00) 45.8 (1.00) 523 (1.00) 89 (1.00) 3494 (1.00)
14-DOP 51 15 (1.38) 203 (1.18) 130.6 (0.79) 26.7 (0.58) 439 (0.84) 107 (1.20) 2975 (0.85)
OBB 52 22 (1.99) 194 (1.13) 147.6 (0.89) 12.7 (0.28) 411 (0.79) 128 (1.43) 2530 (0.72)
SOBB 52 18 (1.64) 194 (1.13) 1479 (0.89) 19.8 (0.43) 432 (0.83) 147 (1.65) 2214 (0.63)
SOBB* 1.0 46 (4.15) 427 (2.48) 1658 (1.00) 4.3 (0.09) 326 (0.62) 136 (1.52) 2452 (0.70)
UBVH 1.0 43 (391) 288 (1.68) 165.7 (1.00) 2.1 (0.05) 535 (1.02) 160 (1.79) 2016 (0.58)
UBVHext. 1.7 29 (2.63) 180 (1.05) 159.7 (0.97) 2.0 (0.04) 548 (1.05) 177 (1.98) 1845 (0.53)
Bistro int. [1.0M] AABB 25 52 (1.00) 72 (1.00) 123.8 (1.00) 63.5 (1.00) 859 (1.00) 163 (1.00) 2963 (1.00)
14-DOP 35 7.2 (1.39) 84 (1.16) 96.8 (0.78) 34.6 (0.55) 554 (0.64) 144 (0.88) 3400 (1.15)
OBB 36 9.8 (191) 78 (1.09) 100.2 (0.81) 8.7 (0.14) 570 (0.66) 227 (1.39) 2197 (0.74)
SOBB 36 88 (1.71) 78 (1.09) 102.6 (0.83) 149 (0.23) 636 (0.74) 256 (1.56) 1955 (0.66)
SOBB* 1.0 21 417) 156 (2.17) 1169 (094) 7.6 (0.12) 520 (0.60) 224 (1.37) 2243 (0.76)
UBVH 1.0 20 (3.92) 106 (1.47) 1164 (0.94) 2.0 (0.03) 623 (0.73) 378 (2.31) 1362 (0.46)
UBVHext. 1.5 16 (3.18) 70 (0.97) 108.6 (0.88) 2.1 (0.03) 722 (0.84) 432 (2.64) 1192 (0.40)
AABB 43 52 (1.00) 644 (1.00) 245.1 (1.00) 290.9 (1.00) 13 (1.00) 3.8 (1.00) 61363 (1.00)
14-DOP 50 68 (1.29) 760 (1.18) 331.8 (1.35) 258.0 (0.89) 32 (2.46) 11 (2.84) 21863 (0.36)
OBB 4.8 106 (2.02) 731 (1.14) 249.4 (1.02) 135.1 (0.46) 78 (5.97) 32 (8.44) 7522 (0.12)
SOBB 4.8 80 (1.52) 738 (1.15) 249.1 (1.02) 121.3 (0.42) 100 (7.65) 37 (9.72) 6455 (0.11)
SOBB* 1.0 187 (3.57) 1602 (2.49) 380.0 (1.55) 85.0 (0.29) 48 (3.67) 24 (6.20) 10454 (0.17)
UBVH 1.0 172 (3.29) 1086 (1.69) 379.8 (1.55) 3.4 (0.01) 128 (9.70) 34 (8.94) 6817 (0.11)
UBVHext. 1.5 124 (2.38) 720 (1.12) 3343 (1.36) 3.3 (0.01) 168 (12.76) 45 (11.82) 5171 (0.08)
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the same amount in the worst case. Our extended UBVH pairing
achieved about 1.5x reduction in memory consumption compared
to standard UBVH and is roughly equivalent to AABB BVH, de-
spite the larger memory footprint of the bounding volume repre-
sentation. Furthermore, with the exception of an underwhelming
pairing in the Crown scene, the extended UBVH consumes roughly
equivalent amount of memory as the AABB BVH and less than
other reference BVHs (using 12 float triangle representaion for fast
intersection test [AL09]).

5.1.3. Average number of intersection tests

Due to the tight fit of SOBBs, our UBVH on average requires ap-
proximately the same number of the bounding volume intersections
compared to the baseline AABB, despite the fact that the base-
line BVH with collapsed subtrees is shallower. An exception is the
Sheep scene, where the subtree collapsing significantly reduces the
number of nodes in the tree. However, this metric should be con-
sidered together with the average ray-triangle intersections.

In UBVH, most of the work necessary for the ray-triangle in-
tersection is already covered by the ray-SOBB intersection. The
ray-triangle intersection verification itself is cheap and much more
efficient than the ray-triangle intersection used in other methods.
The practical cost of the UBVH ray-triangle tests is reduced even
more as they require no additional data to be fetched. Thus, the
numbers in the related column in Tab. 1 are in italics to indicate that
although they represent the same idea, they are not directly compa-
rable to the rest of the values. In addition, the deeper hierarchy of
UBVH with leaf bounding volumes directly fit to triangles leads to
a very low number of ray-triangle intersection verifications.

5.1.4. Ray tracing speed

We first discuss results for all scenes excluding the Sheep scene,
which has a dedicated section below. Our results are consistent
with findings for SOBB BVHs [KB25], that tight bounding vol-
umes with more data and more expensive intersection test tend to
degrade the performance of highly coherent primary rays, unless
the structure of the scene is complex enough (e.g., the Hairball and
Mammoth scenes). Still, UBVH is, on average, 1.1x faster and ex-
tended UBVH is about 1.2x faster than the 4-wide SOBB BVH for
primary rays.

On the other hand, incoherent secondary rays benefit signif-
icantly from reduced overlaps of tight bounding volumes, with
UBVH being on average about 1.5x and extended UBVH about
1.7x faster than the baseline AABB BVH. UBVH also outperforms
SOBB BVH with 1.2x and 1.3x faster trace speeds of secondary
rays, respectively.

It is known that for path tracing, majority of time is spent on the
traversal of secondary rays (over 90% in most of our test scenarios).
Thus, the overall rendering performance is strongly correlated with
secondary rays performance. The UBVH resulted in the best frame
times for all scenes tested.

Sheep scene. Scenes such as Sheep are a common outlier used
specifically in the research of tight bounding volumes [WMZ*20;
VEPG23; KB24; KB25]. Here, tubular shapes tesselated from

curves simulating fur form a dense, massively overlapping struc-
ture of long, thin, and arbitrarily oriented primitives. In addition to
the utilization of tightly fitting SOBBs, the great success of our ex-
tended UBVH is due to a huge number of triangle pairs in the form
of parallelograms and butterflies (depending on the algorithm) that
can be exploited by our method.

5.1.5. Triangle pairs

The extended UBVH results presented in Tab. 1 were obtained with
triangle pairs discovered by 4 iterations of the PLOC-based pairing
algorithm with a radius of 8, empirically proven to be reasonable
default values, although the parameters could be tuned adaptively
per scene for best results. The success rate and pair distribution of
the settings chosen is expressed as the reduction in the total number
of BVH nodes in Fig. 6.
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Figure 6: Relative reduction of primitives using our PLOC-based
algorithm for discovery of triangle pairs with a common edge.

We also tested the greedy pairing algorithm as described in 4.1.2
and report the results in Tab 2. In the top part, we provide relative
average values over the scenes except the Sheep, which is handled
separately. Despite the fact that the algorithm is simpler and faster
on its own, it also typically discovers fewer pairs, and consequently,
the total build time is overwhelmed by the transformation cost of
more nodes, leading also to increased memory requirements and
slower trace times.

The exception is the Sheep scene, where due to the shape and al-
gorithmically produced topological layout allows the greedy algo-
rithm to discover more parallelogram pairs faster, leading to smaller
memory footprint and increased traversal performance.

Table 2: Relative comparison of the PLOC-based and greedy trian-
gle pairing algorithms introduced in Sec. 4.1.2. Greedy algorithm
performs on average worse, however with favorable scene topology
it can outperform the PLOC, as proven by the Sheep scene.

Pairing method | Leaf size Build time Memory Secondary RT

avg. w/o Sheep

PLOC pairs 1.50 1.00 1.00 1.00
Greedy pairs 1.21 1.21 1.23 0.95
Sheep

PLOC pairs 1.50 1.00 1.00 1.00
Greedy pairs 1.70 0.87 0.92 1.09
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5.2. Discussion and Limitations

Traversal. Our UBVH traversal pipeline is limited by global
memory access latency. This is partially hidden by the full sorting
of children nodes, but another meaningful task, such as stack sani-
tation, could be investigated. We currently fetch the entire uncom-
pressed wide BVH node at once, creating pressure on the register
allocation. Our experiments with 8-wide nodes in this fashion were
strongly hindered. Other approaches could attempt to efficiently
interleave partial node fetches and intersection computations with
precomputed child node ordering, for example, as proposed by Yli-
tie et al. [YKL17]. Additionally, a shared memory could be utilized
to partially cover the traversal stack for faster memory access.

Numerical stability. Ray tracing, as any other computation in
finite precision, is prone to floating point errors. We use world-
space e-thresholds for computing SOBB bounds and uvw para-
metric space e-thresholds for the triangle intersection verification.
Although we do not observe precision related artifacts in tested
scenes, to provably achieve watertightness of the SOBB-based tri-
angle intersection, our method would need to be extended as done
by Woop et al. for triangles [WBW13].

Compression. State-of-the-art GPU-oriented ray tracing imple-
mentations, such as the work of Ylitie et al. [YKL17], utilize axis-
aligned bounding boxes with reduced precision organized in a wide
compressed BVH node layout. Due to unified representation of
bounding volumes and scene geometry, traditional lossy compres-
sion methods such as bounding volume quantization are not triv-
ially applicable to UBVH, as they will also be applied to the ge-
ometry itself. As we do not use compressed layout for any of the
evaluated methods, a comparison with such an approach is miss-
ing. We acknowledge that in specific cases it might outperform our
implementation.

6. Conclusion and Future Work

We proposed a unified representation of bounding volumes and tri-
angular geometry for BVHs based on skewed oriented bounding
boxes. This unified representation allows for a simplified design of
the BVH traversal algorithm for ray tracing, leading to a consider-
able acceleration of traversal of incoherent rays. We also presented
a method for efficient representation of triangle pairs, leading to
reduced memory consumption and further accelerating ray tracing.
For tracing incoherent rays, the UBVH methods outperformed tra-
ditional AABB BVHs as well as SOBB, 14-DOP, and OBB BVHs
in all tested scenes.

There are numerous possible extensions of our work. Designing
a compressed SOBB representation and improving the algorithm
for determining triangle pairs would yield an even lower memory
footprint and faster trace times. Optimizing BVH topology directly
for the SOBBs would likely further improve the traversal perfor-
mance. We also believe that our method could serve as a basis for
designing a novel hardware architecture for ray tracing polygonal
scenes.
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