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ABSTRACT

We present a novel hierarchical representation, Ray-<Stfip in-
teractive ray tracing of complex triangle meshes. Prioinoized
algorithms for ray tracing explicitly store each triangtetie input
model. Instead, a Ray-Strip takes advantage of mesh cavibect
for compact storage, ef cient traversal and ray intersawi As a
result, we considerably reduce the memory overhead of igmat
model and the hierarchical representation. We also preserent
algorithms for single ray and ray packet traversal using-Raips.
Furthermore, we demonstrate that our representation dere the
SIMD capabilities of current CPUs for incoherent ray paskatd
single rays. We show the bene t of Ray-Strips on models wetirst
of thousands to tens of millions of triangles. In practicer ap-
proach can reduce the storage overhead of interactive aaing
algorithms by up to ve times compared to standard approsiche
Moreover, we improve the runtime performance of ray tra@ng
large models.

CR Categories: 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Raytracing;

Keywords: ray tracing, bounding volume hierarchies, compact
representation, triangle strips

1 INTRODUCTION

Ray tracing has recently emerged as an alternative remgerin
method to rasterization for interactive rendering. Rayitrg has
been extensively studied for almost three decades due abiitt/
to simulate the physical process of light propagation angteerate
various rendering effects like transparency, shadowsradticeict il-
lumination. There has been renewed interest in real-timgaaing
due to the exponential growth rate of processing power acehte
hardware trends of using multiple cores. Since ray tracigg-a
rithms are embarrassingly parallel and easily map to neolte and
multi-processor systems, it is expected that the perfocamairay
tracing will continue to improve signi cantly.

One of the main bene ts of ray tracing is that its asymptdtioet
complexity increases as a logarithmic function of the nunalféri-
angles of the model. This makes ray tracing an attractiveosa
for rendering large data sets composed of tens or hundremd-of
lions of primitives. However, the model representation aockler-
ation data structures used to perform ray tracing such nessid-
els can take tens of giga-bytes of storage. This large stavagr-
head can signi cantly affect the performance of ray tragéis.

Recent algorithmic improvements such as ray coherence tech
niques [29, 34] are able to exploit the coherent hierarchyetrsal
behavior of packets or groups of rays and improve the rungiere
formance. These algorithms have been shown to work well with
architectural models, where most visible triangles coaegd ar-
eas in terms of number of pixels in the image space. As a result
groups of rays can maintain high spatial coherence in tefrhs o
erarchy traversal behavior in such models. However, thethads
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have decreased effectiveness on highly complex and detaitel-
els since coherence decreases with model complexity aniditsima
angles [41]. In particular, recent advances in 3D scannimsai-
enti ¢ simulation result in datasets composed of tens ordnads
of millions of small triangles.

Most ray tracing algorithms assume that input models aie “tr
angle soup”, i.e. all triangles are considered unorderetitaafe-
pendent. However, many meshes used in computer games, CAD,
scanned data, and scienti ¢ simulations have well-de nexh-c
nectivity between the triangles. This property has beeroéxpl
to compute a sequential order of triangles and using thagrord
for higher rasterization throughput. This includes reprgations
based on triangle strips or rendering sequences [9, 18 hadnie
designed to reduce the memory requirements and transfiormat
cost during triangle rasterization. Unfortunately, suompact and
ef cient representations developed for improving the eaigation
performance are not directly applicable to ray tracing.sTikidue
to the fact that triangle strips or rendering sequences arslynde-
signed for sequential access during rasterization. Onttrex band,
current ray tracing algorithms access the underlying deeeisen-
tations including the triangles in a random manner. Theegfmost
optimized ray tracing methods store each triangle and asngdric
coordinates separately to facilitate such random accedesgever,
these representation can have high storage overhead.

Main Contributions: In this paper, we address the problem of rep-
resenting triangle meshes for fast ray tracing. We presewmival
mesh and hierarchy representati®ay-Strips for interactive ray
tracing. A Ray-Strip includes a list of vertices, which inegtly rep-
resents a list of triangles like a triangle strip. Moreower repre-
sentation also includes a light-weight hierarchy de nedtoa list.
Therefore, our Ray-Strips allow ef cient tree traversalvesll as
ef cient ray intersection tests between a ray and the tilesigepre-
sented by the Ray-Strip. We also present techniques to imphe
SIMD utilization for incoherent ray packets based on RaypSt
To evaluate our method, we apply our method to different benc
marks including complex scanned, CAD, and simulation dats. s
Also, the model complexity of our benchmarks varies fronsteh
thousands of triangles to a few hundred million triangles.

As compared to prior approaches, our representation affiers
following advantages:

Memory ef ciency: Ray-Strips require much less memory
for both the hierarchy as well as the geometric primitives by
compactly storing each of them. Compared to previous ap-
proaches, Ray-Strips are able to reduce memory requirement
by up to 5 times. This can considerably improve the perfor-
mance of out-of-core ray tracers and makes it possible te han
dle massive models on commodity hardware such as laptops
with limited main memory and disk space.

SIMD utilization: Ray-Strips enable us to ef ciently handle
incoherent packets by switching the usage of SIMD units to
primitive intersection tests from hierarchy traversal.

Faster single-ray performance:Due to the improved mem-
ory ef ciency and SIMD utilization, we are able to improve
the overall the run-time performance of ray tracing on massi
models signi cantly.



Organization:  The rest of the paper is organized as follows: In
Section 2, we brie y survey related work on mesh represémntat
and ray tracing. We discuss issues in ray tracing massivelnau
Section 3 and give an overview of our approach. Section 4ptes
our mesh representation in detail and Section 5 describesraf
traversal and intersection algorithms based on our reptaten.
We discuss our implementation and highlight the perforreamt
different benchmarks in Section 6.

2 PREVIOUS WORK

In this section we give a brief overview on previous work oy ra
tracing of massive models and mesh representations.

Coherent ray tracing: Current interactive ray tracers use pack-
ets of rays to amortize the costs of hierarchy traversal aincitpve
intersection tests over multiple rays by assuming therear@éng
coherence between the rays in each packet. The packetsaaver
algorithm was rst introduced for kd-trees [34] and has begn
plied to different structures such as bounding volume hidrias
[21, 35, 43], s-kd-trees [27,40], and grids [37]. ReceriRgshetov
et al. [29] proposed a multi-level ray tracing method, whazmn
split ray packets and adapts ray packet size to the geonuetme
plexity of the model.

Out-of-core techniques: One of the major challenges when
dealing with massive models is the high memory footprintirayr
rendering. To address this issue, many out-of-core tecksitjave
been proposed in visualization [5] and rasterization [§, 18ar-
ticularly, Waldet al. [36] improved the performance of ray tracing
by employing an explicit memory handling scheme and usieg pr
computed light- eld-like representations of the scene tdehthe
latency incurred during the loading process. Plearl. [28] pro-
posed an algorithm to optimize memory coherence in rayrgaci
by reordering rays so that they access the primitives in et
manner. They mainly showed their performance improvemant f
offline ray tracing. Our approach is complementary to thedge-
rithms and can be combined with them.

Simpli cation: Levels-of-detail (LODs) have been widely used
to accelerate the performance of rasterization of larggguoial
data sets [23] and have been applied to improve the perfaenan
of ray tracing [6, 32, 38, 41]. However, these LOD techniquey
introduce visual artifacts in the nal images and their eganta-
tions can require bigger disk storage than those of non-L@&8d
methods. On the other hand, our method reduces memory and dis
requirement without introducing any visual artifacts.

Mesh and Hierarchical Representations: There is consider-
able work on computing compact mesh representations fam-tri
gulated models, especially for GPU rasterization. Sinceleno
GPUs maintain a small buffer to reuse recently accesseitesst
triangle ordering can improve the frame rates. This appraeas
pioneered by Deering [9]. The resulting ordering of triaagyls
called atriangle strip or a rendering sequenceThere has been
considerable work on designing improved algorithms to gaee
these sequences [10, 18, 26] and extending them to viewadepée
rendering [19, 42].

In the ray tracing literature, there is work on improved esen-
tations for subdivision meshes [6,20,25,32] and tessella¢rsions
of surfaces such as Bézier patches [4]. Amanatides and Qhoi [
presented an edge-based ray-mesh intersection methoegidar
meshes using Plicker coordinates. All of these methodzeitte
fact that connectivity between vertices is implicit andréfere does
not need to be explicitly stored. In contrast, there is ety little
work on ef ciently handling triangular meshes. As one exdmp
Galin and Akkouche [13] use a triangle fan decompositionhef t
model and show an ef cient method for intersecting a ray agfai
triangle fans.

Figure 1: Ray coherence for packets of rays:Consider a group of rays
organized as a ray packet (visualized here by the enclosirggum). In the
upper image, the complexity of the geometry proportionghédrustum size
is low, so rays will likely traverse the same part of the hiels and will hit
the same or close primitives. In the lower image, the gedmedmplexity
is very high relative to the frustum size. Traversal andrseetion overhead
are high since rays will traverse very different paths in tiee.

Compression: There is considerable work on compactly rep-
resenting triangle meshes [1]. Most previous mesh comioress
schemes were mainly designed to achieve maximum compnessio
as they were targeted for archival use or transmission. Mexyé
is not clear whether these compression algorithms can keethjir
used to improve the performance of ray tracing algorithraghay
may not provide random access to the mesh primitives.

Coherent layouts: Since the stored order of triangles and ver-
tices can affect the performance of applications, cohdegmuts
minimizing the number of cache misses have been researched.
These includes space lling curves [22, 30], cache-awase la
outs [17], cache-oblivious mesh layouts [42], etc.. Oupsdthm is
complementary to all the layout techniques and can potgnba
combined with some of them to further improve the perforneesfc
ray tracing.

3 OVERVIEW

In this section we brie y explain the two main issues thasarilur-

ing ray tracing of complex models: low ray coherence and high
memory requirements. Next, we present an overview of our ap-
proach that addresses both these issues. We also furtheness
that the basic input primitives are triangulated models.

3.1 Ray Coherence

Ray coherence techniques such as ray packet traversal tamnd in
section tests [34] and multi-level ray tracing [29] can sicemtly
improve the performance of ray tracing. These approachadtsi-
neously perform intersection tests for rays in a group ajairi-
erarchy (e.g. kd-tree or bounding volume hierarchy) andrgsgadc
primitives of a model. Moreover, we can utilize the SIMD func
tionality of current CPUs or GPUs to perform hierarchy traed
and intersection tests on multiple rays simultaneously.

One major disadvantage of ray packet traversal and intiogec
tests is its behavior for incoherent packets, when all tlys na a
group are forced to traverse different parts of the hierardfor
complex models, this can result in a low utilization ratioSSMD
vector resources. Moreover, this can make packet traveleaer
than standard ray tracing method with single rays due to viee-o
head of preparing data for SIMD usage. This behavior is more
likely to happen as the number of primitives in the model éases
(see Fig. 1). Therefore, a large part of the computatiorsdursces



during ray tracing is not fully utilized in these kinds of nads. As

the SIMD functionality will be more widely used in futures OP
and future many-core architectures, such incoherent packe re-
sult in signi cant performance issues.

3.2 Memory Requirements

Ray tracing algorithms typically need two major data stuiues: a
hierarchical acceleration data structure such as kd-ttebsund-
ing volume hierarchies (BVHs) and a geometric representaif
the primitives associated with the hierarchy. The accétaratruc-
ture is used to improve the performance of ray tracing bynatig
a quick search for the primitives that a ray or group of raysma:
tentially intersect. However, the acceleration structualds a sig-
ni cant memory overhead in addition to storing the actuahyy
tives of an input mesh. Given a model consistingidfiangles, an
optimized BVH with one triangle per leaf has 2 1 BVH nodes

and each node requires 32 bytes [21, 35]. Also, most optinize

software implementations store additional informationrsas the
normal and a projection plane. In particular, the systencritesd
in [33] uses 48 bytes per triangle for storage. Note thatdbiss
not apply to hardware ray tracers [39] which have fast trliauigr
tersection units and can therefore use indexed triangte Iss an
example, the Stanford Lucy model consists of approximatdly
million vertices and 28 million triangles. In this case, thenimal
indexed triangle list including vertices requires a tofad®2 MB of
data, and the optimized triangle representatii284 MB. A BVH
for the model adds another712 MB.

Compared to ef cient mesh representations such as triangle

strips for rasterization, data representations for ragirica take

much more memory space. Moreover, prior research [36, 44] ha

shown that the performance of ray tracing reduces dralstiezhlen
the acceleration data structures and the primitives do nato the
main memory. Considering that one of the attractions of raging
is its logarithmic performance with regard to the numberngfuit
primitives, it is important that we design compact memorpree
sentations for interactive ray tracing.

3.3 Our Approach

We introduce a novel mesh representation called Ray-Stiips
representation is similar to triangle strips used to acatderas-
terization. However, this representation is designed soahit is
amenable to ray tracing while maintaining compactnessh Ray-
Strip represents a mesh that is a subset of the overall inpdem
and all of them are organized in a high-level scene hierarghgre
each leaf node references a Ray-Strip. Ray-Strips repradesi-
anced hierarchy of the triangles as encoded by the stripgefibre,
Ray-Strips themselves represent a low-level scene htgrarc

The choice of a two-level hierarchy stems from the obsemwmati

that the high levels of the hierarchy have a major impact gn ra

tracing performance. Therefore, it is desirable to use aimared
tree structure such as one computed with the surface-ameste
(SAH) [15]. On the other hand, the tree structure closer ¢dehf
nodes in the hierarchy is likely to be evenly distributed race,
assuming that the underlying geometric primitives are ected
and close. Therefore, such lower levels of the hierarchybessplit
evenly without introducing signi cant bad split decisiomsterms

of the SAH metric. This means that at some point it is possible

to switch to splitting the hierarchy at the object medianhwit
sacri cing the global quality of the hierarchy. Once we splie
hierarchy at the object median, then we can represent tharbiey

as a balanced hierarchy, which requires less memory because

child pointers are necessary.

Figure 3: Example triangle strip: This gure shows a simple mesh consist-
ing of seven triangles, which can be represented as a trasglp of nine
vertices shown on the right bottom.

3.3.1 High-level hierarchy

Our representation consists of a high-level hierarchy astdrep-
resentation for the triangle mesh. The high-level hienaishuilt

on the triangular primitives, but only up to a certain trilngount

or other subdivision criterion. Therefore, each leaf oftifgh-level
hierarchy references a subset of triangle primitives. Tilgsarchy
can be any acceleration structure such as a kd-tree, BVH,agri
spatial kd-tree. Note that the size of the tree is signi tasmaller
and the bounding boxes of the tree are large since each ndlde of
tree contains many triangle primitives. Therefore we canese
higher ray coherence during traversal the high-level hatra We
use a BVH of axis-aligned bounding boxes and construct the hi
erarchy using the SAH for best performance. We perform sing|
ray and ray packet traversal on our high-level hierarchiéndame
manner as described in [21, 35].

3.3.2 Ray-Strips

Our low-level hierarchy represents a triangle mesh andiénaed
both to reduce the memory footprint of the geometric privai
in the mesh as well as to allow ef cient traversal and intetiss.
Ray-Strips are based on triangle strips, but contain ancohie
erarchy on the strip that is similar to spatial kd-trees atholva
hierarchy traversal for ef cient culling. One major aspeétthis
representation is that at any step during the traversapiissible to
perform intersection tests with all the triangles contdiimethe cur-
rent sub-tree instead of traversing further. Later, we sti@at this
property can speed up ray tracing for incoherent packetsiagie
rays by ef ciently using SIMD instructions, which performter-
section tests on a single ray with multiple primitives at faane
time. This is in contrast to prior SIMD algorithms that irgect
multiple rays with a single triangle. The traversal andiisgetion
algorithms are described in Section 5.

4 RAY-STRIP REPRESENTATION

In this section we explain our Ray-Strip representation ignde-
lationship with our two levels of hierarchy. We also preseat
algorithm to build Ray-Strips.

4.1 Representation

The Ray-Strip representation is based on triangle strig&hEri-
angle strip represents a set of connected triangles andrisdsas

a list of vertices, where connectivity is given implicitly the or-

der of vertices. Fig. 3 shows an example of a simple mesh and a
corresponding triangle strip. However, even though a giastrip

is an ef cient way to represent a triangle mesh, intersectiray

with each triangle in the strip can be rather slow for rayitrgcTo
address this issue, we generate a memory-ef cient spadidtde
hierarchy on top of the strip. The hierarchy allows ef ci¢raver-

sal for determining the visible triangles in the Ray-Strip.



(a) Bunny (b) Buddha

(c) Thai

(d) CAD power plant (e) Lucy

(f) Isosurface

Figure 2: Benchmark scenesWe test our Ray-Strip representation on a range of complerexcof different types including scanned, scienti ¢ Vigaéion
and CAD models. From upper left: Bunny (scanned, 69K), Baddbanned, 1.2M), Thai (scanned, 10M), Power plant (CAD/I¥2, Lucy (scanned, 30M),

Iso-surface (10M).

Figure 4: Strip hierarchy: We subdivide a strip at the center edge (shown in
red) and then record the minimum and maximum bounds on osdanthe
resulting two children. This de nes a balanced spatial kekton the mesh
such that only the two bounds need to be stored. The intemvidle strip

is de ned implicitly. Please note that intervals overlapa both children
reference the center edge 4-5.

Givenn triangles in a mesh, our Ray-Strip consists of a list of
n+ 2 vertex indices to represent the triangles. We recursisgliy
the strip at the median edge into two parts of equal numbeni-of t
angles (or two sub-trees whose height only differs by oneyder
to de ne a balanced tree on the strip. An example of this djmra
is shown in Fig. 4: The red edge is the one that de nes the aptit
will be a part of the two resulting sub-strips.

Figure 5: Ray-Strip structure: The data structure for storing a Ray-Strip
consists of the header recording the number of triangleshe,Hierarchy
de ned on the strip as well as the triangle strip represegtthe geometry.
We also allow optional per-triangle information, such asteral references
in this case. Note that the size of the Ray-Strip is known @ripand only
depends on n.

sub-tree has at most one level more than the right) and cae-the
fore be stored in an array without the need for child pointdrs
addition, each node directly corresponds to a consecutiyeence
of vertices on the vertex list of the triangle strip. Therefat is
not necessary to actually store the leaf nodes as the ted\zdgo-
rithm can detect whenever it has reached a sub-strip of mrftc
size. Because the spatial kd-tree is an object hierarcayyuimber
of nodes in the tree is also known: fortriangles, we need a total
of dn=2e 1 nodes for the hierarchy.

Our decision to use s-kd-trees was motivated by picking tbstm
light-weight structure to save memory and the fact that $r&ds
have previously been shown to have similarly fast traveis&b-
trees [40]. B-KD-trees [39] and more sophisticated reldtiedar-
chies [16] may have better behavior where empty space subdiv
sion is important, but this is not as much of an concern falyful
connected meshes .

In order to use the balanced tree on the strip, we also need to The spatial kd-tree always assumes that the left sub-strip i

know the spatial bounds of the nodes during traversal. &astd
storing the full bounding box, we select the axis of the |edusto-
lute overlap between children. Then, we store the maximuamto
for the left and the minimum bound for the right child. Effieety,
we store the split axis as well as the coordinates for the tumds,
which is very similar to spatial kd-trees (s-kd-trees) [4Dlirrently,
we split down to sub-strips of length 4, i.e. representingahgles,

split is the one on the left with regard to the split axis. Tétas be
true, but in general will only sometimes be the case. Sinceame
not modify the strip order, we need an additional ag pertsghlat
indicates whether the split is the normal split order or iverse.
Overall, a node in the hierarchy needs to store two split dieor
nates, the split axis and the reverse ag. We encode theselaizo
into one byte for simplicity, although technically they pmieed 3

which has performance advantages for SIMD usage. Because webits (2 for the axis and one for the ag). Fig 5 shows the actual

always perform median splits, the hierarchy is balancedh@teft

memory representation of a Ray-Strip: a header stores the nu



ber of triangles in the strip, then all the hierarchy nodessaored
and nally the actual triangle strip as a sequence of venelkdes.
We also store additional per-triangle information, whichirently
is used for saving a material reference (as a 16-bit intégeshad-
ing purposes. If the material properties are not used oveeex
colors are used, then this information does not need to bbedsto

4.2 Strip Generation

The decomposition of an input mesh to triangle strips is d-wel
studied problem called stripi cation and several algarith are
known in the literature [10, 18, 26]. For a given input modeg
can subdivide the model into triangle strips and build tfgdHevel
hierarchy on those strips. Unfortunately, typical striggtion algo-
rlthm_s tends to_generate_ Very Iong and thin triangle stﬂr@vever, there are two split planes associated with it. The ray hitsl#ft child if the
the triangle strips Optlmlzed_for h.lgh GPU vertex CaCh_ethIon distance to the left plane ds larger than the node entry distancg;d and
may not be good for ray tracing since they do not consider pay s its the right child if the node exit distancggkis larger than ¢. Forray 1,

Figure 6: Traversing a node: Given an inner node of the mesh hierarchy,

tial relationships_ such as Spatial_ d_istribution of geoinqmir_nitives only the near child is traversed, for ray 2 both need to beéraed and ray
or overlaps, which have a decisive effect on the run-timdoper 4 only traverses the far child. Note the special case for raictvtraverses
mance of ray tracing. neither of the two children.

Our approach for nding suitable triangle strips is as falk
we rst run the SAH construction algorithm to d(_ecompose anin Algorithm 1 Traversal of the Ray-Strip hierarchy
put mesh into smaller sub-meshes, each of which has a group of
triangles below a threshold count. Then, we build a higlellé-
erarchy from the sub-meshes. As a next step, we attemptitbéui
triangle strip from each chunk of the mesh. For strip comjta
we use the Stripe library [12] for computing a stripi ed viens of
the mesh. Note that even for a connected mesh, the existémace o
triangle strip fully spanning a mesh is not guaranteed aatttie
problem of computing an optimal decomposition has been stiow
be NP-complete [11]. Therefore, if we are not able to buildrigp s
for a sub-mesh, we instead partition it into as many sub-e®ak

node root, left 0, right #indices-1

[dmin; dmax = ray.intersectWithBoundingBox()

while node != NULLdo

while (right - left + 1) > 2do
d. ray.distToNear(node.axis, node.splitl, node.split2)
dr ray.distToFar(node.axis, node.splitl, node.split2)
if d_ < dmin then
if dr > dmaxthen
[node,left,righttimin,dmad ~ Stack.pop()

necessary to get a decomposition. By performing this jpamtitve else . .
create new child nodes for a node containing the sub-mesdein t [nodeleftright  node.farChild(ray,node.reverse)
high-level hierarchy. end if
continue
else ifdr  dmaxthen
5 RAY TRACING USING RAY-STRIPS stack.push(node.farChild(ray,node.reverse),
max@r; dmin), dmax)
In this section, we present how to perform fast ray tracinggis endif
Ray-Strips. This includes two operations: hierarchy trsakand Omax ~ Min(dL, dmax);
triangle intersection. We present an methods for singls aaywell [node, left,right  node.nearChild(ray,node.reverse)
as ray packets. end while

intersectStrip(left, right)

[node,left, rightmin,dmad  Stack.pop()
5.1 Hierarchy Traversal end while
The Ray-Strip hierarchy is essentially a spatial kd-treleer&fore,
the Ray-Strip can be traversed in a very similar manner tepléal
kd-tree (see [40], also illustrated in Fig. 6). Starting e toot
node, the bounding box of the mesh is split in the axis stoned i
the node. Given a ray, the distanagsanddr to both split planes At every step in the traversal, the ray tracer can decidet&rsact

5.2 Intersection Computation

can be tested to determine whether it hits the left, the @glttoth with the triangles contained in the node, which are de nedtsy
children, where the order is given by the ray's direction. current interval in the triangle strip sequence. The napm@ach

If the ray intersects both the children, the near one — ag-dete would be to test every triangle by itself using a standarahtle
mined by the ray's direction — is traversed rst and the faeds intersection algorithm, but that would ignore informatavailable
pushed on a stack. The children are processed in the same manas part of the strip representation. Instead, we take adganf
ner by updating the bounding box from the parent with thedhil the connectivity information. Speci cally, we use an edupsed
respective split plane. Since the hierarchy is subdividembaling intersection that tests the ray for containment using Ritickordi-
to xed rules and the number of triangles in the mesh is known, nates [31], which allows us to test the orientation of a rdgtiee to
the traversal just needs to keep track of how many triangketeé an edge. Given three edges de ning a triangle in a consistelar
in the current sub-tree to know when it encounters a leafs &hi (clockwise/counter-clockwise), the ray intersects tienle if and
performed by updating the interval in the triangle stripressgnt- only if the signs of the Pliicker edge tests match. Given arvat
ing the triangles whenever the traversal jumps to anothée nAs in the triangle strip, we can compute all the edge tests tijraad
mentioned above, this also involves the reverse ag for thaento then test each consecutive set of three edge results foséctéon
nd out which side of the interval corresponds to the left aight with the respective triangle. Since there are shared eduissis
children, respectively. The pseudo-code implementing titaiver- more ef cient than testing each of the triangles. In patacuwe

sal is shown in Algorithm 1. can easily test 4 edges at the same time by using SIMD inginsct



on current CPUs. This is particularly effective when tracjost
one ray because we utilize data parallelism.

5.3 Ray Packets

Both the traversal and the intersection algorithms deedribove
can be extended to handle ray packets. For traversal, tbethlg
given above changes in that a sub-tree is traversed if thediog
box is intersected by any of the rays. For intersection, tigee
tests have to be performed for each ray in the packet. Howiver
the rays in the packet share the same origin, the Pliickesatton
can be optimized to reuse the coordinate computation, agpied
in [3].

An important issue for ray packet tracing on massive and com-
plex models is that rays can be very incoherent at the lowetdef
the hierarchy due to small triangles and the geometric ldéfhis
leads to traversal and intersection steps to have one orfeary
“active” rays, i.e. rays intersecting the current sub-tiRay-Strips
allow us to detect those cases and switch to edge intersattien-
ever appropriate. Thus, when the number of active rays besom
smaller than a certain threshold, we switch to single ragrggction
for all the active rays. This improves performance becatiski@
parallelism as well as generally more coherent memory aeses

6 |IMPLEMENTATION AND RESULTS

We now present results from our system that uses Ray-Stnighs a
compare its performance to prior methods. We also analyze th
performance of our method and discuss its limitations.

6.1 Results and Comparison

We have implemented the Ray-Strip representation andrsalve
methods on a Intel Core 2 architecture Xeon system at 2.5 GHz
and 2 GB of RAM. Although the system has multiple cores, we
only use one thread for rendering. We use the Intel SSE ictitru
set which allows to perform traversal and intersection ohysr(a

2 2ray packet) simultaneously similar to other interactasgtrac-

ing implementations. All performance numbers are givemamies
per second at a resolution of 51812 pixels. We test our method
on several benchmark scenes of varied properties and crityple
ranging from 67 thousand to 30 million triangles (see Figy. 2.
Memory complexity: Table 1 summarizes the results for mem-
ory reduction when using Ray-Strips for our benchmark sseve
compare the results to a current BVH implementation as used i
teractive ray tracing that stores one [21] or just a small Inenf35]

of triangles per node for performance. To compare the gegmet
representation, the table also shows memory cost for stdhia
triangles both as a minimal list of 3 vertex indices and on¢ema
rial index (14 bytes per triangle, plus global vertex lis3, well as
the performance optimized triangle representation us¢83h(48
bytes per triangle). To better compare the results, we gloup

the total memory footprint into the memory taken by hiergrahd
actual geometry (triangles and vertices) for all approachée re-
sults show that Ray-Strips reduce the memory cost for alletsod
signi cantly, for both hierarchy as well as geometry. Notat the
impact of Ray-Strips is slightly lower for architecturalda@AD
scenes such as the power plant. This is due to lesser mesaaconn
tivity compared to the meshes of 3D scanned and the isoesurfa
models.

We also compare the memory ef ciency of Ray-Strips to sdvera
other hierarchies that were previously used to reduce teefoo
storing the acceleration structure. Table 2 shows reswoita Sub-
set of scenes from Table 1. kd-trees and spatial kd-tregsaj40
both relatively light-weight structures that are optindz®r fast
ray tracing of static scenes. Previous approaches alsad@com-
pressed BVH structures such as limited precision BVHs [21] a

[ Model [ Triangles| Ray-Strip (fps)| BVH (fps) |

Bunny 67k 2.39 4.52
Buddha 1.2M 2.26 3.72
Thai 10M 2.29 3.04
Iso-surface 10M 1.73 2.62
Power plant| 12.7M 0.70 0.39
Lucy 30M 1.85 0.04

Table 3: Results: Rendering performance for single rays. This table
shows rendering performance using single rays for a stas@arH imple-
mentation and the same implementation running on RaysStfijhe reso-
lution for rendering wa$122 using one core, and only primary rays were
used.

[ Model [ Triangles| Ray-Strip (fps)]| BVH (fps) |
Bunny 67k 7.04 10.42
Buddha 1.2M 5.21 5.10
Thai 10M 3.89 3.10

Iso-surface 10M 4.20 5.52
Power plant| 12.7M 1.76 0.71
Lucy 30M 2.95 0.05

Table 4: Results: Rendering performance for2 2rays. This table shows
rendering performance usirg) 2 ray packets, for a standard BVH imple-
mentation and the same implementation running on Ray<Stfijhe reso-
lution for rendering wa$122 using one core, and only primary rays were
used.

well as light-weight BVHs [7]. Both methods quantize the coo
dinates of the axis-aligned bounding boxes and are thereifole

to reduce the memory cost for storing each node. They alse sto
multiple references to triangles in each leaf node in ordlese less
nodes overall. As the results show, Ray-Strips represerttitrar-
chy much more ef ciently than both kd-trees and spatial feks,
but may take somewhat more space than the compressed represe
tations. However, the compressed values have to be decadled d
ing traversal and bounding boxes may be enlarged due to tie co
servative quantization, leading to an overhead of traverseles.
Therefore, rendering using the compressed structuresncam a
larger overhead than using Ray-Strips. In addition, neitliehe
approaches above reduces the memory footprint for stonegeé-
ometry. However, the Ray-Strips approach is largely ortimadjto
compression approaches, and could potentially be comiforeal
cumulative effect.

Rendering performance: The performance results of using Ray-
Strips are presented for single rays in Table 3. Although the
pure rendering performance is slightly lower than a stash@ArH

in small models, the behavior of Ray-Strips for complex niede
shows that the SIMD utilization and memory complexity has ef
fects on the frame rates. Note that in the Lucy scene the Wl B
renderer had to operate out of core and therefore was sltaar t
would otherwise be expected. We also tested the performeaineer
using ray packet traversal for 22 packets (see Table 4) and found
that Ray-Strips gain similar speed-ups by using SIMD units¢
pared to standard BVH traversal and still perform very weltom-
plex models where the standard packet traversal becomesiak®

to lack of coherence.

Construction: Performing the stripi cation of the input model
adds some overhead to the construction of the hierarchyghnki
shown in Table 5. Almost all the additional time is spent i@ $trip-

i cation library, which is not optimized for speed. If necsy, a
faster library can be used instead. However, since the npailica-
tion for Ray-Strips is rendering complex models, the cartdion
is usually performed as a preprocessing step and the Higgarcan
be loaded from disk for runtime rendering. Note that the CAGIm
els in general only have much smaller triangle strips siheeetis
a lower degree of connectivity in the input data.



Model Tris Memory total (MB) / Reduction Memory geometry (MB) Memory hierarchy (MB)
Ray-Strip|  minimal optimized | Ray-Strip| minimal | optimized | Ray-Strip | BVH
Bunny 67k 15 5.5(-73%) | 7.4(-80%) 1.2 14 3.2 0.3 4.2
Buddha 1.2M 23 87 (-74%) | 116 (-80%) 11 20 49 11 66
Thai 10M 215 801 (-72%) | 1068 (-79%) 163 190 457 106 610
Power plant| 12.7M 395 1075 (-63%) | 1361 (-71%) 196 296 583 198 778
Lucy 30M 581 2247 (-74%)| 2996 (-81%) 301 535 1284 279 1712
Iso-surface | 10M 220 822 (-73%) | 1095 (-80%) 110 195 469 108 626

Table 1: Results: Memory complexity. This table shows the memory requirements for our approachkiedisas the two usual other triangle representations
combined with a BVH using axis-aligned bounding boxes. @tz emory cost can be split up into memory requirementthihierarchy as well as for the
actual geometry. The comparison structures amiaimal representation (which stores just 3 vertex references anmgerial pointer per triangle), as well

as the triangle representation optimized for intersectpeed as used in [Wald
listis included.

2004]. For Ray-Strips and indexeagtmlists, the size of the global vertex

Model | Triangles| Ray-Strip | kd-tree | spatial kd-tree| LBVH | LPBVH
[40] [40] [7] [24]
Bunny 67k 0.3 4.1 0.9 0.5 0.3
Buddha| 1.2M 11 29 17 8.3 n/a
Lucy 30M 279 n/a n/a 214 103

Table 2: Results: Hierarchy memory comparison: We compare the relative memory complexity of several a@tala structures to Ray-Strips (all values
in MB, “n/a” signi es that the model was not used in the respee paper) The spatial kd-tree is an object-level hiergreimilar to our Ray-Strip hierarchy,
LBVH and LPBVH are both compressed BVH structures storingpieiprimitives at leaf nodes and values were taken fortigilest compression ratio in the
respective papers, which usually leads to a signi cant deigition in performance. Note that our approach could usectirapression from those approaches
for further memory reduction. Neither of the techniquesva@boompresses the geometry data.

6.2 Analysis and Limitations

The results above show that Ray-Strips are an ef cient i=pr&a-
tion for our tested complex benchmarks. In practice, the orgm
improvements gained from using Ray-Strips are highly ddpah
on nding suf ciently long triangle strips to build the hiarchy on.
Obviously, this makes our approach unsuitable for modetsoui
any mesh connectivity (e.g. without any shared vertices)that
case, the Ray-Strip representation shown in Section 4 besam
indexed triangle list with a standard BVH (just with the aath on
the 2-byte header storing the triangle count) and perfooagains
are lost. However, the memory overhead added is only veryl.sma
Therefore, it is unlikely that there will be a signi cant fermance
loss compared to using an indexed triangle list to start.with

Our current implementation uses the stripi cation libr&iripe
[12], which was designed for rasterization and unlike maewer
approaches works on general meshes without limitationb@imt
put. Since the computed strips can be sub-optimal for rayriga
it should be quite possible to further improve the perforoeanf
our approaches by designing a stripi cation algorithm ttiaboses
strips based on ray tracing criteria.

As presented in Section 3 and 4, our system uses a BVH with
axis-aligned bounding boxes as the high-level hierarchiyjgim-
portant to note that in principle any acceleration struettan be
used for the Ray-Strips. We nd that a BVH usually providega-r
sonable compromise between rendering speed, exibility ease
of use. It is also easily updateable so that dynamic scenebea
handled ef ciently. If maximum performance for a static seds
desired, a kd-tree may be a better choice and might reducedhe
ory footprint slightly. Note that Ray-Strips can be updaitedhe
same manner as BVHSs, but have the limitation that mesh cennec
tivity cannot change in the animation, e.g. objects canhmdk”.

7 FUTURE WORK AND CONCLUSION

We have proposed a novel compact representation, Ray-&irip
ray tracing triangular meshes. By using our representatienare
able to reduce up to 80% of the memory footprint over prior ap-
proaches. We are also able to obtain the performance immpreve
on ray tracing of large data sets due to the reduced memouyreeq
ment, increased SIMD utilization, and more coherent menaary

cess compared to a standard acceleration structure. TRissmoar
representation an attractive candidate for future rayrigesystems
and hardware.

There are many interesting issues for future work. It wowdd b
useful to extend the mesh representation to include gegroetn-
pression and hierarchy compression, which can further fidie
memory overhead. Another promising avenue is integratigh w
a LOD technique such as R-LODs [41] for out-of-core rendgrin
of more complex models. We are also interested in investigat
ing stripi cation algorithms that are optimized towardsngeating
strips suitable for ray tracing with Ray-Strips. Finallygwlan to
investigate the effects of using Ray-Strips on other datallghar-
chitectures such as GPUs.
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