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Figure 1: Left: ray casting with shadows (RCS). Middle: Whitted-style ray tracing (WRT). Right: distribution ray traci ng (DRT) with 64
samples per pixel. This paper investigates interactive WRTon current hardware and the prospects for interactive DRT on future hardware.

ABSTRACT

Much progress has been made toward interactive ray trabirig,
most research has focused speci cally on ray casting. A comm
approach is to use “packets” of rays to amortize cost acretssos
rays. Whether “packets” can be used to speed up the costet+e
tion and refraction rays is unclear. The issue is complitaiace
such rays do not share common origins and often have less dire
tional coherence than viewing and shadow rays. Since theapyi
advantage of ray tracing over rasterization is the comjmntadf
global effects, such as accurate re ection and refractibis, lack
of knowledge should be corrected. We are also interestechioe
ing whether distribution ray tracing, due to its stochagtmperties,
further erodes the effectiveness of techniques used tdesiateray
casting. This paper addresses the question of whethertgoaked
ray tracing algorithms can be effectively used for more thisit
bility computation. We show that by choosing an appropragta
structure and a suitable packet assembly algorithm we camex
the idea of “packets” from ray casting to Whitted-style anstré
bution ray tracing, while maintaining ef ciency.

1 INTRODUCTION

Some predict that ray tracing will soon replace rasteriratis the
underlying algorithm for desktop graphics. Others beligais will
not happen in our lifetime [1]. Ray tracing has a number of ad-
vantages over rasterization, including automatic vigibitulling,
time complexity sub-linear in the number of objects, andityitio
take advantage of multi-core architectures. But the keyaathge
of ray tracing over rasterization is that it offers highemity im-
ages when “secondary” rays (e.g., for re ection and refoagtare
used. The main drawback of ray tracing is that it is curresitiyver
than hardware-based rasterization for most scenes. Iwthls we
investigate the practicality of interactive ray tracingiwéecondary
rays, such as re ection and refraction. We also explore theré
practicality of interactive distribution ray tracing.

One problem with discussing interactive ray tracing is thgttrac-
ing is an overloaded term. In this paper, we use the tayrcast-
ing to refer to the use of ray tracing for visibility computatsoonly
(RCS, Figure 1, left). By adding re ection and refraction rey
casting, we can implement Whitted's [34] well-known algom;
hence we refer to such a methodvghkitted-style ray tracingWRT,
Figure 1, middle). The next step beyond WRTdistribution ray
tracing (DRT, Figure 1, right) [6]. A DRT renderer uses multiple
primary rays per pixel to render non-singular effects siuctdepth
of eld, glossy re ection, motion blur, and soft shadows.

Recently, interactive ray tracing has been a popular topiad-
search. There are several current systems that can periterad-
tive ray casting; some of these implement simple shadingoby-c
puting direct lighting from point sources. However, veryfef
these programs implement full WRT. One reason for this &tion
is that most interactive ray casters trace packets of rafysshiared
ray origins, and re ection and refraction rays cannot becethin
such packets. The little evidence that exists about thepaence
of secondary ray packets is not encouraging [26], so WRT noay n
be able to take advantage of the techniques that have provefr s
fective for ray casting.

Despite the uncertain outlook for interactive WRT perfonte, we
believe that rendering with WRT rather than simple ray casts
an important goal. Although ray casting is faster than WRTS i
inferior to current GPU graphics in both performance andgena
quality. To get out of this “worst of both worlds” situatiowe need
to develop methods that allow for interactive re ectionslaafrac-
tions. In this paper, we propose a new method for interadtiRr
using a combination of generalized ray packets and a bogndih
ume hierarchy for improved ef ciency, and we show that ous-sy
tem can run at interactive rates on current high-end comgute
also examine the overall impact of re ection and refractiaps on
rendering performance, and extend these measuremenestypés
of secondary rays associated with full DRT. Our ndings shbat
an interactive WRT-based renderer is currently viable origa-h
end desktop system. We also believe that interactive DR&da
renderer, using general purpose hardware, will be possitilen

a decade. That would happen much sooner if special-purpyse r
tracing hardware becomes available.

2 BACKGROUND

Ray Casting. Different ray casting projects have targeted shared
memory computers [3, 21, 22], clusters [7, 29], traditic®RIUs [9,

24], and Cell processors [2]. FPGA and ASIC designs for r&y-ca
ing hardware have been presented [8, 28, 35,36]. One common
technique for accelerating ray casting is grouping rays pack-

ets to take advantage of coherence. Ray packets allow fethe
ciency through the use of SIMD instructions as well as pabkesed
culling [4, 20, 27, 31-33].

Dynamic ScenesMost of this work is intimately tied to the type of
spatial acceleration structure used. For grids, both imergal [25]
and complete [12] rebuilding strategies have been propoistxd
tion decomposition may be used to build gdatirees for dynamic
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Figure 2: RCS with shadow rays from a point light source (lef) and
WRT adding re ection and refraction rays (right). In WRT, re ec-
tion and refraction rays form \general" packets that lack a c ommon
origin. Combining these two sets of rays into a single packetwould
have an extreme angular spread.

models if the full space of poses is known in advance [10].r8bu
ing volume hierarchies have been improved using increrheata
building schemes borrowed from collision detection [19,20.

Shadow Rays. Simple shading is often added to ray casting by
computing direct lighting from point lights. This is a sirepéx-
tension of ray casting: determining direct lighting from airg
source is analogous to computing visibility from a pinhcdenera.
Shadow rays can therefore be traced from the light sourcggusi
exactly the same techniques as primary rays from the car@ta [
A similar argument applies to computing soft shadows at glsin
point, for example, by sending 16 shadow rays per primary22y

Whitted-style Ray Tracing. As with ray casters, most interac-
tive Whitted-style ray tracers use ray packets to improvdope
mance of visibility rays. When re ection and refraction sagre
added to a packet-based ray tracer, it is not clear how paciet
secondary rays should be constructed, nor whether suchetsack
will even provide performance bene ts. While some interaetay
tracers support re ection [20, 22, 26, 29] and a few have ddde
fraction [3, 22, 30], there is little detail in the literatumbout the
impact of adding such secondary rays on rendering perfazean
Most of these systems also abandon the use of packets foseach
ondary rays, presumably because secondary rays lack algrére
gin. There are three exceptions to this in the literaturee ecial
purpose hardware from the University of Saarland [28, 3bu36s
packets of four rays for both primary and secondary raysstatis-
tics are not provided for the the performance of secondayg.ra
Bigler et al. [3] use packets for all secondary rays, but fhveyide
no results on the performance of such packets. Reshetow§2s)
packets for re ection rays, and concludes that when ukihgrees,
packets may not help performance.

Distribution Ray Tracing. While DRT is currently a batch algo-
rithm, reducing the number of samples per pixel has beenwsfoc
since its invention [6]. Low sampling rates can be achievadg
interleaved sampling, which tries to replace low-frequeartifacts
with dithering-like structured error in screen space [13, 1Al-
though interactive DRT is a worthy goal, it is inherentlyvgéy than
WRT for two reasons. First, to render non-singular effeB{T
requires more samples per pixel than WRT. Second, the rays ge
erated in a DRT renderer are less coherent (i.e., they haxeateg
range in both ray origin and direction) than WRT rays, agaia d
to non-singular effects such as depth of eld and glossy cdan.
This reduced ray coherence could imply DRT rays are incalbi
more expensive than coherent WRT rays.

for interactive ray casting, but there is little quantitatievidence
to support the usefulness of secondary ray packets for tierc
and refraction rays. The overhead cost of replacing rayreagtith
WRT is also unclear. Finally, even if packets can be usefuM&T,
it is not known whether the same will be true for the less ceher
rays in DRT. These unknowns are the main topic of this paper.

3 INTERACTIVE WHITTED -STYLE RAY TRACING

In this section, we describe the problems that arise whesnektg

a packet-based RCS program to allow WRT. The rst hurdle & th
while viewing rays and shadow rays from a point light souraeeh

a common origin, re ection and refraction rays do not (Fig@).

The second problem arises due to the lack of an obvious way in
which rays can be grouped under WRT. We now examine possible
ways to address these issues. First, we explore the adesntdg
packets, then, we look into suitable options for assemblgeaf
ondary rays into packets, and nally, we describe an acatam
structure that is appropriate for this type of computation.

3.1 The Problem of General Packets

A natural way to create packets of rays in RCS is to group them a
cording to their shared common origin. This is possible duthé
pinhole camera model (Figure 2, left). However, re ectiorae-
fraction rays necessary for WRT do not share such commoimorig
(Figure 2, right).

When using 4-wide SIMD, a program may be able to perform a sin-
gle SIMD operation instead of 4 scalar operations per setraj/4.

This is very useful if all 4 rays would perform the same comaput
tion, such as being tested against the scene bounding bthe #

rays are not identical, however, they may not follow the saath
through the acceleration structure; this leads to a SIMIration
between 25% and 100% at each step depending on how many of the
rays would have performed the operation if traced indepethde

Programs using ray packets can also bene t from algorittamior-
tization. For example, the MLRT system [27] attempts to nd a
starting point for sets of rays that is deeper down the ke-than
the root node. This allows for amortization across packeth w
more than 4 rays. Similarly, in a bounding volume hierarcdl,
rays in a packet can descend on a hit because false positivest d
generate incorrect nal results. This allows for the use afyer
ray packets. In the case of the simple root node example ntiire e
packet could be processed for the cost of one ray if all the iy
the packet would have hit the rst node anyway. Alternatyyéi
the rst ray in a packet misses a node, the algorithm thenrteso
to a conservative interval arithmetic culling test that nogyckly
determine that all rays miss the bounding volume.

Both SIMD and algorithmic amortization across packets gfra
work well when rays are “similar enough”. However, dissimi-
lar rays can reduce, eliminate, or even reverse speed improv
ments. The reversal is possible because some algorithreibead

is added to allow amortization. To maintain increased perémce
over single rays while using packets we must decide how tomgro
rays into packets so they are “similar”. If we are able to groays
such that our amortization schemes perform well, we canabgre
increase in system performance. Of course if the groupint)ode
has signi cant overhead, any gain in tracing amortizatiosyrbe

Summary. Most research indicates that packets are very useful lost. We examine this issue in the next section.



3.2 Assembling General Packets for Secondary Rays

In a packet of primary rays, some or all of the viewing rayd titl
surfaces that may or may not share object ID, material ptigser
geometric proximity, or surface orientation. Any of theseqer-
ties may be used in deciding how to create packets of secpndar
rays. Figure 3 illustrates the complexity of assemblingpadary
rays into packets. For the 16 primary rays shown, 6 shadosvawey
generated, 12 specular re ection rays are generated, apddiar
refraction rays are generated. Among the many options foemge
ating secondary ray packets, we have singled out the faligwis
examples of particular families of approaches for how orélent
ray packet generates secondary ray packets:

NoO PACKETS Each of the secondary rays is sent separately.

RUNs. Secondary rays are traced in the same packet if they have
some property in common (e.g., intersected material typre) their
corresponding primary rays are numerically adjacent tt edcer.

GRoupPs All secondary rays with some common property (e.g.,

intersected material type) are grouped in a packet. Figure 3: Sixteen packeted rays hit various objects and matgals.
Rays 1, 2, 3, and 4 hit di use surfaces and only generate shade

RAY TypPEs. Three packets are generated: one containing all rays. Rays 5 and 6 hit the oor and generate both specular re ection
shadow rays, one containing all re ection rays, and thedtlsion- and shadow rays. Rays 7, 8, 11, and 12 hit the metal teapot and
taining all refraction rays. generate only specular re ection rays. All other rays hit glass objects

) o and generate both specular re ection and refraction rays.
BLIND. One packet is generated, containing all secondary rays.

outgoing packets: one for shadow rays, one for re ection amel
for refraction. We prefer the ray type grouping method, aaglow
For the example in Figure 3, the following secondary packets overhead and is less sensitive to ray ordering than the retisou.
sent for the runs, groups and ray types method. We assume thatVe also tested the octant-based directional grouping rdethd it
intersected material type is the common property used tapgrays suffers from large space requirements; up to 16 groups eeéresl,
in the runs and groups methods. 8 for shadow rays and 8 for rays requiring recursive shading.

3.2.1 Packet Assembly Example

RuNns. Two packets of shadow rays are generated, contain- BLIND is a poor choice because grouping secondary rays of all
ing rays (1;2;3;4) and (5;6), respectively. Five packets of types will yield packets with poor coherence. This case islena

re ection rays are traced:(5;6), (7;8), (9;10), (11;12), and worse by transparent objects, since re ection and refoaatays are
(13,14;15,16). Finally, two refraction packets are generated: placed in the same packet, although the two types of raysemwit
(9;10) and(13;14;15;16). to go in very different directions. Furthermore, it is ofterore ef-

h K imil h hod cient to trace shadow rays separately from recursive sigdays;
GROL.’PSh The pac etlf‘ are S('jm' ar go tde_ Runs method, except ghaqow rays only require occlusion tests, which may be mire e
rays in the same packet need not be adjacent. |Once again, tWojant than the full intersection tests needed for other tages.

shadow ray packets are trace(ll;2,3,4) and (5;6). However, Unfortunately, the blind method does not allow even thispsé
only three re ection packets are generate;6), (7;8;11,12), separalljtion. ¥ ! W eV ispsém

and (9;10;13,14;15;16), along with a single refraction packet:
(9;10;13,14;15; 16). Due to the disadvantages of general grouping and blind dggem
only ray types and runs are likely viable options. An emjpiric

RAY TYPES. Three packets are traced, one containing all shadow comparison of these two methods can be found Section 5.

rays(1;2;:::;6), one containing all re ection rays(5;6;:::;16),
and one containing all refraction ray®; 10;13; 14; 15;16).
3.3 Choice of Acceleration Structure

3.2.2 Analysis of Assembly Methods When implementing an interactive ray tracing system to eupp
RCS there are three popular choices for the accelerationtste:
kd-trees, grids, and BVHs. Each of them has proven to be a vi-
able option for RCS. However, the general packed of WRT have
a greater angular spread than those of RCS due to re ectidn an
refraction rays. This greater spread in uences the diffeezceler-

GROUPSis problematic for several reasons. First, the number of ation structures differently.
groups is bounded only by the number of outgoing rays. Famexa
ple, if we group outgoing rays into packets such that rayhiwia
small angleg of each other are assembled into a single packet, it is
possible to choosg small enough so that all outgoing rays end up
in different groups. However, it is possible to bound thatoum-

ber of groups (and hence outgoing packets) allowed. For pbeam
directional binning could generate 8 packets correspanttirthe

8 possible direction octants. In fact, the ray type methastdeed
above is a particular form of grouping that generates at tiose The coherent grid traversal has proven to work well for RCH.[3

RuNs requires only one packet to be worked with at a time because
a packet can be scheduled as soon as its run is interrupted?ravh
TyPESmethod requires no more than three packets to be worked
with at a time, so its implementation is also straightfordvar

The kd-tree can be implemented to handle general packets of
rays [26]. However, the performance of that implementatiog-
gests that when the re ection rays diverge there is no awsttitin
bene t over single rays. Besides this point, kd-trees autyedo

not easily support deformable models without predictablena-

tion. This suggests that kd-trees as currently implemeatechot

an attractive option for full WRT with packets.
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Figure 4: Distribution Ray Tracing.

However, the performance of the grid traversal schemerigately
tied to the expanse of the frustum surrounding all the rape grid
method tests all rays in the frustum against all trianglestied by
the frustum yielding a high number of primitive interseao In
the original paper [32], this is mitigated by use of mailbuxiand
primitive frustum culling. While mailboxing helps avoidtesting
a particular ray with a particular primitive, it does not e the
penalty of testing rays against primitives they would natehzested
in a single ray implementation. However, it is clear thahi frus-
tum is wide, frustum culling will only help for triangles itle the
frustum which will only be in a small number of cells. For thés-
son, we believe that the wider frusta of WRT will quickly dest
the performance of the grid traversal (this result is hirgedy the
test of wider 32 pixel by 32 pixel packets in the original pgpe

The BVH is not very sensitive to “false negatives” in ray-biox
tersections [31]. In addition to making that structure veelited

to deformable primitives, it is also robust against someéag” in

ray packets. In addition, the BVH is the fastest structureriany
models on current hardware. For these reasons we adopt tHe BV
for our tests. We use the basic intersection methods frona \&ial
al. [31] with the interval arithmetic culling described iretdil in
Boulos et al. [4].

4 DISTRIBUTION RAY TRACING

Distribution ray tracing differs from single-sample WRTdaveral
important ways. The major difference between WRT and DRT is
the ability of DRT to handle non-singular effects such astlleyb
eld, motion blur, soft shadows, and glossy re ections (déig-

ure 4). In DRT, multiple primary rays are traced through egizhl,

and each primary ray originates from a different positiontios
camera lens, at a different time. Rays that intersect asridand
shadow rays to different positions on area light sourceys Raat

hit glossy surfaces send re ection rays that are perturbeah the
ideal re ection direction.

The main concern for interactive DRT is that the rays will agt
hibit enough coherence to make ray packets worthwhile. bt Se
tion 5, we quantitatively examine the cost of ray packets RTD
In the remainder of this section, we describe the main diffees
between our WRT and DRT implementations.

In single-sample WRT implementations, rays that hit a diele
surface must branch into a re ection and a refraction raye Gen-
e t of the multisampling in DRT is that ray branching is notwtal

as it is in single-sample renderers. For example, if a paokét
rays hits a surface that it 25% re ective and 75% refractinstead

of tracingN re ection andN refraction rays, we would trace only
N rays total, 25% of which are re ection rays, and 75% of which
are refraction rays. This cuts down on the branching factdahé
ray tree and uses multisampling to average the combinectefé

re ection and refraction.

The only aspect of primitive intersection not already haddby
our WRT renderer is motion blur. Each frame in a WRT renderer
occurs at one exact point in time, and all triangles have al,xe
well-de ned position, even in an animated scene. In DRT, how
ever, each frame corresponds to a continuous interval &, o a
moving primitive actually has an entire range of possibtatmns.
As each ray has a xed time stamp, different rays may poténtia
see the same triangle at different positions. Thereforecavmot
use the projective triangle test proposed by Wald et al., [SiBce
this depends on precomputing data for static trianglesesus we
use a barycentric triangle test similar to one optimizedgemeral
packets of rays by Kensler and Shirley [16].

To make DRT interactive, it is imperative to use few samples p
pixel. For the amount of computational power that will beibva
able in the foreseeable future, this implies that the nurobeam-
ples will be smaller than that needed for convergence, asitlgi
error will be present. A sampling method such as Keller and He
drich's [15] interleaved sampling can be used to decreaseén-
ceptible error for a given sampling rate. Although this nsakee
sampling code somewhat more complicated than a simplérjitte
based DRT implementation, it does not negatively impactoper
mance. Another benet of using a static sample set such as the
one presented in Keller and Heidrich is that it removes the- te
poral scintillation artifacts that arise when using diffiet random
samples in each frame.

We have tried a number of Monte Carlo and quasi-Monte Carlo
sampling schemes. Although different sampling methodd tea
varying amounts of visible noise (for a given number of saspl
per pixel), rendering performance is not highly dependenthe
sample set used. The one exception is that the mapping from ra
dom samples to scene space must be done carefully. For exampl
when sampling a Phong lobe for glossy re ection, certain piags
transform the origin in sample space to a re ected ray thaieis
fectly tangent to the object's surface. These tangent rayegte
many false positives when performing the BVH traversal, add
versely affect performance.

5 RESULTS

In this section, we compare the performance of our systerdtr
WRT and DRT. We have found that WRT is interactive now on
high-end desktop systems and bene ts from packets of bath pr
mary and secondary rays. For WRT, we also demonstrate that no
only do we get a bene t from SIMD packet tracing, but alsolstil
achieve an algorithmic improvement beyond SIMD.

We also demonstrate that while DRT is much slower than WRT,
this is mainly due to the higher number of rays traced. In geof
raw numbers of rays traced per second, we still achieve ighgaic
amortization above that afforded by SIMD. This is enabledhsy
appropriate choice of data structure and packet assengayitiim.

Finally, we show that as the number of samples per pixel asas
for DRT, the rendering cost is not always exactly equal toraadi
scaling. For example, going from 4 samples per pixel to 16xbasn
per pixel can result in less than a 4x increase in renderning.ti



Figure 5: Our three test scenes. Left: pool hall (305,314 trangles). Middle: conference (282,664 triangles). Right: trt (83,844 triangles).

5.1 Methodology

To determine the performance of our system, we report batti-ar
tecture independent metrics as well as absolute renderrtigte
rics. The architecture-independent metrics that we repem in-
clude the number of box and primitive intersection tests ragr
As the cost of tracing rays is highly dependent on these twn si
ple statistics, we feel it is a good metric for comparing alfonic
differences without requiring implementation detailstsas use of
SIMD, processor clock frequency, cache size, etc. To erthate
the architecture independent improvements are not assdaiath
large hidden costs, we also report the total number of ragtsp=
second. We also report all numbers for a single core of a 2.4 GH
Opteron 880, despite having a 16 core system. While our syste
scales linearly with the number of cores, we believe thaglsinore
timings allow readers to scale the results to the size of Hysitem.

Our system is implemented in C++ with SIMD extensions, amd fo
ray casting with shadows our performance is similarly tostystem
demonstrated by Wald et al. [31]. The most important difiess
to that system included adding support for general packetsc-
tion, refraction, and interleaved sampling. As noted byHeéesv
et al. [27], just adding support for normalized viewing ralal
shading, and display signi cantly slows down ray castinge Méve

noted the same phenomenon in our code, and it is similar to the

factor of two noted by Reshetov et al. All of our shading mediet
clude computation of Fresnel re ectance and other more racha
shading techniques. We believe this is a more accurateti@piaf
the desired shading models used in high quality rendering.

We ran our system on three scenes (see Figure 5) using camera

paths for each scene (the path for the conference scene igas or
nally used by Reshetov [26]). The maximum ray depth allowad w
set to 50, but ray tree attenuation keeps the trees muclosieall

5.2 Whitted Ray Tracing

As mentioned from the outset, one concern with extendindretac
tracing algorithms to WRT is that there might not be enough co
herence available to gain anything beyond a single ray imete
tation. We compared for each of our three scenes, the peafaren
of our system for varying packet sizes and found that ourrélga

is able to extract enough coherence to not only gain a benenh f
SIMD, but also from the rst hit and interval arithmetic tasgted by
our BVH. Table 1 demonstrates how our system performandesvar
with packet size compared to single ray across our test scene

The reason our system increases in performance over sengis r
fairly simple. Despite being less coherent than primarybiliy
rays, our system still amortizes a signi cant amount of bax a

primitive tests. The rst row in each table compares 2x2 gaslof
primary rays, with single ray tracing for re ections and dbas.

By comparison, the ray type grouping produces around a 2-2.5
speedup even for such small packets.

For the conference scene test, we disabled ray tree pruaomg f
more direct comparison to Reshetov [26]. Ray type groupiitg w
2x2 packets is then identical to SIMD packet tracing. If timéyo
bene t our system could expose was due to SIMD, we would not
see further increases in performance for increases in paide It
should be noted that despite a programmer visible SIMD wotith
that realistically implementation achieve between 1®B¢2nstead

of a theoretical 4x [33].

Increasing packet size allows the BVH to take advantagegu-al
rithmic amortization beyond the natural SIMD width of thesgm.
However, increasing the packet size may also greatly iseréae
number of primitive intersections performed as more rayafe
along for the ride”. In Figure 6 we examine the number of prim-
itive and box tests per ray for increasing packet size. Therot
scenes demonstrate fairly similar behavior.

| Single Ray| Ray Type | Speedup
“Conference” (no ray tree attenuation, bounce depth 5)

2x2 .37TM .76M 2.02x
ax4 A4A3M 1.14M 2.65x
8x8 44M 1.25M 2.85x
16x16 .40M 1.00M 2.53x
“rtrt” (w/ ray tree attenuation)

2x2 1.09M 1.98M 1.82x
ax4 1.20M 2.85M 2.37x
8x8 1.22M 3.30M 2.69x
16x16 1.14M 3.02M 2.65x
“Pool Hall” (w/ ray tree attenuation)

2x2 .64M 1.21IM 1.89x
ax4 J1M 1.85M 2.60x
8x8 .73M 2.18M 2.97x
16x16 J1M 2.10M 2.96x

Table 1: Millions of rays per second for di erent scenes, pa&et sizes,
and ray tree attenuation vs no ray tree attenuation. In \conference",
all surfaces are re ective and we use a maximum bounce depth fo
5 without ray tree attenuation, while \rtrt" and \Pool Hall" have
ray tree attenuation turned on. As can be seen in the 2x2 casewe
get a speedup of roughly 1.8x to 2.0x through SIMD alone. On t@
of that, for larger packets, we get an additional speedup of 1.5x
through algorithmic amortization, for a total of 2.5x{3x.
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Figure 6: Number of primitive (left) and box (right) tests pe r ray for
WRT for the conference scene as we vary the packet size. The da
clearly demonstrates that using 16x16 packets causes an eimsion
both in the number of primitive and box tests per ray. The 8x8
packets achieve a sweet spot for most data, however, the 4x4 ackets
produce similar numbers.
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5.3 Distribution Ray Tracing

With DRT at 64 samples per pixel, we are factors of hundreds or
thousands from interactive performance on commodity hardw

with respect to equal steps in shutter time. When the shtirtteris
short, primitives in the scene expand the bounding boxesded
to the packet of rays “look like smaller primitives”. As ttsbutter
time becomes longer, this effectively creates much largerifives
for the rays to intersect.
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Figure 7: E ect of aperture on primitive tests (left) and box tests
(right) per ray for the conference scene. As aperture diameer in-
creases the e ect on primitive intersections is fairly smal. Similar
behavior is seen for other DRT e ects such as glossy exponenand

Because DRT uses 64 samples per pixel instead of 1 as in RCSlight source size.

and WRT, we nd it more meaningful to compare the total number
of rays traced per second. For DRT, the rays per second achiev
is about one half that for WRT on the conference scene, and onl
about 30% worse for the rtrt scene (see Table 2). The redused p
formance for the conference scene is partly an artifact efctin-
ference scene material parameters: all surfaces are ieeegith

a fairly glossy exponent (in essence creating a DRT versidheo
test by Reshetov [26]).

| RCSrps| WRT rps | DRT rps

conference| 3.25M 1.79M 0.88M
rtrt 3.30M 2.00M 1.53M
poolhall 2.83M .83M 1.23M

Table 2: The number of rays traced per second (rps) in milliors for
each of our scenes. This data is for a single frame and not theamera
paths used from the WRT results.

While the total number of rays cast per second is usually lawe
DRT than WRT, if we cast few enough rays we can provide interac
tive performance. The purpose of DRT, however, is to renaezyf
effects that WRT cannot produce. In practice, renderingethes-
fects requires somewhere between 16 and 64 samples per/Asxel
sample density increases, however, we can use larger r&gtpac
and either maintain or increase the number of rays cast pende
(see Table 3).

| Single Ray| Ray Type| Speedup

2x2 A4A2M .73M 1.86x
4x4 44M .88M 2.00x
8x8 .29M .88M 3.03x

Table 3: Millions of rays traced per second for the conferene scene
under distribution ray tracing at 4, 16, and 64 samples per pkel.
Each setting uses a packet of rays equivalent to 1 pixel.

5.3.1 Performance as DRT features vary

In our tests, most DRT effects display fairly small perfonoa dif-
ferences across different values and the different scémesexam-
ple, in changing the diameter of the lens aperture from Or{age
camera) to twice a reasonable size we only see small diffeseim
the number of box and primitive tests at each step (see Figure
Changing the light source size only affects the shadow rayisese
rays do not cast recursive rays. The shutter time behavaksim
to other variables for small values, but performance is limogar

5.4 Packet Assembly

As shown previously, compared to tracing single rays or Sié&fD
packets of rays, the ray type assembly algorithm offerseimeed
performance. Our previous results all use the ray type dslgdra-
cause itis usually 10-20% faster for a given scene over tharfiu
imation path than the runs assembly. While this seems likeadls
improvement, it is important to understand where this inaproent
comes from.

The difference in performance between ray type and runsrasse
bly can be seen from looking at the behavior of packets of esys
the bounce depth increases (see Figure 8). Both methodwrperf
fairly similarly at rst and the difference in overall penfimance is
only around 10%. At higher bounce depths, however, the rans a
sembly usually demonstrates signi cantly more primitivedabox
tests. While the runs method produces slightly less primnititer-
sections overall, the increased number of box tests cobatances
this. This implies that while the ray type method may sometm
produce large bad packets (e.g., when half the rays hit dopedr-

ject and half hit a distant wall), the losses from the corestive
decisions made by the runs method are a more serious problem i
our tests. As the performance gap between CPUs and memory in-
creases, reducing box tests will reduce memory accessehanti
widen the gap between ray type assembly and runs assembly [26
Similarly, if the number of rays traced at deeper bouncesines
more important (as for path tracing or caustics from long-ejze
chains) the ray type assembly should pull further ahead.

6 CONCLUSIONS AND DISCUSSION

We have demonstrated what we believe is the rst interadtitT
system to support deformable scenes. We have shown thadchky p
ets and re ection/refraction rays are not necessarily imgatible.

We have also shown that DRT is not severely more expemgve
ray than WRT, and that most of the cost difference is due to neces-
sary multisampling.

The following are a number of important questions we have not
de nitively answered, along with our best current answéke be-
lieve all of these topics deserve further study.

What applications bene t from ray tracing? The sub-linear time
complexity of ray-scene intersections is a primary advgetaf ray
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Figure 8: Ray type assembly and runs assembly for primitive dsts
(left) and box tests (right) with increasing bounce depth. T he nal
column is an overall average taking into account the number 6 rays
cast at each depth. Itis not an equal average of all columns da to ray
tree pruning. The ray type assembly method produces substatmally
fewer box and primitive tests as bounce depth increases.

tracing, which allows us to interactively render densebsédlated
surfaces with complex lighting and materials. The procéshar-
acter posing often involves manipulating a bone rig andipreng
the in uence on a low-resolution mesh in a limited lightingvée
ronment. The reason for this is due in large part to polygstera
zation limits and the demands of complex lighting. IntekecDRT
offers the potential for animation setups in a lighting eomiment
that is closer to the nal frame quality. DRT also holds premfor
interactive games with substantially more detailed moaetsmore
general lighting. This approach avoids special case appaiions
such as environment maps and low quality shadow maps bytlgirec
and ef ciently simulating re ection and visibility. The daracter

model seen in Figure 1 can be posed in our system at integactiv

rates (at lower sample rates, 1-16 samples per pixel), altpan
animator to work in a more representative lighting envirenin

Is DRT enough? Several extensions to WRT and DRT allow com-
putation of global illumination effects; among these arthpeac-
ing [14], bidirectional path tracing [18], and photon mamp{13].
These are certainly useful for some applications, and ifugho
computational power becomes available, they are worthumgs
However, we think DRT will be suf cient for many applicatien
including most games, and simpler additions such as ambient
clusion will be almost as valuable as global illumination.

How many samples per pixel are neededWRT bene ts from

multiple samples per pixel for antialiasing, and DRT regsimul-

tiple samples per pixel for acceptable image quality. Thalmer of

samples needed will depend on scene and display charéicteriis

our experience, 16 to 64 samples per pixel have been suf éien
high quality results.

Should rasterization be used for visibility? This is the trend in
the computer-generated Im industry because of the highlmem
of procedural objects (e.g., displacement-mapped sigidivisur-
faces) that are used [5]. However, we believe interactiyaicg
tions will bene t more from enhanced lighting effects thaorh
complex procedural geometry that requires on-the- y cotapan.
Since visibility computations are an inherent part of racing,
we believe that future interactive applications may simg ray
tracing alone, rather than computing visibility with rastation.

Shouldn't GPUs be used for ray tracing?So far, GPU ray tracers
are not as fast as CPU ray tracers. If re ection and refradftiom
curved surfaces are not needed, then the GPUs rasteripafiaan
be used to compute re ections, and the accumulation bufféf [
could be used to great effect. However, we think that suclkeae
tions and refractions are desirable.

What hardware will WRT and DRT run on? WRT performs
reasonably well on commodity CPUs, and with tera op process

WRT should run very uidly on most scenes. DRT, on the other
hand, may require special purpose hardware, especiallighf-h
resolution images are needed.

Are BVHs needed for secondary packets?t remains to be seen
whether grids, kd-trees, or some other acceleration sclvamée
used to make packets useful for secondary rays. The natianad
tages of the BVH make the use of packets naturally indepearaten
SIMD, but some clever as yet unmade observation might make th
kd-trees and grids similarly natural.

Are ray packets a good idea?Ray packets trade software com-
plexity for speed, and for secondary rays, the trade-offosas
clear as it is for ray casting. Although it is not often disse in
the graphics literature, most researchers are well awaitethiere
is a high hidden cost for software complexity. More reseantt
automatic ray scheduling in the spirit of Pharr et al. [23]ldacom-
bine the best qualities of packet-based and single-ray.code

What is the new bottleneck?Shading time is now competing with
total tracing time as the bottle neck (a pro le of our codee®ie
that shading is now 1/3 of the total with traversal and piivaitn-
tersection the remaining 2/3), as long as some reasonabketpa
grouping is used. This implies that one of the most importasks
for future work is to be able to group shading operations ard p
form common sub-expressions in a parallel manner. Altenslgt
robust methods that amortize shading costs (similar talisrece
caching) may provide the same sort of improvement for shadin
cost that we have seen in tracing costs.

What are the main limitations of this paper First, it is not clear
how sensitive our results are to current CPU charactesisi€ new
cores become more “friendly” to ray tracing, the details effpr-
mance tradeoffs could change. Second, our results are on mod
els composed of triangles, and applications that use sisiafivor
spline surfaces directly may have different charactesstFinally,
even for applications that use models composed of trianghes
details of what triangles and shaders are used may makesrdgul
ferent in signi cant ways.
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