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ABSTRACT earlyif either one otthefive conditions is false-or implementations on
GPU[14] or Cell[3], branchless algorithms are more efficient.
Acceleration structures are used in ray tra¢mgharply reduce number £qr most scenes, the great majority of-tegingle intersection testanbe
of raytriangle intersection tests at the expense of traversing sucliminated by creating special acceleration structures such-aiselsd
structures Bigger structures eliminate more tests, but their traversajrigs, Bounding Volume Hierarchies (BVH)which exploit spatial
becomes less efficienespecially for ray packetéor which number of  coherency of a scend2], [7], [22], [23]). During renring the
inactiverays increassat the lower levels of the acceleration structures acceleration structure isaversedandall triangles invisitedleaf nodes are
For dynamic scenes, building or updating acceleration strudsi®®  tested for intersectiondgzor structures which utilize spatial subdivision
of the major performance impediments (kd-trees, grids)it is possible to creatan instance of this typfer which
We proposea new way taeducethe total number of tests by creatiag total number of tests will be just slightly more thae number of ray
special transient frustuevery time deaf is traversed by a packet of rays. segments(one test per ray)but this may not result in the best
This frustumcontains intersections aictive rays with a leaf node and performance.The optimal size of the acceleration structure is dependent
eliminatesover 90% of all potential testdt allowsa terfold reduction in  on how fast it could be traversedmpared with thaveragespeed othe

size ofaceleration structee whilst still achieving &etter performance. usedray-triangle intersection test. For hierarchical acceleratiorctures,

Keywords:computationalcomplexity ray tracing, raytriangle intersection the higher levels of the hierarchy are usually the most effective in reducing
the number of potential tesoing down in the spatial hi@rchy, nodes

1 INTRODUCTION are becoming smaller and smaller and some of the rays in the packet may

Finding the intersection of a ray and a triangle is equivalent to solvingliss themThis negativelyaffects the utilization of SIMD unif45].

thelinear system of three equations In recent yearsfocus of raytracing research has shifted to dynamic

o+teEp+ul opve op &) scenes [B], [12], [17], [19], [22], [23]), for which it is necessary to

optimize forthe total execution time (build/update time pltendering

. time). Frequently, to improvéhebuild time, only axisaligned bounding

0 Q"'d t O t @ boxes (AABB) of triangles are used even fortkekes([8], [17]). For

0 o u, 0 o v, u+tv this reason, it is important to analyze performance ortriaggle

The keft part of the systerfil) defines a ray witlthe origino and the  intersection tests irthe situation when intersection could not be
directiond; theright parti apoint insidethetriangle with verticego, p1, eliminated by testing a ray againtte AABB of a triangle. This
andpz. The nknown variables aré:i distance to the intersection point approach was chosen by Kensler and Shii1éy, in which different 3D
from t he ,anly,disBaryceritrig coordinates of the point versions of intersection algorithmgereanalyzed and the best omas
inside the trianglelt is requirel that the found intersectiorpoint be  found via genetic optimization of the fitness function.

closet o t h erigim thapthespreviously found on€2) and within ~ Even when a ray does intersect the AABB, the probability of it
the triangl306s boundaries intersecting the triangle is only about 20%. It is important to swiftly
Oneway to solvethe systen(l) is to useCr a meute,dvbichallows  reject the remaining 80%. Amongst the approaches analyzed in the
finding numerical valuegirectly for all three variables. This will result literature[4] are: use of interval arithmetic; testing the intersection of a
in the implementationssimilar to Méller-Trumbore[13]. On the other  frustum containing rays (typically represented as 4 corner rays)awith
hand, the systerfi) alsocould be solved using Gaussian elimination. It triangle[5]; and culling of the AABB of the individual triangle against

is computatnally efficient only if the distancet is calculatedfirst the frustum. In these approaches-packet data structures are computed
(which, of course, coul@lsobe computed directly by using the well before the traversal and then used to eliminate unreyetests.The
known expression for the distance to a plane along a ray). Bgulling techniques could also be used thee individual rays as well, as
substituting the found value 6fn any two of the remaining equations, first proposed by Snyder and Barr in 19&per{18], in which a ray was

u and v variables could be found. This substitution geometricallyfirst tested againsthe box formed bythe intersection oftheo b j ect 6s
corresponds to projecting the triangle and the intersection point to tH@unding boxanda visited cell

plane defined by theoordinates of théwvo chosen equations and leads Few years agoray-tracing researchers were mostly interested in
to algorithms comparable with one given by Bado[f. The S.S.E.  renderingstatic scenegor which persistent data structures were created
implementation for groups of four rays, proposedsld[21], is based  optimized for all possibleamera position€Eventually, focus was shifted

on the equivalenD projection Example of theS.S.E. base®D to dynamic scenes, for which data struetuare created (or updated)
approach (formulated in terms Bfiickercoordinatesgould be found in  every frame. There are alsutial studies in how to create Kckes lazily,
Bent hi n[R]s FoPviectoDimplementations, conditions-32are  deeply subdividing only those areas space thatare visited during
usually converted tomasks used to selectively update the, andv  rendering of a particular franj@]. In a sense, weursue this trend to the
values. It makes sense tase packets bigger than thatrinsic SIMD extreme, when transient datructures are created for every packet and
width of the targeted arckitture as it amortizegertriangle  every visited leaf node. Thilows very tight structures, optimized for a
computations and saves bandwidthalso allows to make decisions given packet and a celSurprisingly, these fleeting structuresuld be
summarily for the whole packet without processing individags, for  created and malled very efficiently, building on top of the clipping
example using frusturor interval arithmetic[B], [7], [11], [22], [23]). algorithms characteristic fothe modern packet traversal technigues.

There is no one universal way of solving the sys(&mwhich will be
suitable for all situations and architecture particular, CPU

with five additional requirements

implementations could use conditio(-3) for exiting from the test - e
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accepted to IEEE/EG Symposiunirgaractive Ray Tracing 2007 Figurel. The transient frustum is created every time a ray packet visits a
http://www.uni -ulm.de/rt07/RTO7.htm! leaf node (solid/dashed lines correspond to active/inactive rays). Only
Ulm, Germany, September 12, 2007 active rays are used to compute the frustum. Left: general rays. Right:

primary rays (common origin).
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We will show that our new approach improves the performance of th€he second step of the algorithm is remarkable snsitplicity and
best currently kawn algorithm[10] by a factor of twaising exactly the requires onlyone S.S.E. multiplication and two additiopser vertex
same (artificially created) data sets. We will then provide measurement#is is possible because we use frustum definetthdtwvo axisaligned
for the real scenes and demonstrabat the new algorithnbbehaves rectanglesindeed, he ttom frustum plane oRigure 2a goes through
exceptionally well for small acceleration structures with leaves thethree pointgxo, Yo, 2d], o, ¥1, 20|, and[xwo, Yo, Zd]. Its normal is
comprising hundreds of triangles. We expect that it will translate intgivenby the following cross product

significant performance improvemstibr dynamic scenes.

2

VERTEX CULLING

b =([X0, Yo, Z0] O [X00,Y60,20]) X ([X0,¥61,20] & [%00,Y00,200])
which is simplified to

Every time a packet of rays visits a leaf npdee create apecial  Mo=[(¥1-Yo0) (Zo-210),0, (¥o-Xe0) (¥o-Yb1)]
transient frustumKFigure 1). We then use planes of this frustum to Since[xo, Yo, 20] liesin this planeany given vertex = [w, W, v will be
excludefrom further processintriangles, which are completely outside strictly outside this plane (aridefrustum) ifthedot product

atleast one of the six planeEhisis described byhe following 4stage

algorithm(complete implementatiois provided in Appendid):

Nb- ([% W, V] O [Xo0, Yo, 20])
is negativeThis isexpanded andimplified to

1.

Choose a prevalent directiofirays in a packet (one for wh
the absolute components of direction are bigger). Suppo:
it is thedirectionx Then we find the intersections of rays \
the x=x0 andx=xo planes of the leaf node and compute -
aligned rectangles containing these intersections for
plane. These rectangles form a frustum containing
intersections of the rays with tleaf'sAABB.

For a given triangle, we check whether all threentie
vertices are separated from the frustum by any one of th
left, right, top, and bottonfrustum planegsee algorithng5)).
If the separation is not found,enook for the intersection
the four corner rays which define the frustumwith the
triangle. Using the Barycentric coordinates of interse
points, we can identify the situations where the frustu
separated from the triangle by any one of tientle edge
Optionally, two additional frustum planes (near and far) ¢
be inspected at this stage to eliminate triangles whic
either behind all origins (near plane) or further away tha
previously found occluder (far plane).

All ray packet triangle pairs which were not excluded tie

previous stages, are tested usiag standardray-triangle
intersection test (any one that is good for a particular situa

(y010yb0) (Y (>400%00)+X0 Z100X10 200+ (200Z10))

Because we are not interestedttiie absolute value of this expression
(but only its sign), we could drop the first multipli§siyoo) which is

planes and then represent the found expressions ustogngonent
vectors(to facilitate S.S.E. processing). This will result in the following
algorithm:

Implementation of the step 2 of the algorithni4).

For each packet, we compute two S.S.E. veagprandq: every
@) time the packetisits a leaf node as

dX= X0 - %00

Oo= [0 Z10- X10 Z00, X10 Yb1 - X00 Y11, X10 201 - X00 Z11, Y00 Y10~ X10Ybo] / X
h=[200- Z10, Y11-Yb1, Z1- 201, Yoo-Y10]/ dX

Then for eaclvertexv=[\, \, \¢], the four components of the S.< ®)
variable

d=]\, -\, -\, W] + [ W Vi, W O + Qo

will be proportional to the distances to the four frustum plan
at least one component is negative for all three triangle ve

the triangle is separated from the frustum by the correspc
plane. This can be easily verified using thké@VEMSiperations

This covers all possible separation cases of teovex objects and

The algorithm relies on an existence of at least one coordinate for Whi%%am init()
all directions of raysn a packethave the same sign (and chooses on -
with the biggest absolute value). This is siigaintly weaker requirement
thanthe one usually used for kulee traversal (that all directions for each
coordinate have the same sign). It is similar to the approacHarsgad
traversal[23] and should work foBVH as well.If thereis no prevalent
direction for the packet, usual splitting techniques apghigugh such
pathological packets occur very infrequently (and never for prima
rays). Possible implementation for finding the prevalent direction (an
checking the packet for consistency) is given in Apperdixn main()

n

tersect the frustum out si

We divideqo andg: by dxto achievea better memory layout and run
dime performancethis reducesthe number of the stored terms from
de t H"h?e @ fyp) Vaguﬁ gxis pogitveiy all 3&&%%’?}‘@ we exparD
ells to avoid division by zergsee the beginning ofhe function
in Appendix A). This expansion does not affect
eperformance adversely because wi#l process only triangles in the
original 2D cell (ifa triangle is not intersecting the flat frustum it will
not intersect the expanded one as well).
Calculations in the first step of the algorithf@#) can be performed
concurrently with thepacketclipping by the AABB of thevisited leaf
node. ForBVH, such AABBs are stored natively in the data laydiut.
d-trees are used, our algorithmguéres storing AABB of all non
empty leaf nodes together with other leaf ddtnother option is to

function.Choosing the biggest prevalent axis does not affect the accuraf§mMPute AABBS on the fly)Ve have found thahis does noaffectthe

of computations, but ressltin better performance by about 30%

compared with the approach when the fitgtableaxis is used

X
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performance and increase-keée size by only few percents. Reason is
that all splis into empty and neempty cells immediately before the
leaf node could be folded into the ABBof the leaf.

Finally, if everything else fails, we still could exclude triangles
algorithm(4) andit is fairly straightforward. While frustum is computed
frustum cornes. If any ofthe threeconditions(3) are false forall four

rays then the frustum does not intersect the triaragieevident from
Figure 2b, which also show isolines of the Barycentric coordinates.

Yio Y

00 Yoo Yo1

This is similar to the shatulling algorithm suggested by Dmitrie¥ al

[5]. We also implemented another idea frinis paper. If all corner rays
do intersect one triangle, then we could dilepaperture checking for
all raysin this packetThis optimization ieffectiveonly if there are big

(a) frustum parameters (b) intersections with the triangleplane t r { angl es in a scene -ectompar ed

Figure2. Culling triangle verticeg, v1, andv, against frustum containing In addition to four frustumplanes, we could further eliminate
AYUSNRSOQuUA2Yya 2F Nlréa oA0K |

f S F @anhaecéessary.tedts by considering near and far frustum plEmesear

always positiveWe could repeat these calculations for all four frustum

separated from the beam by triangle edges. This is the step 3 of the

(seebeam_init()), we also create a packet of 4 rays corresponding to the

wi t h






