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Abstract

This paper presents a generictechnique for accelerationof ray tracing of
polygonalscenes We proposesdedulingrays in a way that forms pyramidal
shafts. We shaw that under certain conditions ful lled by the corner rays
of a shaft, it is possibleto immediately and conseratively answer visibilit y
gueriesfor the inner rays without expensiveray traversalthrough acceleration
data structures (kd-tree in our case). We shaw that the preseried technique
is suitable for primary, secondary and shadav rays.
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1 Intro duction

Visibilit y computation via ray tracing is the most time consumingpart of
many renderingalgorithms. Thus algorithms that improveray tracing speed
are very important for researtr and industry and have immediate usein a
wide spectrum of applications.

In this paper we proposea new algorithm for speedingup the visibilit y
computation. It is a combination of seweral existing techniquesand it takes
advantage of their best features. We aim at the following properties:

algorithm should compute exact visibilit y information

no additional preprocessingshould be needed

no additional user-de nable parametersshould be introduced
technique should be easyto implemen

accelerationshould be achieved for most of scenesno signi cant decel-
eration should happen for others

The founding obsenation that is widely utilized in existing acceleration
techniquesis that rays frequertly appear to have the sameorigin and very
closedirections. This holds for rays red from the pinhole camera,shadav
rays (the origin is located at the point light sourceposition then), primary
rays that are re ected or refracted at planar media boundary (the origin is
located at the re ected cameraobsener in this case). This kind of coherence
allows bucketing rays into coheren groups and applying di erent kinds of
optimization techniquesfor intersectingthe wholegroup rather than separate
rays with the sceneobjects.

In the next sectionwe review previous works in the area of ray tracing
acceleration. In the section 3 we give details of our algorithm. Section4
cortains results and discussionthat are concludedin section5.

2 Previous Work

Sinceray tracing was introducedin [16], tremendousnumber of techniques
for improving its e ciency was proposed. This includesdevelopmern of ray
tracing data structures (e.g. uniform grids[4] and kd-trees[10,12]), use of
interpolation [2, 15, parallelization [11] and so on. Complete classi cation
and review of sudh techniquescan be found in [3, 9]. Here we focus only on
techniquesthat are closelyrelated to our algorithm.
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2.1 Shadow Caching

In 1986Hainesand Greerberg suggesteda shadav cade algorithm [5]. Each
light sourcecadesa referenceto the opaqueobject that has most recerily
cast a shadav from this light source,or null referenceif the last shadav
ray red to this light sourcedid not encourter any opaqueobjects. Before
shadav ray is traced towards the light source,a caded object is chedked for
an intersectionwith this ray. If anintersectionoccurs, no further processing
is required.

The disadwantage of this technique is that if referencein light sourceis
null or no intersection with caded object occurs, ray hasto be traversed
all the way. Our algorithm also cachesobjects, most recertly intersectedby
shadav rays, but acceleratesvisibilit y computations evenin 'not shadaved'
case.

2.2 Shaft Culling

Hainesand Wallace[§ 7] introducedshaft culling in the context of radiosity
form-factors computation. The technique intersectsa sceneenclosednto hi-
erarchy of axis-alignedbounding volumesagainsta convex shaft with planar
boundaries. Testing a box against a shaft is a fast operation, as only one
cornerof the box needsto be comparedto ead particular planein the shatft.
All rays inside the shaft are then cheded for intersectionwith objects that
are not culled away. Zwaan et al. [17] usesthe shaft culling method for ray
tracing. Although they improve the speed of shaft culling construction, no
ray tracing speedupis achieved. Thus authors suggestto usetheir technique
to increasethe coherenceof computationsfor parallel ray tracing.

Similarly, our method enclosesgroups of rays into pyramidal convex
shafts. Howewer, instead of bounding volumes hierarchy we use far more
e cien t kd-tree structure ([9], chapter 3), and instead of testing ead plane
of the shaft our algorithm executescornvertional traversalloop for its bound-
ary rays.

2.3 Termination Ob ject

LCTS (LongestCommonTraversalSequence)echnique, proposedby Havran
[8], groupsrays in sut a way, that they createconvex shafts. Dueto corvex-
ity, if commonsequencef leavesvisited by the boundary rays exists, exactly
this sequencehasto be visited by the inner rays as well. Thus a sequence
of empty leavescan be skipped by the inner rays and they can immediately
start from the rst non-empty leaf encourtered by the boundary rays.



An important special caseof LCTS is given by the termination object
criterion ([9], section6.3.3.2). If all boundary rays traversethe samesequence
of empty leavesand terminate at the samecorvex object that is the only
object corntained in the last visited leaf, then all inner shaft rays have to
terminate at this object as well. In this casethe visibility queriesfor the
inner rays can be immediately answered without ray tracing.

Disadvantage of the techniqueis that it tracesthe rays boundingthe shaft
one by one, which requiresstoring the sequenceof kd-tree leaves, traversed
by ead ray, and then comparingthose sequencesWe avoid any storageby
tracing the 4 boundary rays simultaneously and cheding their coherenceas
they propagatethrough the kd-tree. Only oneadditional bitwiseoperation in
the kd-tree traversalloop is needed,introducing virtually no overheadwhen
comparedto convertional ray shooting. We also allow non-empty leaveson
the ray paths and morethan onetriangle in the terminating leaf. This is very
important for ray tracing of triangulated scenessincekd-tree leavesrarely
cortain a singletriangle.

2.4 SIMD Ray Tracing

SIMD (Single Instruction Multiple Data) technique suggestedy Wald et al.
[13]in 2001tracesraysin groupsof 4 and usesSIMD instructions to perform
kd-treetraversalandray/triangle intersectionsfor 4 rays simultaneously The
maximum e ciency is obtained if all of them actually go through the same
kd-tree nodes, i.e. are coheren. In this casethe cost of traversalloops and
ray/triangle intersectionsis amortized over all 4 rays. The technique also
reducesmemory bandwidth by requesting data only once per ray padet,
and increasegshe processorcade utilization at the sametime. Algorithms
that useSIMD ray tracing must be speci cally designedio shaoot the rays by
coheren padks. It hasbeenshaown that both recursive ray tracing [13] and
globalillumination algorithms [14] can be designedin appropriate way.
Wald et al. [13] report speedimprovemert of an order of magnitude com-
pared to other well-known ray tracers, which makes the method a proper
starting point for further optimizations. We use SIMD instructions as well,
but instead of tracing rays in padkets of 4, we create pyramidal shafts con-
sisting of at least 16 rays, 4 rays being at the cornersand others- inside the
shaft. When traversingthe cornerrays we collectall the trianglesthat poten-
tially canbe intersectedby the inner rays in the memorybu er. Shooting of
inner rays then usually consistsonly of intersectingthem with sud relevant
triangles, which are very few in number (typically 1-2 per ray padet).



3 Relevant Triangles Tracing (RTT)

To create corvex ray shafts, we compute imagesin 4 4 independert pixel
tiles. Sud imagetiling requiresthat the image horizortal and vertical res-
olutions are multiples of 4. It is already so for most common resolutions
(640x480,1024x768,1280x768etc.). If not, we renderslightly largerimage
and then crop it to match the initial resolution. Depending on the antialias-
ing setting, eat 4 4 pixel tile can be subdivided to a number of subpixels
(Figure 1).
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Figure 1: 4 4 pixelstile (pixel bordersare shovn with bold lines) with 2 2
antialiasing. Raysthat gothrough the tile cornerscreatea convex pyramidal
shatft.

Figure 2: A is a zonewhere one of the barycertric coordinates is positive.
If this barycertric coordinate is negative for all of the 4 cornerrays, none of
the inner shaft rays (zoneB) canintersectthe triangle.

4 raysthat gothrough the cornersubpixelsof ead tile are simultaneously
traced using SIMD instructions. During traversalwe ched that rays go all
the way through the samekd-tree nodes. This is an easything to track since
traversal algorithm has this information anyway and all we have to do is
to set some ag assoon asthe rays split to di erent sub-trees. If this ag



happensto be setin the end, shaft is consideredto be not coherent with
respect to the kd-tree and RTT can not be applied.

Every time the cornerrays encourter a nonempty kd-tree node, triangles
cortained there have to be tested for an intersection. Each triangle is si-
multaneously tested against 4 rays using SIMD instructions. 5 convertional
testsare applied: 2 tests ched that the triangle planeis located betweenthe
ray origin and the ray end, 3 tests ched that ead barycertric coordinate of
plane/ray intersectionis positive. Due to the shaft corvexity, if any of those
testsfails for all 4 rays simultaneously, the triangle can not be intersectedby
any of the inner shaft rays (seeexamplein Figure 2).

If none of the intersectiontests fails for all 4 corner rays simultaneously
the triangle hasa chanceto beintersectedby the inner rays and thusits index
is stored into a so called relevant triangles list. Under certain conditions
visibilit y queriesfor the inner shaft rays can be answeredwithout expensiwe
kd-tree traversal, but instead by cheding just triangles from the relevant
list. As stated above, similarly to the termination criterion idea[9], the rst
of those conditions is coherenceof the shaft corners. The secondcondition
dependson the query type and is discussedelow.

3.1 Primary and Secondary Rays

For RTT to be applicableto primary and secondaryray shafts, the corner
rays of the shaft haveto terminate at the sametriangle. Otherwise(Figure 3),
testing accunulated relevant triangles for an intersectionis not su cien t for
consenative answering visibilit y queries. The casewhen cornerrays hit two
triangle that sharean edge,could still be handledby supporting connectivity
information, but this solution is more complicatedto implement.

The approad is moredi cult to apply for secondaryrays becausedistor-
tion causedby oneor morere ections candestroy the convexity of the initial
shaft of primary rays. Testing a shaft for corvexity after such a transforma-
tion canbe computationally expensiwein generalcase.We therefore suggest
to keepsearting for terminating triangles only while a shaft is re ected by
planar objects becausen sud a casethe convexity is clearly presened.

3.2 Shadow Rays

We create shafts for shadav rays by connectingthe light source position
with the hit points of correspnding primary (or secondary)rays asdepicted
in Figure 4. Clearly shaft B will be corvex if the originating shaft A was
cornvex and the rays of shaft A have terminated on coplanartriangles. Thus
for shadav rays the condition for RTT to be applicableis more relaxedthan
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a) b)

Figure 3: RTT for primary and secondaryrays. a) Corner shaft rays hit
di erent triangles of the samekd-tree leaf. It is not guararteed, that the
inner rays will pierceany of the depicted triangles, and even that they will
terminate in the sameleaf: they can slip through the gap betweentriangles.
b) The inner shaft rays have to end at depicted triangle becauseall of the
cornerrays are ending there.

Shaft A Shaft B

Figure 4. A shaft createdby shadav rays originatesat the light sourceposi-
tion and endssome beforereading the hit points of primary (secondary)
rays.

for primary rays. It is only required that the primary rays of originating
shaft land at coplanartriangles, not necessarilyat the sametriangle.

4 Results and Discussion

The algorithm wasimplemened and testedwithin the 3DSMAX framework
that o ers vast modeling, animating, and renderingbene ts. We only had to
implemert ray shooting. Other proceduresneededfor rendering, lik e shading



of materials and evaluation of light sourcesemission,are provided by the

3DS MAX core. Timings were measuredpurely for ray shooting and do

not include shadingthat strongly dependson the speci cs of the underlying

system. Timer basedon RDTSC (Read Time-Stamp Courter) processor
instruction was used. The resolution of sudc timer is equal to the processor
frequency(in our case2; 38510 ticks per second)and is enoughfor measuring
relative performanceof even singleray shaoting queries.

Figure 5 a) demonstratesone of the testing scenes,which is an o ce
ernvironmert illuminated by 16 omni-directional light sources. Figure 5 b)
illustrates RTT for primary rays. Pixels areblack wherekd-tree traversalwas
used, they are white - where visibilit y queriesthat were answered by RTT
without ray traversal. Lines of black pixels appear at the borders between
two triangles or betweentwo kd-tree nodes. Concerration of black color
correspndsto the imageregionswith detailedgeometry wherethe projected
triangle sizeis comparableto the size of the 4x4 pixels tile usedfor shafts
construction. Increasingthe imageresolution changeshe notion of 'detailed’
and makesthe algorithm perform better, which will be demonstratedlater
on. Figure 5 c) shows similar statistics for shadav rays from one of the light
sources,except that we introduce two gradations for queries answered by
RTT. White correspndsto pixels whererelevant triangles list cortained O
triangles, gray - to pixels whereit cortained 1 or more triangles.

The other two test scenesare depicted in Figure 6. Figure 6 a) is a
room environment illuminated by 7 spot light sources. Figure 6 b) is an
o ce ernvironment lled with plants. Many small leavesdestroy imagespace
coherenceand make this scenea hard casefor the suggestedalgorithm.

We compareRTT with the convertional SIMD ray tracing technique[13],
which is currently one of the fastestray tracing algorithms and was usedas
a starting point for our technique.

Table 1 lists miscellaneousstatistics for the test scenescomputedat the
resolution 640x480. It is seenthat even at this small resolution, technique
allowsto save signi cant amourt of primary and shadav rays. For the ROOM
sceneRTT needsabout 1.8times lessprimary rays and about 1.9 times less
shadav rays comparedto SIMD ray tracing. The time reduction, howe\er,
is not that spectacular: 1.22and 1.17 for primary and shadav rays tracing
respectively. Reasonfor that is that the rays saved by RTT usually traverse
empty or poorly populated sceneregions. kd-tree in sud a regionsis quite
shallov and it doesnot cost much to traverseit. Even though almost halve
of all rays are skipped, it is actually the other halve that takes most of the
time.

To exploit the power of the technique better, two possibilities exist. The

rst is increasingthe ratio of inner shaft rays, thus increasingacceleration
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(b)
Figure 5: Visualization of RTT for OFFICE test scene. (a) OFFICE test
scene.(b) Visualization of RTT for primary rays. (c) Visualization of RTT
for shadav rays.

potertial. Without antialiasing ead 4x4 tile contains just 16 rays resulting
in ratio of cornerrays equalto 25%. When using antialiasing 2x2, ead 4x4
tile requires64 rays and the ratio of cornerrays is reducedto 6.25%. Graph
in Figure 7 shows the dependencyof relative accelerationfrom antialiasing
settings. Note that evenfor the hard caseof PLANTS scendechnique showns



ROOM | OFFICE | PLANTS
SIMD pr. rays time 119 157 477
#primary rays 307200 307200 307200
RTT pr. raystime 96.8 142 502
#primary rays 172524| 170928 273588
#avr. relevant trgs 1.134 1.139 1.127
SIMD sh. rays time 81.8 2127 5991
#shadow rays 247251| 4812053 3708088
RTT sh. rays time 70.1 1716 5485
#shadow rays 129461 2356197 2400053
#avr. relevant trgs 1.095 3.246 4.274

Table 1: Performancestatistics for the test scenes. Time for primary and
shadav rays shooting separatelyis givenin milliseconds.For RTT we addi-
tionally provide an averagenumber of entries in the relevant triangles list.

some(though not large) acceleration.

Secondpossibility to exploit the suggestedechnique in a better way is
computing imagesof larger resolution. So far we have only experimented
with image resolution of 640x480that does not supply much image space
coherency Accelerationdependencyon the imageresolutionis shavn on the
Figure 8.

Increasingboth resolution and antialiasing simultaneously canyield even
more bene t. For instancecomputing image of ROOM scenewith antialias-
ing 6x6 at the resolution 2048x1560is 2.43 times faster using RTT than
SIMD algorithm.

5 Conclusion

We have suggesteda robust and simple ray tracing accelerationalgorithm.
The algorithm is basedon SIMD ray tracing technique, but further utilizes
imagespaceray tracing coherencedo achieve even greater performance. The
neighboring rays are grouped into coheren pads, boundedby corvex shafts.
When executingray traversalloop for the shaft corners,the algorithm col-
lects information that allows to immediately and consenatively answer vis-
ibilit y queriesfor the inner shaft rays without expensiwe kd-tree traversal.
The information collection is performedon-the- y and doesnot require any
additional scenepreprocessing.

The proposedtechnique achievesaccelerationon most of scenes.When



computing small resolution imageswithout artialiasing, speedupof 1.1 to
1.3 times can be expected. Especially large performancebene ts up to 2.5
times are received when computing high quality imagesof large resolution.
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Figure 6: More test scenes.(a) ROOM test scene.(b) PLANTS test scene.
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