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Abstract

We describetwo new tedhniquesof ray shootingaccelegtion that exploit the traveisal coheenceof a spatial
hierarchy. Thefirsttechniquedetermines sequenc®f adjacentleaf—cellsof the hierarchy thatis piercedby all

rayscontainedwithin a certain corvex shaft. This sequencés usedto acceleate ray shootingfor all remaining
rays within the shaft. The secondtechnique establishesa cut of the hierarchy that containsnodeswhele the
hierarchy traversal cannolonger be predeterminedor all rayscontainedwithin a givenshaft. Thiscutis usedto
initiate the traversal for all remainingrayscontainedin the shaft. Thedescriptionof the methodss followedby

resultsevaluatedby their practical implementation.

Keywords: ray shooting,ray casting,BSPtree,traversal
coherencehiddensurfaceremoval.

1. Intr oduction

Marny modernglobalillumination techniquesare basedon
discretesamplingof lighting within thescenewherethege-
ometricalrelationships(visibility) betweenobjectsare de-
terminedusingray shooting.

A verylargeamountsf raysarecastby mostof theglobal
illumination methods,hencewe are giving the ray shoot-
ing algorithmspecialattention.The portion of therendering
time spentby ray shootingis usuallyquite significantandit
is notrarethatit takesmorethan50% of thetotal rendering
time.

In this paperwe presentwo nev methodsutilizing spa-
tial coherenceof visibility that usethe conceptof longest
commontravesal sequencdabbreiatedto LCTS further
in the paper).The presentednethodsextendthe ray shoot-
ing acceleratiorbasedon a hierarchicalspatialsubdvision,
namely using a rectilinear binary space partitioning tree
(BSP) tree. A rectilinearBSP tree (all its splitting planes
perpendiculato principalaxes)is alsosometimegalledkd—
tree.

Letuscall acell of thespatialsubdvision elementanyhi-
erarchical) if it correspondso a leaf (interior) nodeof the
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spatialhierarchy Rayslaying within a certaincorvex shaft
arelikely to piercethe samesetof hierarchicalandelemen-
tary cellsof thespatialsubdvision. We call thisphenomenon
atravesal coheence The basicconceptof traversalcoher
encefor elementancellsis illustratedin Figurel.

Ourfirst techniquedetermine& LCTS for a givenconvex
region (shaft) R consistingsolely of leaf-nodeof the spa-
tial hierarchy We call theresultingLCTS the simpleLCTS
(SLCTS).TheSLCTS(if it exists)canbeusedfor thetraver-
sal for all rays containedwithin R. As it will be shavn
later, if nointersectioris foundusingthecurrentSLCTSthe
traversalcontinuesusing somecorventionaltraversaltech-
nigue,suchasa neighbourlink schemeor BSPtrees.

The secondtechniqueusesmore elaboratetreatmentof
theinformationgainedduringtraversalof the spatialhierar
chy. It determinesa hierarchical LCTS (HLCTS), thatcor
respondgo a sequenceé of nodesof the spatialhierarchy
Thesenodesform a cut of the hierarchyat the level where
thetraversalcanno longerbe predeterminedor all rayslo-
catedwithin R. For ary ray locatedin R we canavoid traver-
salstepsfrom theroot of the hierarchyto thenodesn S.

As we shaw later, this conceptcan be further extended
by pruning adjacentelementarynodesthat do not contain
ary objects Anotherextensionis to determineatermination
object(if it exists)thatis hit by all rayslocatedin R.

Therestof the paperis organizedasfollows: In Section2
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Figure 1: Theconcepibf traversal coheencein two dimen-
sions.An arbitrary ray Rx lying betweenrays Ry and Rg
piercesthe samesequencef elementancells.

we describethe previous work relatedto the approachpre-
sentedhere. Section3 gives an overvien of the algorithm
for the constructionand traversalof rectilinearBSP trees.
In Sectiond we presenthe LCTS constructioralgorithmin

detail. Section5 describeautilizing LCTS for ray shooting
betweentwo patchesandhiddensurfaceremoval basedon
ray casting.Section6 presentgesultsbasedon a practical
implementationFinally, Section7 concludeghe papermwith

several possibledirectionsfor futureresearch.

2. Previous Work

Theray shootingproblemcanbe definedeasilyasto deter
mine the closestintersectiongiven a ray with an objectin
thesceneln spiteof this simpledefinitionthe problemitself
is difficult to solwe efficiently for alarge numberof objects.
Thenaive algorithmtestsall objectsfor anintersectiorwith
agivenray. Its ©(N) time compleity makesit unacceptable
for numberof objectstypically usednowadays.

Ray shooting has been studied from different points
of view within the computationalgeometryand computer
graphicscommunitiesTheapproachesf computationage-
ometersare typically aimed at the worst—caseime com-
plexity andthealgorithmsanddatastructuresaremostlyre-
strictedto scenesvith polygons Thereareseveralknown al-
gorithmsin )3 spaceaccordingto the certainrestrictionsof
objects.For example Agarwal andSharir! presentednap-
proachthattakesO(log?(K)) querytime with O((M.K)?*%)
preprocessingime and spacefor M possibly intersecting
polyhedrawith a total K faces.Unfortunately all known
approachesn computationalgeometryhave unacceptable
spaceand preprocessindgime compleity for sceneswith
only hundredsof objects. Szirmay—Kalosand Marton 30
statedthe lower bound Q(logN) of worst—casdime com-
plexity for ray shootingwhereN is the numberof objects.

The computergraphicscommunity devoted much atten-
tion to practicalsolutionsregardlessof the worst—casdime
compleity. Even if the worst—-casecompleity of these

practicaltechniquess unfavourable the goodaverage—case
complity is the reasorwhy thesemethodsarecommonly
usedin todaysrenderingpackages.The classificationof
thesetechniqueds given by Arvo 4 and more recentlyby
Simiakakis?®. In this paperwe follow the approacthof these
practicaltechniques.

The principle of spatial subdvision techniquesis the
reductionof ray—objectintersectiontestsby decomposing
scenespaceinto disjunctcells. The ray—objectintersection
is then computedusing only objectsin cells locatedalong
theray path.Althoughthe numberof intersectiortestsis re-
ducedsignificantly thereare additionaltime requirements
for the traversal of the spatialsubdvision. Oneway of ray
shootingacceleratioris to improve thepropertief the spa-
tial subdvision and thus to lower the averagenumber of
intersectiontestsper ray. Anothertechniqueis to improve
the traversalalgorithmby decreasinghe numberof traver
sal stepsor the costof a singletraversalstep.In this paper
we dealwith decreasinghe numberof traversalsteps.

Severalpapergelatedtio theapproactpresentedherehave
beenpublished.Conceptsof generalizedrays were intro-
duced;conetracing?, beamtracing!?, andpenciltracing?®.
Arvo andKirk 3 presentedray classificatiormethodwhich
subdvidesthe five dimensionalray space For eachcell of
this subdvision, a sortedlist of objectsis constructedand
aray r is testedfor intersectiononly with objectscorre-
spondingto the elementarycell that is intersectedTby r.
SimiakakisandDay presented techniquethatimprovesthe
spacecompleity of ray classificationby adaptvely subdi-
viding theray space?’. The memorycompleity of this ap-
proachwasimproved by Kwon et al in 2! by reducingthe
ray spacefrom five to four dimensionsThe ray coherence
theorent? is ageneralizatiorof thelight buffer 11 approach.
It usedirectionalityof raysandabinarysearchHainesand
Wallacel? utilized the conceptof shaft the ray—objectin-
tersectiontestsare restrictedonly to objectsthat intersect
a shaft connectingtwo patchesTeller and Alex 31 subdi-
vide theviewing frustumby combiningWarnocks visibility
algorithm and beamtracing. Similar use of coherencevas
presentedy GonzalesandGisbertfor anoctrees. Pyramid
clipping of a spatialsubdvision aimedat a parallelimple-
mentationfor ray traversalwaspresentedy vanderZwaan
etal 32, The techniqueof directedsafezonesutilizing free
adjacentelementarycells within a uniform grid was pub-
lishedin 24, Genettiet al 7 presentedecentlyan approach
for adaptve supersamplingn objectspaceusingpyramidal
rays. All the methodsmentionedutilize someconceptsof
coheence thatweresuneyedby Groller .

Themethodpresentedh this paperis acombinatiorof di-
rectionaltechniqueswith a hierarchicalspatialsubdvision.
Wehave basedurwork onBSPtrees sincetherecentlypre-
sentedesults?® shav thatadaptvely constructedectilinear
BSPtreesaremoreefficientfor raytracingacceleratiorthan
nowvadayspopularhierarchicalgrids 205,

(© TheEurographicsAssociationandBlackwell Publishers2000.
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3. ClassicalAlgorithm Overview

In orderto describethe proposedechniqueswve first briefly
review the constructionof rectilinear BSP treesfor ray
shootingaswell asthe classicakraversalalgorithm.

3.1. BSPTree

A rectilinear Binary SpacePartitioning tree (abbrey BSP
tree)is a higher dimensionalanalogyto the binary search
tree.A BSPtreefor a setS of objectsis definedasfollows:

Eachnodev in the BSP tree correspondgo a non-empty
axis—alignedbox By, we call this box a cell. The cell as-
sociatedwith the root of the treeis the boundingbox of

all objectsfrom S. Eachinterior nodev of BSPtreeis as-
signeda cutting plane Hy, that divides By into two cells.

Let Hy bethepositive halfspaceandH,~ the negative half-

spaceboundedby Hy. Thecellsassociatedvith the left and
the right child of v areBy N Hy andBy N Hy, respectiely.

The left subtreeof v is a BSP tree for the set of objects
S, = {sNHy #0|s€ S/}, theright subtredis definedsim-

ilarly. Eachleafnodel containsalist of objectsS thatinter

sectthe nodeboundingbox B,. The leavesof the BSPtree
areeitheroccupiedby objectsor vacant A two dimensional
exampleof aBSPtreeis depictedn Figure2.

A BSP tree )
@ &
a ® ° .
7 lists of @® @
3 B links to
@ objects /’(
: @ object
b e (11213 4 [5]6]

Figure 2: Atwodimensionakxampleof a BSPtree

The orthogonalityof the cutting planesof a BSPtreesig-
nificantly simplifiesthecomputatiorof ray shootinggueries.
Thecomputatiorcostof the signeddistance of intersection
point of a ray with the cutting planeis roughly threetimes
lowerthanfor anarbitrarypositionedplane.

A BSPtreeis constructedhierarchicallyin topdown fash-
ion. At a currentleaf| a cutting planeis selectedhat sub-
dividesB; into two cells. Theleafthenbecomesaninterior
nodewith two new leaves. The objectsof | aredistributed
into newv descendantsf |. The processis repeatedrecur
sively until certainterminationcriteriaarereached.

An important feature of the rectilinear BSP tree is its
adaptabilityto the scenegeometrythat is inducedby pos-
sibility to positionthe cutting plane.Traditionally; the cut-
ting planeis positionedn the mid—pointof the choseraxis,
andtheorderof axesis regularly changedn successie lev-
els of the hierarchy!®. Another methodusesadaptve po-
sitioning of cutting planeswhenthe position of the cutting
planeis choseralongthe whole range?? usingsurfacearea

(© TheEurographicsAssociationandBlackwell Publishers2000.

heuristics We usethe latter approachthat canimprove the
performanceof BSP tree for ray shootingqueriesover the
mid—point subdvision schemeby ordersof magnitude!s,
especiallyfor sparselyoccupiedscenes.

3.2. BSPTreeTraversal

Givenaray anda BSPtreewe needto identify elementary
cells alongthe ray path. This taskis solved by a traversal
algorithm15.18 29,

Herewe only recallthe basicideaof the BSPtreetraver-
sal. At eachnodeof the BSPtreewe determineoneof four
possiblecasesto traverseonly theleft child, only theright
child, the left child first andthenthe right one,or the right
child first andthentheleft one.Whenbothchild nodeshave
to be traversed,the farthernodeis storedon the traversal
stak andthe neareroneis traversedfirst. This algorithm
proceedsecursvely until a leaf nodeis encounteredThe
objectsin the leavesaretestedfor intersectionwith theray.
If thereis anintersectionof ray with object(s)lying in the
leaf's boundingbox, the objectclosestto the ray origin is
selectedand the traversalterminates Otherwise,a nodeis
poppedfrom the traversal stack and ray traversal contin-
uesasdescribedabore until anintersectionis found or the
traversalstackis empty(nointersectionis found).

It is obviousthattheray traversalincludesthedetermina-
tion of traversalorderof the nodesof the hierarchystarting
alwaysfrom therootnode.This behaiour canbeeliminated
by extendingthe BSPtreeby neighboutlinks (ropes)4 22,
The modified traversalalgorithm usestheselinks to deter
minethenext elementarycell piercedby thegivenray. Since
theselinks usually point to ratherdeepnodesof the hier-
archy or even leaf nodes!4, the numberof traversedinte-
rior nodescanbe decreasedignificantly Onthe otherhand
the costof the traversalstepfrom the leaf nodesis slightly
higher

The proposedapproachesim to combineadwantagesof
boththehierarchicabndlink basedraversalof theBSPtree
for arestrictedsetof rays.

4. Construction of LCTS

The LCTS is constructedfor a corvex shaftdefinedby a
setof boundaryrays Typically, theseraysform edgesof a
frustum(if they sharethe origin) or edgesof atunnel(if the
rays are parallel). For eachof the boundaryrays a traver

sal history is stored.This informationis usedto construct
the LCTS, thatis commonto all raysbelongingto the shatft.
We distinguishbetweerntwo typesof LCTS. Thefirst type—

SLCTS(simpleLCTS exploits coherencef traversalusing
only leaf nodesof the hierarchy The secondone— HLCTS

(hierarchical LCTS allows traversalcoherencdo be used
for hierarchicalnodesaswell, but requiresmore computa-
tional effort for its construction.
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4.1. SLCTS

The conceptof SLCTSis depictedin Figure 1. Assumea
corvex shaftdefinedby several raysthattraversethe same
sequencé of elementanycells of aBSPtree.Thenanarbi-

trary ray lying within the shafttraversessequenc& aswell.

The origin of theray hasto be positionedn the shaft(if the
shaftis a tunnel). Thereare somepotentialproblemsto be
solvedfor SLCTSasdepictedn Figure3:

1. No common sequenceof leaf nodesexist (Figure 3,
casel).

2. Having someinitial sequencef elementarycells S for
theraysdefininga LCTS, thenthe lastcommoncell for
themis known. If araydoesnothit ary objectin S, which
cellshaveto betraversedthen? (Figure3, case?).

A «
case 1 Qgsl 94 D ’
e /8 0

)%:ase 2

Figure 3: Two potential problemsof SLCTSto be solved.
Thenumbes mark the depthof the cutting planesin the hi-
erarchy.

We usea simple solutionto the first problem;we apply
ary traditionaltraversalalgorithmfor BSPtree. The second
problemis solvablefor BSPtreeswith theuseof neighbour
links. When no objectis intersectedusing the sequences,
thenthe ray traversalis performedfurther using the links
(ropesand rope trees)to neighbourleaf cells. It is worth
mentioningthe SLCTSis applicablenot only to BSP tree,
but for ary spatialsubdvision, which enablesisto continue
thetraversalwithout the down—traversalphaseg.g.uniform
grids.

4.2. HLCTS

The secondproposednethodusesthe HLCTS andexploits
alsotraversalcoherenceof interior nodesof the hierarchy
We describahedetailsof HLCTS constructiorandtraversal
below.

4.2.1. Traversal Trees

A traversalhistory for a given ray canbe storedby means
of atraversal tree Thetraversaltreeis abinarytree,where
eachnodeN of thetreecorrespond$o anodeB in thescene
BSPtreethatwasvisitedin the scopeof thetraversal Addi-
tionally, the nodecontainsthe informationaboutthe further
traversal(traversaldecision)thatreachesneof thefollow-
ing fivestatesLEFT, RIGHT, LEFT/RIGHT, RIGHT/LEFT,

and TERMINATION. The traversalstate TERMINATION

correspondeitherto piercedleaf~nodef the BSPtreeor
interior nodesthat were pushedon the traversalstack, but
asthe ray hasbeenterminated thesenodeswere not used
for furthertraversal.Othertraversalstatesexpressthe order
of the traversalof the BSPtree“below” the nodeB. Addi-

tionally, nodeN containsa pointerto an exit—planeg thatis
aplaneboundingthe nodeB cell alongthe directionof the
ray (seeFigure4). The useof exit—planepointerwill bede-
scribedfurtherin thetext.

If thenodeN is not aleaf, thentheleft child corresponds
to the BSP tree node B; that was visited first during the
traversal.Theright child (if any) correspond#o theBSPtree
nodeB, pushednthetraversalstackandthusvisitedlateror
urvisited (if theray hasbeenterminateeforereachinghis
node).SeeFigure4 thatdepictsan exampleof the traversal
treestructure.

4.2.2. Constructing Initial HLCTS

The initial HLCTS is constructedusing n traversal trees
(n > 1) determinedfor n boundaryrays of a given corvex

shaft.Usingcorvexity, it canbe shavn thatthetraversalde-
cisionfor a given nodeof the BSPtreedoesnot changefor

all rayswithin the shaftif the correspondindraversaldeci-
sionsfor all boundaryraysareequal. Thehierarchicatraver-

salof suchnodescanbe avoidedby descendinghe hierar

chy and constructingan orderedsequencef nodeswhere
the traversalstateis no longerequal. The HLCTS can be
seemasacutontheBSPtreeatthelevel wherethetraversal
cannolongerbe precomputedrom thetraversalhistoriesof

the boundaryrays.Figure5(a) depictsthe boundaryraysof

afrustum.

The HLCTS construction algorithm performs a con-
straineddepthfirst searchin parallelon all n traversaltrees.
If thetraversalstatesassociatedvith all n currentlyreached
interior nodesare equal, the algorithm is applied recur
sively first on the left child andthenon the right child (if
ary). If the reachednodesare leaves of the traversaltrees
(state=TERMIMTION) or thetraversalstatesarenotequal,
the HLCTS is enlagedusingthe BSPtreenodeassociated
with the reachednodes.Additionally, eachHLCTS entry
containsn pointersto the associatediodesof the traversal
trees(seeFigure5(b)). Theirusewill beexplainedfurtherin
thetext.

Oncethe initial HLCTS hasbeenconstructedijt canbe
usedto initiate the traversalfor all rays within the corre-
spondingshaft. The traversal stack can be filled using all
nodesof the HLCTS. Notethatcommonlyusedtraversalal-
gorithm usually assumeghat the entry and exit pointsare
known for the currentnode.Usinga HLCTS thesemustbe
computedexplicitly for eachvisited node of the HLCTS,
sincethey have not beendeterminedrecursvely asin the
classicalraversalalgorithm.The pointersto exit planesare
usedto solwe this problem.

(© TheEurographicsAssociationandBlackwell Publishers2000.
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Figure 4: (a) Exit plane— the ray leavesthe marked leaf nodeat the face in the exit planethat is formed by the cutting
planeof theroot node (b) Traversal treecorrespondingo theray path. Notationfor nodesof traversal tree: L — LEFT, L/R—

LEFT/RIGHT R—RIGHT, T - TERMINATION.

4.2.3. Constructing GeneralHLCTS

The HLCTS for a given shaft can be refined further by
constructingHLCTS for its sub—shaftsNeverthelessif the
traversalof the hierarchydoesnot originateat theroot node
of the BSPtree,thetraversalhistory no longercorresponds
to asingletree.Instead,t is storedasa sequencef traver-
saltrees,with their roots correspondingo the nodesof the
HLCTS, thatwasusedto initiate thetraversal.

We considerconstructingHLCTS for the n traversalhis-
torieswith thefollowing properties:

1. all traversalhistorieshave beengeneratedrom the same
HLCTS andthusthey correspondo sequencesf traver-
saltreesof the samdength.

2. k traversalhistorieshave beengeneratedrom the same
HLCTS, sayL. Othern—k historieshave beengenerated
before,but they have beenusedto establish..

Thefirst casecanbe solved simply, by applyingthe pre-
viously mentionedalgorithmon all n—tuplesof root nodes.
If thealgorithmis implementedisingastack thesen—tuples
canbeinitially pushedn the stackin thereverseorder

In thesecondtasetheinformationstoredwithin L is used.
Althoughthen—k“old” traversalhistoriescorrespondo se-
quencef traversaltreesof lengthx < |L|, eachentryof L
containgpointersto thetraversaltreenodesthatcorrespond
to thisHLCTSentry Usingthesepointersthe“old” traversal
historiescanbe accessedirectly atthe“level” correspond-
ing to L. Thusthealgorithmis appliedon n—tuplesof traver
salhistorynodeswherek entriescorrespondo rootsof the
traversaltreesgeneratedisingL. Othern — k entriesarede-
terminedusingappropriatgoointersstoredwithin entriesof
L. Theproblemandits solutionareillustratedin Figure5(c).

4.3. Further Impr ovements

In this sectionwe presenseveral improvementshatcanbe
usedin the scopeof the constructionof both SLCTS and
HLCTS.

(© TheEurographicsAssociationandBlackwell Publishers2000.

4.3.1. Unification of Empty Leaves

Althoughthe BSPtreeis built adaptvely with respecto the
sceneggeometryit canhapperthatthe LCTS containsasub-
sequence of entriescorrespondingo emptyleaves of the
sceneBSPtree.Thisis depictedn Figure6. TheLCTS con-
structionalgorithmcanbe modifiedto detectsuchsituation
andto replaceSwith a singleentry This approactis analo-
gousto directedsafezones?* thatwould be constructedn
thefly.

The modificationof the LCTS constructionalgorithmis
straightforvard. If anew LCTS entry E thatcorresponds$o
anemptyleafnodeis to beaddedit is first checledif thelast
entry L of the constructed_CTS corresponddo an empty
leaf of the BSPtree.If thisis thecasethe LCTSis noten-
largedby E. Insteadthe “exit—plane—node’df E is usedto
replacethe exit—-plane—nodef L. In sucha way, the spatial
extent correspondingo L is enlaged properlyfor all rays
within the shaft.It is necessaryor the correctbehaiour of
theray traversalalgorithm.

4.3.2. Termination Object

A remarkablereductionof traversalstepscan be obtained
by determininga singlecorvex terminationobjectthatis hit

by all raysin a givencorvex shaft.It is possibleonly if the
origin of the raysis somehw restricted.This holdsfor ex-

amplefor a pyramidal shaftwhereall rays originateat the
samepoint.

If thereis a terminationobject, the ray traversalcanbe
eliminatedcompletely Using LCTS we canperforma sim-
ple testthatoptionally determineshe terminationobjectfor
the LCTS. The presentedpproachs conservativesinceit
doesnot always determinethe terminationobjectevenif it
exists, but it never givesa wrong answerif no termination
objectexistsfor a givenshatt.

The terminationobjectexistsif all of the following con-
ditionshold:

e Condition1 — all boundaryraysof the shafthit the same
objectO andareterminatedn the samecell C.
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Figure 5: HLCTSconstructionand use:(a) Underlyingge-

ometry two boundaryraysRa and Rg, theray R: between
boundary rays, and the regions definedby the rays. (b)

HLCTSL; geneatedfromtwo travessal historiesTHp and

THg correspondingo boundaryraysRa andRg. (C) HLCTS
L, geneatedfromtraversal historiesof differentnumberof

roots, that is using THa and TH¢ travessal historiesand

HLCTSL;1. THa is accessedisingL;, THc containsfour

root nodesgeneated from L;. Notation: ~ X — cut of the
travessal history correspondingo HLCTSX. TH —traver

sal history; THa, THg for boundaryrays, THc for a ray
betweerboundaryrays.

e Condition2 — objectO is corvex andit is theonly object
intersectinghecell C.

e Condition3 — the cellsvisited beforereachingthe cell C
areempty

If the unificationof emptyleavesdescribedabove is ap-
plied, the last condition reducesto one of the following
cases:

e Condition3a-thecell C correspondso thefirst entry of
theLCTS.
e Condition3b—thecell C correspondso the seconcentry

Figure 6: Unification of emptyleaves.For two rays with
commororigin threeemptyleavescanbefound.

andthefirst onecorrespond$o anemptyleaf (unification
of emptyleaves).

4.3.3. Initial Leaf Sequencdor HLCTS

This improvementis applicableto HLCTS only. If the

HLCTS correspondso a shaftthatforms a pyramid, it can

be expectedthat the first entriesof the HLCTS correspond
to leavesof the BSPtree.In sucha casethis initial leaf se-

quenceof HLCTSformsa SLCTS.

With eachHLCTS we keepasinglevaluek thatexpresses
thenumberof leavesatthe beginning of theHLCTS. If k=
[HLCTY, the sequencecorrespondgo a sequencef leaf
nodesof the BSP tree.In this caseit formsa SLCTS and
cannotberefinedary longer

The HLCTS constructionalgorithm can be modified to
copy the first k leaf nodesfrom the “parental” sequence
L without performingary matching.The previously men-
tionedHLCTS constructionalgorithmis appliedstartingat
thenode(k+ 1)-th nodeof the HLCTS. Similarly, theindex
k canbeexploitedin thetraversalalgorithmwherethefirst k
nodescanbevisitedwithoutusingary traversalstack.If the
traversalis terminatedbeforereachingthe (k+ 1)-th node,
the stackinitializationis completelyavoided.

5. Application of LCTS

The ray shootingwith LCTS conceptcanbe usedin mary

globalilluminationtechniqued®asedn discretesamplingof

spacevia raysasray tracing, photontracing, Monte Carlo
methods,shadav determination,form factor computation
etc. We discussheretwo techniqueghat can be usedin a

moregeneralway, namelypatch—to—patchisibility andhid-

densurfaceremoval.

5.1. Patch—to—patchVisibility

For the purposeof computingpatch—to—patchisibility fac-
tors, the HLCTS is more suitable,sinceit can occur that
thereis no SLCTSfor thegiventwo patches.

(© TheEurographicsAssociationandBlackwell Publishers2000.



Havran, Bittner/ LCTS

Thetaskis to determinemutualvisibility usingray shoot-
ing for agiventwo patchesn the sceneWe createa cornvex
hulls of both patchesthenwe determinethe setSg of rays
thatform boundaryraysof acorvex shaftbetweerthesecon-
vex hulls. We thenconstructthe traversaltreesfor eachray
in SR andthe correspondindHLCTS, that is subsequently
usedfor anyray betweerthe patches.

This applicationof HLCTS is similar to the conceptof
shaftculling 12, but thereare major differencesn the way
of obtainingthe desiredset of cells intersectingthe shaft.
In the classicalshaftculling shaft—cellintersectiortestsare
performedwhich canbecostly TheHLCTS techniqueuses
only ray shootingand then only non—-geometriccomputa-
tions for HLCTS construction,which is lessexpensve. It
is worth mentioningthat the resultsof applying thesetwo
technigueseednotbethesameGenerallytheHLCTS de-
terminesa supersebf cells determinedby classicalshaft
culling, but in muchmoreefficientway.

5.2. Hidden Surface Removal

Hiddensurfaceremoval usingray shootingis usuallycalled
ray casting For this purpose,both HLCTS and SLCTS
are suitable;significantreductionof traversalstepscan be
achieved by usinga terminationobjectasmentionedn the
previous chapter

The commonorigin of rays (viewpoint) thatinducesthe
initial sequencef thefirst commonnodesn LCTSis likely
to beasequencef leaves(SLCTS).Themoreparaxialrays,
thelongertheinitial SLCTS.Assumingthe cellsarefarther
from theviewpoint, theraysaremorelikely notto generate
thesamesequencef BSPtreeleaves. Thusscenggeometry
BSPtreepropertiesandthe imageresolution,influencethe
level of utilization of traversalcoherence.

Thereareseveral possibilitieshow to exploit the concept
of LCTS for hiddensurfaceremoval. We candeal with an
imageaswith a two—dimensionabrrayor aswith an array
of one—dimensionadrrays(scanlineapproach)Sinceboth
SLCTSandHLCTS techniquesanbeapplied,we have ex-
actly four cases:

e SLCTS-1D Scanlinewith SLCTS: this approachis ba-
sically undersamplingn a scanline creatingSLCTSfor
two adjacentsamplesand usingthis SLCTSto compute
samplesbetweenthem. This schemeis depictedin Fig-
ure7(a).

e HLCTS-1D Scanlinewith HLCTS: this approacttanbe
implementedasabore, but a betterutilization of traversal
coherencecombinesHLCTS with bisection.The initial
HLCTS is incrementallyrefined.The schemas depicted
in Figure7(b).

e SLCTS-2D Two—dimensionsvith SLCTS:the sampling
canbeperformedasundersamplingn x n pixels.Having
the sequencef traversedeavesfor the four cornersof a

(© TheEurographicsAssociationandBlackwell Publishers2000.

rectanglethe SLCTSis createdandusedfor samplesn-
sidetherectangleThe SLCTS-1Dcanbe seenasspecial
casewhenn = 1. Theschemas depictedn Figure7(c).

e HLCTS-2D Two—dimensionsvith HLCTS: thebisection
is appliedin two dimensionsthe axisfor splitting is reg-
ularly changedAt the beginning four rayscorresponding
tothepixelsin theimagecornersarecast.In onebisection
step,four raysare castagainandtwo new rectanglesare
createdSeeFigure7(d).

1]5]6]2] 7[8]3]9]10[4 1]5]4]6] 3[8] 7] 9]10] 2
— 1 ]
I
(@) (b)
1] 5] 6] 2]15/16[13] 25/ 26[ 23 1]19]13[14]5 | 6 2
7] 8| 9]17|18/19]27/28| 29[ 33|  [18]20[17
10| 11| 12| 20| 21|22/ 30/ 31|32/ 34 1] [15]16] 9
4 14 2| |12 10
3 7|8 4
() (d)

Figure 7: Hidden surfaceremaal sampling patterns for
LCTS: (a) SLCTS-1D(b) HLCTS-1D(c) SLCTS-2D(d)
HLCTS—-2D.Thenumbes markthe order howtheraysare
cast.

We shall point out thatall thesesamplingschemeganbe
appliedmoresuccessfullywhentheimageresolutionis high
with respecto the spacesubdvision projectedto theimage
plane.In this case mary areasn theimagehave acommon
traversalsequencethatoftenform SLCTS.

Note that SLCTS could also be usedwith bisection,but
sincethe rays correspondingo corner pixels are far from
being paraxial,theserays do not generateary SLCTS.As
we expectedwe have foundthatthe undersamplingnethod
is moreefficientfor the SLCTSconcept.

6. Results

We implementedall the samplingtechniquesmentionedin

the previous chapterfor hidden surface removal and the
HLCTS approacHor ray shootingbetweertwo patchesFor

testing,we usedscenedrom Standad Procedual Database
introducedby Haines1° and scenefluid, which depictsthe
simulationof liquid flow. BSPtreesfor all the scenesvere
built usingthe surfaceareaheuristics?2.

Thebasicscenepropertiesandthenumberof leavesof the
constructed3SPtreesarelistedin Tablel. Thetermination
criteriafor BSPtreeconstructiorwere:themaximumdepth
of BSPtreeequalto 16, the thresholdfor a nodeto become
aleafequalto 2 objects.
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Scene balls  fluid gears lattice mount rings teapot tetra @ tree
objects 7382 2515 9345 8281 8196 8392 9264 4096 8191
spheres 7381 2514 9345 2197 4 4195 - - 4095
polygons 1 1 - 8192 1 9264 4096 1
cones - - - - 1 - - 4095
cylinders - - - 6084 - 4195 - - -
BSPtreeleaves 5253 1917 13830 25689 8554 12924 2387 2972 3426

Table 1: Testingscenegproperties

6.1. Patch—to—patchVisibility

We have obsenred thatit is difficult to predictthe time re-
ductionin adwance.If only a low numberof rays between
thepatchess cast,thenthe HLCTS constructiortime is not
usually recoveredlater. For tensand hundredsof rays be-
tweenthe patchesthe HLCTS constructionis worthwhile,
particularly whenthe patchesare incrementallyrefinedas
in thehierarchicaradiosityalgorithms Thereductionof the
numberof traversalstepsdepend®ntheshapeandtheposi-
tioning of the constructedshaftin thesceneThemoreelon-
gatedshaftanddeepethe BSPtree,thebetterresultscanbe
achieved.

6.2. Hidden Surface Removal

We testedhiddensurfaceremoval usingray shootingwith

hierarchicaltraversal,rope traversal,SLCTS—1D,SLCTS-
2D, HLCTS-1D,andHLCTS-2D.The numberof intersec-
tion testsper ray (the samefor all the traversalmethodson

the samescene)and the numberof traversalstepsfor pri-

mary raysfor the 1024x 1024imageresolutionandfor all

the traversalmethodsis shavn in Table2. The hierarchical
traversall®> wasusedasa referencdor comparisonA rope
travesal designateshe method,wherethe ropetreetech-
nique 4 is usedwithout LCTS. The running timesin the
bothtablesincludethe constructiorof LCTSs,thatarebuilt

onthefly, sonoadditionalpreprocessings performed.

Table 3 shaws the sensitvity of differenttraversalmeth-
odsto theresolutionof theimagefor the scenaeapot

Note that the pureropetreetraversalmethodis not effi-
cientcomparedo a hierarchicatraversal.Thefirst reasoris
the costof onetraversalstepis slightly higherthanfor the
hierarchicaltraversal. The secondreasonis that for hidden
surfaceremoval for testedscenegsaysarecastfrom outside
thescenesomary emptyvoxelshave to betraversedbefore
hitting anobject. Theropetreetraversalis moresuitablefor
higherorderrays,thatoriginateonthe surfacesof objects!4.

Figure8* visualizesthetraversalcoherencdor thescene
mountandthe SLCTS—2Dmethod.It is obvious that most
pixelsin the projectionhave atleastonecommoninitial leaf
node.

All theexperimentSNereconducted)ntheSGI02, MIPS
R10000, 180 MHz, 256 MBytes RAM running the Irix
6.3 operatingsystem.The traversalalgorithmswereimple-
mentedwithin the GOLEM renderingsysten®.

6.3. Discussion

Thesuccessfuliseof the LCTS conceptfor patch—to—patch
visibility is conditionedby the numberof raysshotbetween
the patches Similarly, the applicationof LCTS for hidden
surfaceremoval via ray castingdependsn the imagereso-
lution.

Let us discussthe propertiesof hiddensurfaceremoval
usingray shootingwith LCTS in detail. Time savings are
scene—dependentgrerthelessthis is the casefor all the
practicalray shootingtechniquesilt follows from theresults
thathierarchicaltraversalstepsto thefirst leaf are success-
fully avoided,total numberof traversalstepsis decreased
typically by morethan60% (for scendatticeevenby 78 %).
This correspondso the time reductionof 20 % on aver-
age,sincethenmostof the computationis then devotedto
ray—objecintersectionsThetotal time doesnotincludethe
shadingtheratio of time devotedto theray shootingto the
time of thewholeraytracingis scenedependenandreaches
from 40 % to 75 % for usedtestsceness.

Notethatthe hierarchicakraversalalgorithm?® for anar
bitrary ray usedas referencesolutionis highly optimized
andimprovesthe previously publishedtraversalalgorithms
in termsof optimal numberof decisionsper one traversal
step.Our preliminary results1® shav that the solution us-
ing this traversalalgorithmis very closeto the optimal one
thatcanbeever achieredfor hiddensurfaceremoval casting
individual rays (please seethe numberof ray—objectinter-
sectiontestsper ray and the numberof traversalstepsper
ray in Table2). It meanshatimproving performanceof hi-
erarchicakay shootingalgorithmby another20 % usingthe
LCTS conceptis significant.

A specialnoteshouldbegivento thesettingof undersam-
pling resolutionfor SLCTSapproaches/Ne canobsere the
tradeof betweerthe undersamplingesolutionandthe pos-
sible existenceof SLCTS or/andits properties.If we take

(© TheEurographicsAssociationandBlackwell Publishers2000.
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Scene balls  fluid gears lattice mount rings teapot tetra tree

Intersections/ray 7.40 5.26  4.07 8.75 352 109 296 144 649

hierarchicakraversal

TSPRi024—] 304 205 16.6 49.9 30.7 413 222 137 232
T10249 154 121 481 25.6 129 286 115 746 161
01024 —] 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
N1024 —] 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
N4o9e—] 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
ropetraversal
TSPRi024—] 26.2 185 156 19.1 26.8 34.2 19.0 116 169
T1024 9 16.0 132 482 235 134 319 122 865 16.7
01024 —] 0.862 0.902 0.940 0.383 0.873 0.828 0.856 0.847 0.728
N1024—] 104 1.09 100 0.918 1.03 112 106 116 1.03
Naoge—] 102 1.09 100 0.913 1.02 1.01 106 115 1.02
SLCTS-1Dwindow 5 x 1 pixels
TSPRi024—] 132 819 7.13 11.6 119 157 846 570 983
T1024 9 147 112 477 20.8 11.0 286 106 832 159
01024 —] 0.434 0.400 0.430 0.234 0.388 0.380 0.381 0.416 0.424
N1024—] 0.958 0.925 0.990 0.812 0.853 0.999 0925 1.16 0.988
Naoge —] 0.846 0.891 0.977 0.785 0.787 0.947 0.871 0.987 0.947
Y1024 —] 0.964 0.993 0.871 0999 0.938 0.981 0.833 0.560 0.999
HLCTS-1D
TSPRi024—] 101 6.01 5.8 13.8 852 110 6.35 465 7.66
T10249 147 11.0 481 22.3 11.8 275 106 739 156
01024 —] 0.332 0.293 0.336 0.277 0.278 0.266 0.286 0.339 0.33
N1024—] 0.958 0.907 0.998 0.872 0.913 0.960 0.929 0.990 0.970
Naoge—] 0.820 0.820 0.972 0.775 0.752 0.868 0.816 0.851 0.895
SLCTS-2Dwindow 5 x 5 pixels
TSPRi024—] 124 723 6.46 10.8 10.7 138 7.73 545 913
T10249 126 103  46.7 19.7 9.99 27.2 9.69 724 151
01024 —] 0.408 0.353 0.389 0.216 0.349 0.334 0.348 0.398 0.394
N1024[-] 0.819 0.845 0.971 0.768 0.772 0949 0.846 0.97 0.939
Naoge—] 0.749 0.800 0.956 0.730 0.691 0.890 0.796 0.892 0.896
Y1024 —] 0.919 0980 0.780 0.999 0916 0.971 0.798 0.525 0.990
HLCTS-2D
TSPRi024—] 11.3 6.56 6.37 14.8 9.35 127 731 532 861
T1024 9 13.6 103 475 21.7 104 264 9.60 631 146
01024 —] 0.372 032 0.384 0.297 0.305 0.308 0.329 0.388 0.371
N1024[-] 0.887 0.849 0.987 0.846 0.805 0.921 0.838 0.846 0.903
Naooel-] 0.800 0.784 0.964 0.782 0.691 0.857 0.751 0.719 0.855

Table 2: Comparisorof traversal algorithmsfor hiddensurfaceremaoal basedon ray casting Intersections/ay — numberof

ray—objectintersectionsper ray on aveage. TSPRyg24 — numberof traversal stepsper ray on aveiage for specifictraversal

methodandtheresolution1024x 1024 11924— thetimefor ray shootingonly (withoutshading)for a specifictraveisal method
for theresolution1024x 1024 a024— theratio betweerthe numberof traveisal stepsfor the specificmethodandthe number
of traversal stepsof hierarchical traveisal algorithmfor theresolution1024x 1024 n1924— theratio betweerthe time of the

methodandthetimeof hierarchical traverisal algorithmfor theresolution1024x 1024 n496—theratio betweerthetimeof the

methodandthe time of hierarchical traversal algorithmfor the resolution4096x 4096 y;024— theratio of numberof SLCTS
sequencethat containsat leastoneleafto the numberof all possiblesequencefor theresolution1024x 1024

(© TheEurographicsAssociationandBlackwell Publishers2000.
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Resolution 256x 256 512x 512 1024x 1024 2048x 2048 4096x 4096
hierarchicalraversal
TSPR—] 22.1 22.2 22.2 22.2 22.2
e 0.734 2.89 115 45.6 182
a[—] 1.00 1.00 1.00 1.00 1.00
ni-] 1.00 1.00 1.00 1.00 1.00
ropetraversal
TSPR—] 18.9 19.0 19.0 19.0 19.0
e 0.792 3.08 12.2 48.4 193
a[—] 0.855 0.856 0.856 0.856 0.856
n[—] 1.080 1.066 1.064 1.060 1.057
SLCTS-1Dwindow 5 x 1 pixels
TSPR—] 11.4 9.87 8.46 731 6.41
1[s] 0.741 2.77 10.6 40.6 159
a[—] 0.516 0.445 0.381 0.329 0.289
n[—] 1.010 0.959 0.924 0.889 0.871
HLCTS-1D
TSPR—] 10.7 8.30 6.35 4.91 3.94
19 0.782 2.87 10.6 39.6 149
af[—] 0.484 0.374 0.286 0.221 0.177
ni-] 1.065 0.990 0.929 0.868 0.815
SLCTS-2Dwindow 5 x 5 pixels
TSPR—] 11.6 9.65 7.73 6.09 4.75
e 0.683 2.55 9.69 36.9 145
af[—] 0.525 0.435 0.348 0.274 0.213
ni-] 0.930 0.883 0.846 0.809 0.796
HLCTS-2D
TSPR-] 12.4 9.70 731 5.43 4.09
Tt[g 0.711 2.60 9.60 35.8 137
a[—] 0.561 0.437 0.329 0.244 0.184
ni-] 0.969 0.90 0.838 0.784 0.751

Table 3: Comparisonof travesal algorithmsfor primary raysfor the sceneteapotat differentresolutions.TSPR — number
of traversal stepsper ray on average for a specifictraverisal method1 — the time for ray shootingonly (without shading)for
a specifictraversal method.a — the ratio betweerthe numberof traversal stepsfor the specificmethodand the numberof
traversal stepsof the hierarchical traveisal algorithm.n — theratio betweerthetime of the specificmethodandthe time of the

hierarchical traversal algorithm.

lesssamplesfor whole SLCTS, thereis lower probability
of possibletraversalstepsreductionfor constructecSLCTS.
Thenumberof samplesieededo construconeSLCTSwas
alwaysconstantgeithertwo (SLCTS-1D)or four (SLCTS-
2D). Let ushave pixelson ascanlineandconstructSLCTS—
1D for two pixels.Let n bethedistancebetweerthetwo pix-
els.We canthenusethe constructedSLCTSfor N’ = n—2
pixelsif sucha SLCTSexists. Theundersamplingesolution
n= 5 pixelsis areasonableompromiseThesameholdsfor
SLCTS-2D,whenwe setthe undersamplingesolutionto
5 x 5 pixels.In general SLCTS-2Denabledo useSLCTS
(if SLCTSexists)for N =nm—4—(m—-2) —(n—2) =

n.m— n— m pixels. For high resolutionimages,n (andm)
canbesetevento a highervalue.

Ohviously, the two—dimensionalLCTS methodscanbet-
ter exploit coherence@ropertiegthanone—dimensionadnes.
TheHLCTS reachedettertime reductiononly for high res-
olution, mainly becausehe costof HLCTS constructionis
higherthanfor SLCTS.

(© TheEurographicsAssociationandBlackwell Publishers2000.
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(b)

Figure 8: Visualizationof thetraveisal coheenceof SLCTS—20or the scenemount(a) Normalray tracing (b) Blendedwith
the color for pixels: white — samplingpixels,red — the pixelsfor which existsa commortraveisal sequencevith at leastone
leaf, green-thepixelsfor which theterminatingobjectwasfound,blue—thepixelsfor which is knownthat no objectcanbehit,
black—the pixelsfor which no LCTSwasfound.(c) Thezoomedn part of image (b), whele samplingpatternis more visible

7. Conclusionand Futur e Work

In this paperwe have studieda new way of exploiting co-
herencen ray shootingwith BSP trees.We tried to avoid
asmuch hierarchicaltraversalstepswithin the spatialhier
archy as possibleand at the sametime to presere all the
adwantage®f usingthe hierarchy Two conceptdor longest
commontraversalsequencéave beenintroduced;SLCTS
andHLCTS. Thepresentedechniquegnableusto decrease
thenumberof traversalstepsfor hiddensurfaceremoval typ-
ically by morethan60%. For high resolutionimagesthere-
ductionof traversalstepsis evenmoreremarkable.

Thereare several topicsfor future researctbasedon the
LCTSconceptlt couldbeusedfor higherorderraysin vari-
ousglobalilluminationalgorithmssimilarly to beantracing.
It canbe appliedif the raysof thefirst order(primaryrays)

(© TheEurographicsAssociationandBlackwell Publisher2000.

have the sameterminationobjectandcreatea shaft, thatis
thencompletelyreflectedor refracted Further otherimage
spacesamplingpatternssuitablefor LCTS applicationthan
thosementionedn this papershouldbe studied.The auto-
matic settingof the SLCTSundersamplingesolutionbased
onanestimationof scenegpropertiesandtheuseof LCTSin
renderingof animationsequencearealsopossibletopicsof
research.
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