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can be compactedintoasmal1erlistofnonoverlap－  
pingcubes（usupllyabouthalfasmanycubes）・The  
secopdfbaturelStheuse 

． 

ofoctrees．Aparallelversionofthearbitrarymotion  
algorithmwi11alsobepresentedandexperimentalre－  
sultswillbeglVentOShowit，se熊ctiveness・Finally，  
thepaperconsidersthemorelimitedproblemofoctree  
translationonlyanddescribesasimplemethodwhich  
？anbeusedtotranslateoctreesmostemciently・It  
lSimportanttonotethat，inadditiontobeingfast，  
thealgorithmspresentedinthispaperarealsospace  
e爪cient；thisisbecausetheycanbeusedfbroctrees  
representedinthelinearoctreerepresentation・   

2 0ctreeShapeRepresentation  

2．1Basic Representation Scheme／Linear  
Representation   

Theoctrecisavolumetric，hierarchicalshaperep－  
resentationscheme．Theoctreerepresentsthcshape  
ofanobject byrecursivelysubdividing cubesinto8  
Smallercubes（octqnts），Startingfromasinglelarge  
rootcuberepTeSentlngtheentireworldspace・Acllhe  

i）  
Iabelledgray．Cubesatthehighestlevelofresolution  
（sma11estcubes）aTeCa11edvoxelsand，Sincctherecan  
benograyvoxels，arelabe11edblackorwl－itedel－end－  
1ngOn application spec捕c rules・An example ofan  
octreeisshownin爺gurel．   

Since an explicit pointer－based octree storage  
scheme can be prohibitively expensive in terms of 
PlemOry requlrementS，mOre COmpaCtlinearencod－  
1ngSOfoctrecs have beenlnVented・Anexampleof  
：：：‥二∴∴ニニ 

ー－ 
utivelytheoctreenodesencountered on perfbrmlng  
apreordertraversaloftheoctree，Where the alpha－  

・・．・こ も∴ミご二∴ミて∴∴∴－∵一ニミニ手∴∴‡キ二三  
actersin the alphabet，tWO bits per node are sum－  
cientfbrstorlngtheoctree．As anexample，the ex－  
ample octree of爺gurelhas the DF－repreSentation  
“（Tl（BWI津川WWWBWBWB（B（BWBBT3WT3W】1RB  
Wl】W”   

Abstract  

ThispaperpresentsefRcientalgorithmsforupdatingmov－  
1ngOCtreeS・The爪rstalgoritllmWOrksforoctreesuIlder－  
goITtgboth translationand rotationmotion；itworksefL  
ficientlybycompactir．gsourceoctreesintoa＄mallerset  
ofcubes（notnecessarilystandardoctreecubes）asapre－  
computationstep，and byusingafast，eXaCtCube／cube  
intersection test between source octree cubes and target  
octreecubes．A parallelversionofthe algorithmis also  
described．Fina11y，the paper preseTttS an e爪cient algo－  
rithmforthemorelimitedcaseofoctreetrarLSlationonly．  
Experimentalresults a・reglVen tOShowthe efnciertcy of  
thealgorithmsincomparisontocompetingalgorithms・In  
additiontobeingfast，thealgorithmspresentedare also  
spaceefncientinthattheycanproducetargetoctreesin  
tllelinearoctreerepresentation．   

1Introduction   

Octrees are commonlyl】Sedin computergraphics  
androbotpathplannlngaPplicationsasanauxiliary  
objectrepresentationtospeedupspatialaccesstothe  
PartSOfthemainobjectrepresentation・Forexample，  
1nCOllisiondetectionoctreesofobjectscanbesearched  
tolocalizequicklyinferftrencebetweenobjects［1】・！n  
speedingupthespatlalaccesstothepartsofthemaln  
objectrepresentation，theoctreeisimmenselyhelph11・  
Theproblemisthatwhenanobjectmovestheoctree  
Lbrthat object m11St be updated to re鮎ct the new  
location，Whichisnot asstralglltfbrwardasfbrotl－er  
Objectrepre戸entationssuchasbollndaryrepresentar  
tionsandislngeneralverycomputationallyintensive・  
Notmuch researchhas been doneon algorithmsfbr  
arbitraryoctreemotiont2，3］．   

ThispapFrdealswiththeproblemofe用cientlyup－  
datingmovlngOCtreeS・Thepaperstartsbyconsider－  
1ngthegeneralproblemofarbitrarymotionofoctrees  
（i・e・，bothtranslationandrotation）andtakesasaba－  
sisthearbitraryoctreemotionalgorithmdescribedin  
【2】．rrhepaperdescribesanew，mOreefncientoctrec  
arbitrarymotionalgorithmandprovidesda・taShowin  
thatthealgorithmrunS3to4timesfasterthall【2  
Thenewalgoritllmhastwoimr）Ortantfbatureswhich  
allowittorunefnciently．The月rstftaturcisbasedol－  
thefactthatthecomputatiollalcostofoctreemotion  
isproportionalto the numberofblacknodes；thus，  
the papershows how，aS preCOmputation，an OCtree  
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ロ・◇・額  
abTacknodeof tran＄10rmed  targetoctreeof  
SOurce octree nOde  transtormednodo   

Figure2：Theoctreen10tionbasicalgorithmillustrat－  
edforthe2Dcasc（quadtree）・  

仲）  

bv●13 叫thO   

bv●12 叫thl  

bv011 叫th2  

bv●10 鵬pth：I  motion．Inparticl】1ar，ltisnotevennecessarytostore  
theoctreedirectlyasanoctree・Thusanoptlmization  
tothebasicalgorithmlS，aSaPreCOmputationstep，tO  
COrnpaCttheoctreestobcmovedintothesmallestset  
Ofnonoverlappln＄Cubes・Thecubesinthiscomr）aCted  
setarenot restrlCted tobeingthestandard cubesof  
anoctree（e．g．，theydon’tnecessarilyhavesidelengths  
whicharepowersof2），buttheycompletelycovertl－e  
blackareaofthe octree．   

Conceptua11y，the sma11est set ofnonoverlapplng  
CubeswhichcompletelyfOVeranOCtree’sblackarea  
can bebund byexaminlngallcombinationsofinte－  
gersidelengthcubeswhichareinsidetherootcube・  
Practical1y，however，thisisintractable・Inthispaper，  
wemerely wish to demonstrate the utilityofoctree  
compactionfbroctreemotion．Sofordemonstration  
purposesweusedthefbllowlngapprOXimatealgorithT  
m；thisalgorithmisnotguチranteedto伽dthestrictly  
SmallestsetIOfnonoverlapplngCubesbutit・doesgencT－  
ally爺ndasetthatcontalnSabouthalfasmanycubes  
astherewereblackcubesintheorlglnalsourccoctrce・   

Thealgorithmworksastbllows・First，thebound－  
ingboxortlleOCtreeisfbund；thisistheaxis－ali即ed  
paral1elpipedinsidetherootcubewhichjustencloscs  
allofthe black cllbes ofthe octree．Next，al】cllbes  
whichhaveintegersidelengthandwhicharecontained  
insidetheboundingboxatillteger－Valuedverticesare  

こ一子．‥二‾∴二∴∵∵∴二∴∵∴∴∵・  
enumeratedcubesarethenscannedfromlargercubes  
tosmaller cubes．Eachscanned cubeis testedforin－  
tersection with thewhite cubesin theoctree and the  
cubesthatdon，tintersectanywhitecubes（i・e・，that  
arecompletelyinsidetheblackareaoftheoctree）aTe  
putintoanewlist．Thisnewlistisscanned，agaln  
fromlargercubestosmallercubes，andthescanned  
cubeswhichdon，tintersectanycubesalreadyinthe  
outputlist（thisisinitializedtocontainnocubes）are  
addedtotheoutputlist．After this，the outputlist  
wi11contain alist ofcubes whichare nonoverlapplng  
andwhicllCOmpletelycovertheblackareaoftheoc－  
tree；uSual］y，therewi11beftwercubesthan thereare  
blackcubesin theoctree．Notethatthisbasic algo，  
rithmcouldheeasilycombinedwitha・randomor 

． 

Forexample，aneXtraStepCOuldbeaddedwhichran－  
domlychangedtheorderoftheenumeratedcllbesand  
thenranthealgorithmagaln；thiscould bcdonefor   

（¢）   

Figurel：Theoctrecshaperepreselltation・（a）Tl－e  
）Pointer‾  

2．2 0ctreeMotionBasic Algorithm   
Thebasicalgorithmfbrmovingan 

． 

themotion translbrmatlOn matrlX tO eaCh blackcube  
intheoctreetobeヮoved（cal1edthesourceoctree）  
SeparatFly（fbraserleSOfmotions，thesamesour？e  
octreelS alwaysusedand only the motion matrixIS  
changed；thispreventsdigitizationerrorsfromcontin－  
11allyincreasing）andtotestrecursivcly，Startingfrom  
thclargestcube，fbrintersectionsbctweenthetrans－  
brmedlllackcubesand thc standard，uPright（i・e・，  
facespara11eltothestandardellClideancoordinateax－  
es）cllbesofthenewoctreetobecreatcd（calledthe  
targetoctree）．Standardcubesi11thetargetoctreeare  
labcllcd white，gray，Orbla・Ckdel）Cndingon whether  
theydon，tintersectwithatransforl－1e（lblackcube，in－  
tersectpartia）1ywithatransTbrmcdbla・Ckcube，Orare  
completclylnSideofatransformcdl）lackcube．Target  
voxelsarelabelledblackorwhitedepelldir唱Onappli－  
cationspeci爺crules．Afteratranslbrmedsourceblack  
nodeistestedfbrintersectionwithatargetoctreegray  
node，thegraynodeistestedtoseeifits8children  
areal11abelled blackoral11a・belled white；ifsothen  
thechildrenareerasedandthegraynodeislabelled  
！hesameasthechildrenwere（thisISFalledcondens－  
、ニー 
・ニ‥ 
rithmlbr the2D case，Cal1ed a quadtree；the octree  
algoTithmworksinananalogousway）・Thefbllowing  
sectlOnSwi11describe etficient variations ofthis basic  
algorithm．  

3 Compaction of Octrees 

Notethefa，Ctthatthecomputationalcostofoctree  
PlOtJionisproportionaltotllCnumherofblacknodes  
lnthcsourceoctree．Also，Sincemotionalwaysstarts  
fromthesamesourceoctreemuchprccomputationon  
thcsourceoctreecan bedonetospeed up tlleOCtree  
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2．Transtbrm the centerpoint ofthesmal1er cube   
and determineifeitheritscircumscribedsphere   
Orinscribedsphere（thesewillbecenteredatthe   
transfbrmed center point and have radiuses as   
Calculatedinstepl）intersectwith theupright   
versionofthelargercubel・Ifthecircum5Cribed   
spheredoesnotintersect，thenthetwocubesdeト  
initely do notintersect．Iftheinscribed sphere   
doesintersect，then the two cubes de月nitcly do  
intersect（however，ifthesmallercubeisthetar－   
getcube，thenevenifintersectionisdetectedcon－   
tinuetothenextsteptocheckforcompleteinter－   
SeCtion）．Otherwise，COntinuetothencxtstep．  

3．Next，tranSfbrmtheeightcornerpointsofthes－   
mallercubeandchecktoseeifaヮyofthemare   
COntainedwithintheuprightverslOnOfthelarg－   
er cube．Ifthe smaller cubeis the target clll）e   
then checktoseeifalloftheeighttransfbrmcd   
pointsarecontainedwithintheuprightvcrsionof   
thelargercube；ifsothenreturn？Omp】eteinter－   
SeCtion（ifnotalleightpointsarelnSide，butone   
OrmOreisinside 

． 

SuChcornerpOlntinside．Otherwise，COntinueon   
tothenextstep．  

4・Transformtheeightcorner pointsofthelarger   
Cubeandcl－eCktoseeifanyofthemarecontained   
within the upright version ofthe smal】er cube．   
Stopandreportintersectionafter爺ndingtheRrst   
SuChcornerpointinside．Otherwise，COntinueto   
thenextstep．  

5．Now，because we havegotten thisfar we know   
thatthetwocubesareintersectingirandonlyif  

s …昌禁C光一芸。…蔓）1諾ニー慧譜～霊，品冨℃ヒ   
ercube・Determlnetheedgesofthetransfbrmed   
Ver？ionofthesma11ercube・Then，teSteaChedge   
agalnSt eVery face ofthe upright version ofthe  
largercubetoseeifthereisafacefbrwhichthe   
edgeisontheoutsideoftheface．Iftheredoes   
existsuchaface，thentheedgecannotbeinter－   
SeCting with theotller Cube．Ifthereisnosuch   
face，thentheedgemightbeintersectingtheother   
Cubesostoreitinalistofedges．If，afterchecking   
alledges，therearenoedgesinthelistthen the   
twocubesdefhitelydonointersect．Otherwise，   
passthelistofedgesontothenextstep．  

6・Foreachedgeinthelistofedgesandforeachface   
planeoftheuprightcubethatitintersected，石nd   
theintersectionpointoftheedgewiththatplane．  
Iftheintersection pointisinside thefaceofthe   
uprightcube，thenthereisde石nitelyintersection．  
Ifnotthen continuewiththenextface（brthe  

somenumberofstepsandthesma11estsetfoundcould  
beused．Forourexperiments（seesection6），WeSCan  
thelistofenumerated cubes n times，Where nisthe  
numberofenumeratedcubes，Startingfromadifrbrent  

Canned）・  

；ご慧霊芝監禁崇悪笠監三…r慧二諾冨   

4 ArbitraryOctreeMotion  

4．1 Problems with Related VVork   

Fbrarbitraryoctreemotion，thetransformeds？urCe  
Cubes are not necessarilyuprlght and sotllerelSnO  
simpleintersection test．［2】claimsthat perlbrming  
an accurateintersectiontest between thetransk）rmed  
苧OurCeCubes and the target octreestandard cubes  
IS tOO COmputationally expensivc and that an ap－  
proximate intersection test between the circumscribed 
SPheresofthetransfbrmedsourcecubesandtllenOn－  
VPXeltargetoctreestandardcubeswi11allowmostem－  
Clentarbitrarymotionofoctrees（remernberthattar－  
getvoxelsarehandledbyapplicationspeci爺cTules－  
thus，thecreated targetoctreeisnot approxlmate）・  
ThFrearetWOprOblemswiththi竺，however・First，E2】  
ClalmStObe testingfbrintersect10nbetweenthe clr－  
CumSCribed spheresofthe transfbrmed source cubes  
and the targetoctreestandard cubes．However，the  
mathematicaltest thatisactually described to per－  
fbrmthisintersectiontestisinfactgeometricallyan  
intersection test between the bounding boxesofthe  
Circumscribedspheresofthetransfbrmedsourcecubes  
andthetargetoctreestandardcubes；tl川S，itisdou－  
blyapproximate・Second，【2］claimsthatusinganap－  
proximateintersectiontestistheefficientwaytomoYe  
OCtreeS；howcver，animportantresultofthispa・pCrlS  
that usingthe exact cube／cubeintersection t（｝St deT  
SCribedinthispapergreatlyreducesthetotalllumber  
Ofs？Chcube／cubeintersectiontests（theexacttest  
elimlnateSl110retarget Cubesfromfurtherconsidcra－  
tionearlieron）whicllIleedt？bepcrEbrmedandallows  
thealgorithmtorunapproxlmately40％faster．  

4・2 Exact Source Cube／Target CubeIn－  
tersectiom Test   

Tトeexactsourcecube／targetcubeintersectiontest  
requlreSthepositions（i・e・，CenterpOintandeighFcor－  
nerpoints）ofeachcubebefbremotion（i．e．，thelrup－  
rightpositions）and boththemotiontransfbrmation  
matrixandtheinversemotiontransfbrmationmatrix．  
In the algorithm，any tranSfbrmations done on the  
sourcecubeusethemotiontransfbrmationmatrixand  
チnytranSfbrmationsdoneonthetargetcubeusethe  
lnVerSe tranSLbrmation matrix．The test wi11return  
OneOfthreepossibilities：intersection，nOintersection，  
OrCOmpleteintersection（thiswi11bereturnedifthe  
targetcube．iscompletelyinsidethesourcecube）・The  
testisaserleSOfcoarse－tO一石nestepsask）1lows：   

1．Determine the smaller of the two cubes．If the  
twocubes are thesamesize tllen thesourcecube   
is considered to be tlle Smaller cube．Also，de－  
termine t．he radil】S Of the circllmSCribcd andin－  

SCribedspheresofthesnlallcrcube．  

1Theactualsphere／cubeinter8eCtiontestu8edi8described  
Onpage3350r［5】；however，WeOptimi熟ethistestbynotingthat  
it does notneed tobe called twjcesepar乱tely hrthe circum一  
旦Cribedandin8Cribed8phere8－SincebothhaYethe8ameCenter  

POinttheca］culationord．，”，．i＄the8amehrboth＆ndthlはOnly  
anextraconditionali8neededattheendfortheextra8Phere．  
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4・4 ParallelAlgorithm   

Thealgorithmcanbefairlyeasilyparallelizcd，dlle  
tothemanyindependentcube／cubeintersectiontests  
Which areinvoIved．Befbre the paral1elalgorithmis  
run，aPreCOmPlltationstepisruntOdividetheso11rCC  
black cubes evcnly among the processors．In other  
WOrds，ifthercareNprocessorsthenproces苧Oriwill  
receivesourceblackcubesi，i＋N，i＋2N，…Afterthe  
precomr）utation step，eaCh processor runs the serial  
algorithmon tlle SOurCe blackcubes thatit was as－  
Slglled and creates apartialtarget octree．After a11  
PrOCeSSOrS Create apartialtarget octree，OnC Ofthe  
pr？CeSSOrSCreateSthetargetoctreebyperfbrmlnga  
u1110nOna1loftller）artialtargetoctrees．  

5 Octree Trallslation Only 
Fortranslationonly，thetransformedsourcecubes  

are axis－aligned．Thus，the test hrintersectionl）e－  
tween asource a11dtarget cubeissimplytestingthe  
SOurCe Cube agalnSt thesixface planesofthe target  
cubetoseeifitiscompletelyoutsideofoneofthem  
（i・e・，thisisjustlikecheckingboundingboxesk）rin－  
tersection）・Thisisthe conventionalalgorithm but，  
unk）rtllnaLtely，it doesn’t takeinto account the fact  
thatmanyofthetarget cubes’facesshare the same  
fa・Ceplane andsothere aremanyredundanttestsof  
SOurCeCubesagaLlnStthesamefaceplanFS・Themost  
emcientwaytoperlbrmoctreetranslatlOnistl－tlStO  
testthesourcecubesagainstthefaceplanesonlyonce，  
StOrlngtheresults，andthencombiningtheresl】1tsto  
Createthetargetoctree．  

In particular，tlle mainideais to perfbrm binary  
SpaCeSubdivisionineachofthex，y，andzdimension－  
SSeparatelylbreachsource cube and then combine  
theseresultsandaddthemtothetargetoctre？・In  
other words，SllCCeSSively divide the one dimensIOnal  
spaceil111alf，Starting fromthespace which extc・nd－  
SfroーthcminimumtomaximumextcntofthcdiT  
mens10n，a11d determineonwhichsideofthedivision  
thesourcecllbelies－utheside（s）onwhichth？SOl】rCe  
cubelies are rurthersubdivided and this contlnUeS tO  
thelevelofresolutiol10fthctargetoctrcc・Afterthe  
X，y，and z dinlellSions havc been separately sllh〔】i－  
videdand comparcd againstthesourcecube（bTall  
ヲOurCeCllbes），theseresultsareco！TlbinedbytravpTS－  
1ngthctargetoctreestaIrtingfromlt’sroot（anddowl－  
to thelcvc）ofrcsolution）and determining whcthcr  
thesource 

． 

． 

faceplancasourcecubeison doesnotactuaJlyhave  
tobecalclltated，hlltrathercanbelooked11Pfromthe  
resultsoftlle binaryspacesubdivision．Thismetl－Od  
minimizestllenumberofsourcecubc／faceplanecomT  
parisons that ml】St be dolle and resultsin alarge  
Speedur）OVertheconve一！tionalappTOaCh（seesection  
6）．Tbobtail－tl－eOCtreelntheDF－repreSentation，the  
algorithmわrarbitrary 

． 

intersectiontestthebinaryspacesubdivisionres－11tT  
S arelooked up to determllleifthereisintersection  
betweensourcecubesandtargetcubes・  

Cllrrent・edE；C）  

a・‖別IClledges  、   ；ニ芸l竃£；急ぎミ監忠lこだ；ニ：さ言霊ij†   

l叩al！ylntCrS？CtiollpOlntSOnafaCe，tllel－there  
is nol11f．crsect10n．This conclud（、S t，hc test．．  

NotcthatOT）timizationstothiscanbemadeforef一  
石cientoctrcemotion．Forcxa11叩Ic，tlleCirctlmSCribed  
andinscribedradiusescanbeprecomputedsincethere  
areonlyafhitenumberofthem・AIso，eVenthough  
a source or target cube might need to be tested for 
i11terSeCtionwith many other cllbes，］tS Center pOlnt  
andeightcornerpollltSOnlyllee（1tobetransfbrmed  
OnCe．  

4．3 ArbitraryMotionE用cientAlgorithm   

Tlle11eWalgorithmworksl）yreCurSivelytraverslng  
（inT）reOrder）thFtargetOCtreCdowntotl－elevelof  
resollltion（startlngfromthcrootandwithallso11TCe  
blackcubes，WhicharegottenfromoctreecompactlOn  
Orbysimplylistingtheorigi一一alsol】rCeb！ackcubFS）  
andtestingthetraversedtargetnOdesfbrlnterSeCtlOn  
（usingtheexactsourcecube／targetc11beintersectio一一  
test describedin section4・2）with thcsource cubes・  
Atargetnodeisonlytestedlbrintersectionwiththe  
SOurCeCllbeslb11ndtobeintersectlngwithitspaてent  
node（i・e・，tl－eSOurCeCubesarepasseddownrecursIVe－  
1yfromtllerOOtnOdetothetargetnodeswithwhich  
fheyintersect）・Anon－VOXelt・argetnOdedeterpliりeS  
ltSCOl？r（black，White，Orgray）dependingonltSln－  
tersectlOnSWiththesourてeCllbespassedtOit（blqck  
ifthecllbe／cllbeintersect10nteStretllrnSCOmPleteln－  
tcrsectionfbroneormor？OfthesollrCeCubes，White  
ifthecubc／cl】beintersect1011teStretllrnS110illterSeC－  
tionIbrallsourcecubes， 

． 

予OllrCeCubes）・甲OWeVer，anOn－VOXel 
． 

fbritschildrcntodetermillethcircolorsbcfbre玉nally  
determinlngltSOWnCOlor；irtlleChildrcnarea11white  
thenthenon－VOXeltargetnodesetsitselftobecolored  
whitc and汀the children ar（、allblack the11thel10n－  
†OXCltar吋nodesetsitselrtol－CCOlorcdl）1ack（this  
ISCOndcns‖一gthc 

． 

anar）plicationspec浦crllleal－ddetermll－ethemselves  
tobcblackorwhitedepcndi一一gO11Wl－etherthisru1e  
r（！ttlrllSinters（さC†ion ornointeTS（、Ct1011．   

rlb crcatc thc targct octreein thc DF－reprCSenta－  
tion，CaCh targct node，upOlldeternlinl一一gltS COlor，  
Writesthesymt）01やritモCOlor（i・e・，“（”，“Tr，Or“W”）  
totl一？qllrrentlocat－Onll－anarray（tl－CCllrrent】oca－  
ナionlS11－itializedtobcelenlCntlofFIhearray）and  
l11CTemCntS the currentlocat10n tO pOlnt tO the next  
locationin the array．1lowever，agray nOdc，befbre  
incrcmcntingtllCCllrrCntlocationandrccllrSlngtOits  
Children，SaVCSthecllrrentlocation；iritlaterchanges  
it・SClrtobewl－i†pe 

． 

SCt・Sthecurrentlocationinthearraytobcitsnewcol－  
OrSyPlbol（“W”or“B’、），andi一一CrぐmentStl－eCllrrent  
Jocat10n．A鉦叩tlletargCtOCtrCellaSl－eCnCOmpletely  
travcrsedin this way，the array witlcontainthe DF－  
rer）reSCntationofthetargetoctrec．  
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6 Experiments   

Weimplemented tlle algorithm and a test env5－  
ronmentonaSiliconGraphics4D／340VGX，WhichlS  
asharred－memOry mtlltiprocessorwith fbur33MHZ  
MIPSR2000A／R3000processors・†催飢stdidexperi－  
mentsforthearbitraryoctreemotlOnalgorithnlS．All  
time measurernents are fbr the time taken to create  
COmpletelythetargetoctree．Astheapplicationspe－  
Ci爺crulefbrtargetvoxe）s，Wedeterminethatatarget  
VOXelintcrsectsasourcenodeiftheccnterpointofthe  
tチrgetVOXel（inversetrans†brmed）isinsideoftheup－  
rlglltVerSionofthesourcenode；thisisthcrulethat  

WaミuSedby［2】2andweuseitherelbrdjrectcom－  
parlSOnwitI－Ouralgorithm3・Asthetest，WemOVed  
aspa・CeShuttle object（reso］utionleve15sourceoc－  
trec with863black nodes－¶458black cubes after be＿  
lngCOmpaCtedwiththeoctreecompactionalgorithl一一  
describedinsection3）withbothtranslationandro－  
tationmotionfbranumberofcycles；ateaChcyclewe  
measured the time tllatit took to create the target  
OCtree・Using this test，We COmT）ared the algorithm  
Of［2】against a version of［2】which uses thc exac－  
tsourcecube／targetcubeintersectiontesfdescribed  
■、 
：： 

SentOCtreeSuSlnganeXplicitpointer－basedrepresen－  
tation）．Then，WeCOmparedourproposede爪（：ientar－  
bitrarymotiona・1gorithm，Witha11fbatures（i．e．，COm－  
pactionofoctrees，uSeOflinearoctreerepresentation，  
etc・），against【2】・Wealsoimplementedtheparallel  
VerSlOnOfthepr9pOSede爪cientalgorithma・1dper－  
formedthetestuslng2，3，and4CPUs・Figure5shows  
thespaceshuttletestobject．Theresultsoftheexper－  
imentsLbrthearbitraryoctreemotionalgorithmscan  
allbeseeniり市gure3・AIso，atthelastcycle（cycle39）  
OftheexpcrlmellttheWengandAlll】jaalgorithmpcr－  
hrmed54007cube／cubeintersectio11teStSWhile the  
Samealgorithmwiththeexactcube／cubeintersection  
testperfbrmedonly43223suchtests；thenllmbersfbr  
theothcrcyclesweresimilar．   

Fina11y，WeCOmparetheconventionaloctreetrans－  
lationalgorithmagalr［StO11rprOpOSedemcienttra．ns－  
lationalgorithm（l）Othdescribedinsection5）．Asthe  
app】icationspeci6crulefbrtargetvoxelshere，Wede－  
termineintersectionifanypartofatargetVOXelin－  
tersectsasourcenode・Asthetest，γe11SetlleSame  
testasfbrthearbitrarymotiontestwltIlOl）ttherotaT  
tioncomponent（i・e・，mOVethespaceshuttlewiththe   

at。  
targetoctree．Notethatwetestedtheproposedeffi－  
Cienttranslationalgorithmbothwithandwithoutoc－  
treecompaction；theresultfromwitholltCOmpaCtion  
Showsthattheproposedmethodtrulyise用cient（and  
notdpetojustthccompaction）・Theresultsofthe  
experlmentSLbroctreetranslation algorithmscan be  
Seenin月gure4．  
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Figtlre3：Resultsfromthetestsdonefbrthearbitrary  
motiomalgoritllmS．  

7 Discussion   

Ascanbese？nfromthefigures，thearbitrarymo－  
tion algorithmlSquitee代cientim comparisontothe  
algoritIl－mOf［2】．Figure3showsthat，aSWeStated  
previously，thealgorithmof［2］worksapproximately  
49％fasterwhenitIl）SeStheexactcul）e／cllbeintcrscc－  
t1011teSt．Evenbetter，OurneWalgorithmrunsnearly  
4timesfasterthan［2】．Inaddition，theparallelalgo－  
rithmachievedreasonablespeedups．Theparallelal－  
gorithm（withfburprocessors）achievesaboutaneight  

2Becauseofthisspeci6crule，WhentestingLbrintersecLion  
betweena50urCeCtlbe and anonTVOXeltarget・Cubeitsufhces  
to test fbrintersectionbetweenthe sotlrCe Cube and ashrunken  

YerSionorthenon－VOXeltargetcubewI示clljustcontainsallthe  
CenterpOintsorthe YOXelsinthenon－VOXeltargetcube．Tl竜s  
is a cube which has t・he same center poJnt a5the non－VOXel  
targetcubebutwhosesidelengthisoneless．Thismlespeci爺c  
optimjzationiR uSedin［2】and we a］so useiIJ，bulitis not  
generallyapplica．ble．   

3Note，however，thattoin露11reCO汀eCtneSSincollisiondet・eC－  
tionandrobotpathplanningtllen11emustbetolal）elaLarget  
VO7（elblackir any part orjtintersects w川h即1y tran汽Lbrmed  
SOllrCenOde－Oura】gorithmcaneasilyandemcienllyadapt to  
け巌＝Ⅶlew】－e代舶【2】c釘1nOt・  

t享messpeedupoverthealgorithmof［2  
rfol 

Inaddition，  
rmsabout3  theoptimizedtrans）ationalgorithmpe  

timesbetterthanthebasicalgorithm；nOtealsothat  
thetranslationalgorithmismuchfasterthanthearbi－  
trarymotionalgorithm（forthesameobjectandsame  
franslation，butwithouttherotation），thus：ifmotion  
lSOnlytranslationthenbigperfbrmancegalnSCanbe  
hadbyuslngthetranslationonlyalgorithminsteadof  
thearbitrarymotionalgorithm．  

【3】al警Odescribesanalgorithmfbrupdatingoctrees  
undergo．ngarbitrarymotion；itworkssimilarto【2］，  
excer）tthatitavoidscondensingoctreesbycompamng  
traversed target nodesfbrintersectionwith both the   
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8 ColュClusion  

Inthispaper，Wehavepresentede代cientalgorithm－  
Sfbrupdati11gOCtreeSundergolngbotharbitraryrno－  
tiollandtranslationonlyl一一Otiol一・Thearbitrarymo－  
tionalgorithmachievesefficiencybyuslngafast，CXaCt  
Cube／cubeintersectiontestandbycompactionoroc－  
treesasaprecomputation step．Ane租cientpara11el  
VerSionofthearbitrarymotionalgorithm㌣aSalsop－  
resented・Fortranslation only，e†ⅥciencylS aChieved  
bytestingsourcc blackcubesagalnSt faceplanesin  
thetargetoctreeonlyonceand then combiningthe  
resultstocreatethetargetoctree・Boththearbitrary  
motiona1gorithmandthetranslationonlyalgorithm  
CanbeusedlbroctreesrepreselltedinthelinearDF－  
represe11tation．   

n  C01  

350  

卸  

250  

m  

150  

100  

50  

0  

Conv●ntl011■l  
t一郎l由一lon■borMIM  

P叩●dtw●btbn  
●bo相hm叶Ithoul  
Oぐtr●●C01¶p●dbn）  

hopo●Odtl●nlb仙∩  
轟l耶Irlthl¶（W11h  
O¢け●●COmP■Clbn）  

0  10  20  30  40  
t（¢yCle5）   

Figure4：Resl11tsfromthetestsdoneforthetransla－  
tionmotiononlyalgorithms．  

l）1ackand wI－itcnodesofthesol－rCCOCtree（i・e．，ifa  
targetnodcintcrscctso111yblaCkso11rCenOdesoronly  
WhitesollrCenOdesthentllenOdcisknownde伽itely  
tobebl？Ckorwl－iteq一一OCOl一（1c一一Sil？gjsl－eCeSSary）・Ⅵね  

didnotlmplementtllisalgoritllm］110rdertocompare  
ittoours・Thisishccause，CVCnallowmgforspeedups  
dlletOfastercomputerhardwarc，Ollralgorith一一一per一  
二二‾二二「、ニ、 

－・．． 
perlbrmsmoretha11115tillleSl）ettCr，alldjustt）Ctter  
hardwarernostlikclyca．一l－OtIl－1akol】r）fortl－is）．   

A伽alil一叩OrtantCl－araCteristicoftl－C 
． 

ricseチrCht】Sl噂OCtreCS，InotIhcrwords，inma一一yap－  
plicat10nSthcoctreeservcsmercIyasal－allXilia・ryOb－  
）eCtrepreSentationtosomema川rCpreSentationwhich  
lSaCtua・）1yvisllalizcd（e・g・，bo－11一（la・ryrepreSe一一tatioヮ，  

COl－StruCtIivesolidgcometry）・I11tl－iscasetheoctrec 
． 

． 

だ慧r‡だ：C三芸器≡諾ru£鵠：崇て－漂e監よ浩，£ご霊  
tilthenecessチrySpatialaccessoperationiscomp】ete・  
Forexample，1n COllisiondetectionllSlngOCtreeS，ifa  
non－VOXeltargetl10deisfoulldtobeintersectingon－  
1ysource blackcubesfrolnOneObject thenitisnot  
necessarytocheckthechildllOdesofthattargetnode  
（because there can beno collisionsanywherewithin  
thattargetnode－Onlyoneobject’ssourceblackcubes  
arecontainedwithinit）．Thenewarbitrarymotionof  
this paper can easily handle this sit11ation，Whereas  
【2】canTOtbecauSeitmusttraversethetargetoctree  
mallytlmeSfbreachsourcebla・ClくCubeseparately．  

Figurc5‥Thespaceshuttleexr）erimentalohject．   
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